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1.Wstep teoretyczny

1.1 Definicja i charakterystyka wybranych chorob nowotworowych

Nowotwory ztosliwe to heterogenna grupa chorob, ktorych wspdlnym czynnikiem
etiologicznym jest deregulacja procesow apoptozy i proliferacji komorek, prowadzaca do
przewagi sygnatow stymulujacych proliferacj¢. Zachwianie rownowagi miedzy apoptoza
1 proliferacjag skutkuje nadmiernymi, niekontrolowanymi podziatami komoérek. W
nadmiernie proliferujacych komdrkach nowotworowych powstale aberracje genetyczne
prowadza do zmiany ich fenotypu. Przykladem sg zmiany metabolizmu skutkujace
zuzywaniem znacznie wigkszej ilosci glukozy przez komodrki nowotworowe w procesie
pozyskiwania energii na drodze efektu Warburga, ktérego produktem ubocznym jest
mleczan. Akumulacja tego metabolitu oraz nadmierne zuzycie glukozy prowadza do
zaburzenia funkcji tkanek, w obrebie ktérych zachodzi proces rozrostu nowotworu.
Kolejng kluczowa cecha komodrek nowotworowych jest zaburzenie procesu réznicowania
komoérkowego, skutkujace tym, ze komorki nowotworowe swoim fenotypem bardziej
przypominaja niskozréznicowane komorki tkanek ptodu niz komorki tkanek, z ktérych
okreslony nowotwor si¢ wywodzi. Definicj¢ nowotworu ztosliwego uzupetnia posiadanie
przez komorki nowotwordw ztosliwych zdolnosci do metastazy, czyli powstawania
wtornych guzéw nowotworowych, oddalonych od ogniska pierwotnego. Nadmierna
proliferacja komoérek nowotworowych, ktorych funkcja ulegla zaburzeniu na drodze
zmian genetycznych, prowadzi do destrukcji i/lub upo$ledzenia funkcji tkanek oraz
narzadow, w obrebie ktorych dochodzi do rozrostu ztosliwego. Intensywnie zachodzace
procesy selekcji 1 adaptacji nieustannie proliferujacych komorek nowotworowych
prowadza do zrdéznicowania genetycznego oraz metabolicznego subpopulacji komorek
nowotworowych w obrebie tego samego ogniska, co utatwia progresj¢ choroby a takze

sprzyja rozwojowi opornosci na leczenie. >34

Wsréd nowotwordw ztos§liwych wyrozniamy guzy lite, w przypadku ktorych
proliferujagce komorki tworza zbita mase oraz nowotwory, ktore nie tworzag zwartego
utkania — nowotwory hematologiczne (biataczki). Powszechnie stosuje si¢ takze podziat
nowotworow ze wzgledu na ich histologiczne pochodzenie. W mysl tego podziatu

nowotwory zto§liwe wywodzace si¢ z tkanki nablonkowej okre§la si¢ mianem raka,



wywodzace si¢ z tkanek migkkich — migsaka, tkanki glejowej — glejaka, z tkanek uktadu
limfatycznego - chloniaka etc. Obecnie coraz czesciej w klasyfikacji nowotworow
ztosliwych wykorzystuje sie molekularng charakterystyke konkretnego nowotworu.
Klasyfikacja ta jest powszechnie wykorzystywana w przypadku rakéw piersi, ktore
klasyfikuje si¢ w zaleznos$ci od statusu receptorowego (np. ER — receptor estrogenowy,
HER2 — receptor naskorkowego ludzkiego czynnika wzrostu 2) oraz rownie powszechnie
w przypadku nowotworoéw hematologicznych, klasyfikowanych wedlug ekspresji
charakterystycznych antygenow btonowych (np. CD4, CD19, CD20). Podziat ten jest
szczegblnie uzyteczny ze wzglgdu na nowe strategie leczenia celowanego
wykorzystujace  zdefiniowane cele molekularne, ktore odgrywaja istotng role w
patogenezie nowotworu. Poznanie charakterystyki molekularnej nowotworu otwiera

droge dla opracowania swoistych form terapii. [>-6.7:8]

1.2 Zarys patogenezy nowotworow zlosliwych

Wiodaca koncepcja rozwoju nowotworow zaklada traktowanie nowotworzenia
(kancerogenezy) jako procesu postepujacej akumulacji zmian genetycznych, u podtoza
ktérych leza mutacje genéw odpowiedzialnych za stymulowanie proliferacji
(protoonkogen6éw) oraz mutacje inaktywujace geny, ktorych produkty ekspresji
uczestniczg w regulowaniu cyklu komoérkowego, procesu apoptozy a takze naprawie
uszkodzonego DNA (tzw. geny supresorowe). Na skutek powstatych zmian w komoérce
dochodzi do przewagi sygnatow stymulujacych proliferacj¢ nad sygnatami
antyproliferacyjnymi. W efekcie kontrola cyklu komodrkowego ulega zaburzeniu.
Transformowane nowotworowo komodrki nabywaja zdolno$¢ do nieograniczonych,
niekontrolowanych podziatow komodrkowych. Istota powstania nowotworu jest utrata
mozliwosci naprawy powstatych mutacji oraz regulacji kontroli cyklu komoérkowego a
nastepnie wymknigcie si¢ supresyjnemu dziataniu uktadu odpornosciowego skutkujace
rozwojem inwazyjnosci nowotworu. Transformowane nowotworowo komorki uzyskuja
przewage selekcyjng nad komorkami nienowotworowymi w wyniku utraty kontroli nad
cyklem komodrkowym oraz nad apoptoza, w wyniku czego moze dochodzi¢ do
dynamicznej ekspansji nowotworu w obrebie tkanek oraz jego rozsiewu. W kontekscie

progresji nowotworu oraz zwigkszania jego inwazyjnosci roOwnie istotng rolge jak



akumulacja zmian genetycznych odgrywaja interakcje proliferujacych komorek
nowotworowych z ich tkankowym $rodowiskiem oraz komorkami uktadu

odporno$ciowego. [-10:1112.13]

Wsrdd dobrze poznanych czynnikdéw przyczyniajacych si¢ do powstawania mutacji
skutkujacych nowotworzeniem wymienia si¢: wirusy (np. HPV, HCV, HTLV-1, EBV),
niektore bakterie (H. pylori), pasozyty takie jak C. sinensis, promieniowanie jonizujace,
promieniowanie UV, czynniki $srodowiskowe takie jak produkty spalania wegla ze
szczegblnym uwzglednieniem policyklicznych  weglowodoréw — aromatycznych
(benzopiren) oraz toksyny zawarte w dymie tytoniowym, niektore leki - w szczegdlnosci
te o wlasciwosciach alkilujacych (np. chlorambucyl, cyklofosfamid), wolne rodniki, w
tym gtownie reaktywne formy tlenu (ROS), a takze toksyny produkowane przez niektore
grzyby (np. z rodzaju Aspergilus produkujace aflatoksyng). W niektorych przypadkach
powstawanie mutacji moze by¢ takze procesem samoistnym, bedacym rezultatem btedow

powstatych podczas replikacji, rekombinacji lub naprawy DNA 1%

Zmiany w genomie moga prowadzi¢ do zmian aktywnosci produktéw zmutowanych
genow lub wptywaé na poziom ekspresji genow zwielokrotnionych lub translokowanych.
Dla przyktadu, poprzez translokacj¢ moze doj$¢ do przeniesienia genu (wraz z
fragmentem chromosomu) odpowiedzialnego za regulacje cyklu komérkowego na inny
chromosom. Zdarzenie takie moze prowadzi¢ do utraty aktywnos$ci translokowanego
genu, nabycia nowej wlasciwosci przez produkt genu fuzyjnego, powstatego na drodze
translokacji lub zmiany poziomu ekspresji genu w wyniku przeniesienia go wraz z
fragmentem chromosomu w miejsce regulowane przez bardziej aktywny promotor,
skutkujac min. deregulacjag mechanizmoéw proliferacji 1 apoptozy. Dobrze poznanym
przyktadem jest powstawanie genu fuzyjnego BCR/ABL na drodze translokacji fragmentu
chromosomu 9 na chromosom 22, czego rezultatem jest powstanie biatka fuzyjnego o
aktywnosci kinazy tyrozynowej. W konsekwencji biatko fuzyjne BCR/ABL o zmienionej
aktywnosci przyczynia si¢ do nadmiernej stymulacji podzialéw komorkowych, stajac si¢
gléwnym czynnikiem etiologicznym przewleklej biataczki szpikowej (CML — chronic
myeloid leukaemia). Do najlepiej poznanych protoonkogendow zalicza si¢: RAS, KRAS,
ERBB2, PI3KCA, MYC, CCND1, natomiast wsrdd genow supresorowych o poznanej roli

w kancerogenezie wymieni¢ mozna m.in. : 7P53, RB, VHL, BRCA, ATM, NBS, CHK?.
[14,15,16]



ErbB2 (HER-2) nalezy do grupy receptorowych kinaz tyrozynowych (EGFR —
epidermal growth factor receptor), stymulowanych przez czynniki wzrostu pochodzenia
naskorkowego. W  wyniku interakcji ligandow  (czynnikéw  wzrostu) z
zewnatrzkomorkowa domeng receptora dochodzi do jego aktywacji, w wyniku ktorej
nastgpuje dimeryzacja receptora, skutkujaca fosforylacja kolejnych biatlek w szlaku
sygnalowym zwigzanym z HER-2. W wyniku tego aktywowane zostaja
wewnatrzkomorkowe szlaki transdukcji sygnatu, wsrod ktérych wyr6zni¢ mozna:
RAS/RAF/MEK/ERK oraz PI3K/AKT/mTOR. Wymienione kaskady transdukcji
sygnatu pehnig istotng role w regulacji przezywalnosci, proliferacji oraz metabolizmu
komoérek nowotworowych. Wykazano, ze wzmozony poziom ekspresji genu kinazy
tyrozynowej HER-2 wystepuje w przypadku 20-30% ztos$liwych nowotwordéw piersi.
Nadekspresja HER-2 (wynikajaca z amplifikacji proto-onkogenu ERBB2) w komorkach
rakowych silnie koreluje z gorszym rokowaniem oraz bardziej agresywnym rozwojem

choroby. [1317:181

Apoptoza jest procesem pozwalajacym utrzymaé homeostaze organizmow
wielokomérkowych. W tym aktywnym procesie dochodzi do programowanej eliminacji
starych, uszkodzonych komorek, dlatego zmiany genetyczne prowadzace do deregulacji
tego procesu stanowia jeden z gtdéwnych mechanizmoéw kancerogenezy. Wyrdznia si¢
dwie podstawowe $ciezki, na drodze ktorych apoptoza moze by¢ inicjowana — $ciezke
zewnetrzng (ang. extrinsic pathway) oraz $ciezke wewnetrzng (ang. intrinsic pathway).
Inicjowanie apoptozy drogg Sciezki zewnetrznej jest w znacznym stopniu rezultatem
aktywnos$ci wydzielanych przez komorki uktadu odporno$ciowego czasteczek
sygnatowych takich jak TNF (czynnik martwicy nowotworéw — ang. tumor necrosis
factor) oraz FASL (ligand FAS), oddzialujacych na tzw. receptory $mierci komorkowe;j
(ang. death receptors). W przypadku nowotworow do zaburzen regulacji procesu
apoptozy czesciej dochodzi w obrebie sygnalizacji zwigzanej ze §ciezka wewnetrzng, w
ktorej kluczowa role odgrywaja biatka z rodziny BCL-2. Posréd nich wyrdzni¢ mozna
biatka wykazujace aktywno$¢ antyapoptotyczng (np. BCL-2, BCL-XL, MCL-1) oraz
charakteryzujace si¢ antagonistycznymi wtasciwosciami biatka proapoptotyczne (BAX,
BAK, BAD, BID, NOXA, PUMA). Zasadnicza rola biatek z rodziny BCL-2 polega na
modulowaniu przepuszczalnosci blon mitochondriow. Przykladowo aktywacja biatek
BAX 1 BAK skutkuje wzrostem przepuszczalnosci zewnetrznej btony mitochondrialnej,

umozliwiajgc tym samym uwalnianie cytochromu C z mitochondriéw do cytoplazmy,



czego konsekwencja jest aktywacja kaspaz inicjatorowych, rozpoczynajacych kaskade
reakcji, ktéra ostatecznie prowadzi do programowanej $mierci komoérki. Do gléwnych
czynnikéw stymulujacych szlak wewnetrzny apoptozy zalicza si¢: hipoksje, uszkodzenia
w obrebie DNA a takze stres oksydacyjny. Zmiana poziomu ekspresji genow dla
wymienionych biatek moze w znaczacy sposob przyczynia¢ si¢ do zwigkszenia ryzyka
rozwoju nowotworu. Wykazano, ze nadekspresja genu antyapoptotycznego biatka BCL-
2 dotyczy¢ moze nawet co drugiego nowotworu ztosliwego u ludzi. Warto zwrocic¢
szczegOlng uwage na nowotwory ztosliwe uktadu hematopoetycznego. Wykazano, ze
wzrost ekspresji gendw kodujacych antyapoptotyczne biatka BCL-2 oraz BCL-XL
wystepuje powszechnie w przypadku nieziarniczych chtoniakéw z komoérek B (B-NHL —
non - Hodgkin B cell lymphoma). Dodatkowo biatko BCL-2 moze stanowi¢ molekularny
cel dla precyzyjnych form leczenia wspomnianych powyzej chtoniakow. Wenetoklaks —
selektywny inhibitor BCL-2 jest lekiem zarejestrowanym przez FDA w leczeniu
przewleklej biataczki limfoblastycznej (CLL — chronic lymphocytic leukemia) —
uktadowej formy chtoniaka z matych limfocytow B (SLL — small lymphocytic
lymphoma). Trwajg badania szczegdétowo oceniajace efektywnos¢ Wenetoklaksu w
leczeniu innych B-NHL. Wiele lekow antynowotworowych wywiera swoj efekt poprzez
stymulowanie wewngtrznej lub zewngtrznej $ciezki apoptozy. Z uwagi na zaburzenie
sygnalizacji proapoptotycznej w komorkach nowotworowych, zmiana poziomu ekspresji
gendw dla biatek z rodziny BCL-2 moze w istotny sposob przyczyniaé si¢ do rozwoju

opornosci na znane formy leczenia. [1%2%-21]

Wigkszos¢ zgondéw (ponad 90%) zwigzanych z choroba nowotworowa spowodowana
jest uogodlnieniem choroby w procesie tworzenia przerzutdéw odlegtych. Dynamika
tworzenia przerzutow jest zalezna od typu nowotworu, statusu mutacji komorek
nowotworu, stopnia zaawansowania choroby, zastosowanego leczenia oraz
indywidualnych predyspozycji pacjenta chorujacego na nowotwodr. Rozsiew choroby
nowotworowe] droga tworzenia przerzutdow moze nastgpowac przy udziale uktadu
krwionos$nego, limfatycznego lub droga ciaglosci tkanek (np. rozsiew do jamy
otrzewnej). Na poziomie molekularnym istotnym mechanizmem zaangazowanym w
rozsiew nowotwordéw ztosliwych jest przej$cie nabtonkowo mezenchymatyczne (ang.
EMT - epithelial to mesenchymal transition). W procesie tym nastgpuja zmiany
polaryzacji oraz adhezji komorkowej, skutkujagce wzrostem zdolnosci do migracji

komorek. Adhezja (przyleganie) komoérek jest w istotny sposob modulowana przez



aktywno$¢ E-kadheryny oraz N-kadheryny. W przypadku wielu nowotworow ztosliwych
szlak sygnatowy zwigzany z interakcja WNT/B-kateniny pelni wszechstronng role w
procesic EMT. Sciezka transdukcji sygnatu zalezna od WNT/B-Kat w istotny sposob
wptywa na funkcjonowanie komorek, uczestniczagc w regulacji adhezji komorkowej,
migracji komorek, proliferacji, roznicowania oraz przezywalnosci. Na aktywnos¢ $ciezki
sygnatowej WNT/B-Kat wptyw wywieraja biatkowe produkty ekspresji onkogendéw oraz
genow supresorowych. Wérod czynnikow aktywujacych te §ciezke wyrdézni¢ mozna min.
TGF-B oraz RAS, natomiast biatko P53 pelni role inhibitora wzgledem sygnalizacji
zaleznej od WNT/B-Kat. Na intensywnos$¢ sygnalizacji WNT/B-Kat wptyw wywieraja
réwniez ncRNA. Moga one oddziatywaé zaré6wno na poziomie interakcji z
bezposrednimi regulatorami aktywnos$ci szlaku sygnalizacyjnego, regulacji ekspresji
okreslonych genéw oraz indukujac zmiane stabilno$ci samej B-kateniny. Aktywowana [3-
katenina ulega translokacji do jadra komodrkowego, gdzie na drodze interakcji z
czynnikami transkrypcyjnymi wywiera wpltyw na ekspresj¢ gendw, odpowiedzialnych za
regulacj¢ istotnych z punktu widzenia kancerogenezy procesow komorkowych, ktére
zostaly wymienione powyzej. W tworzeniu przerzutow rownie istotna role odgrywa
tworzenie nowych naczyn (neoangiogeneza), majacych zapewnia¢ dostep do substratow
dla reakcji metabolicznych intensywnie proliferujacym komorkom nowopowstatego
ogniska nowotworu. W procesie angiogenezy towarzyszacej progresji choroby
nowotworowej zasadniczg rolg odgrywaja okreslone czynniki wzrostu — np. EGF, VEGF,
oraz TGF, ktore moga by¢ wydzielane przez komorki nowotworu. Stymulujac aktywnos¢
enzymow MMPs (and. matrix metaloproteinases — metaloproteinazy macierzy
pozakomorkowej), ktore trawig skladniki macierzy pozakomorkowej, czynniki te
umozliwiajg penetracj¢ nowopowstatych naczyn krwiono$nych w glab tkanek,
zapewniajac tym samym dostgp do sktadnikow odzywczych tworzacemu si¢ ognisku
przerzutowemu. Dodatkowo naczynia powstale w procesie indukowanym przez
nowotwor posiadajg liczne wady strukturalne, w tym charakterystyczng dla nich
zwigkszong przepuszczalno$¢ $rodbtonka, ktéra utatwia komérkom nowotworowym
rozsiew do odleglych miejsc organizmu droga uktadu krwiono$nego. W miare inwazji
kolejnych tkanek przez komorki nowotworowe ulegajace rozsiewowi dochodzi do
istotnego zaburzenia homeostazy organizmu. Najczgstszymi lokalizacjami tworzenia
przerzutéw przez nowotwory ztosliwe sa: wezly chlonne, kosci, watroba, pluca oraz
moézg. Tworzenie ognisk przerzutowych w obrgbie wspomnianych narzadéw moze

prowadzi¢ do wystgpienia stanow bezposredniego zagrozenia zycia. Posrod nich

6



wymieni¢ mozna: zespét lizy guza, hiperkalcemig, nadci$nienie §rodczaszkowe, zespot
zyty glownej gornej, zaburzenia réwnowagi kwasowo zasadowej (hiponateremia,
hiperkalemia), zespdot nadlepkosci krwi, niedroznos$¢ oraz krwawienia z przewodu
pokarmowego. Warto rowniez zwrdci¢ uwage, ze uogolnieniu choroby nowotworowej
towarzysza ucigzliwe dla pacjenta objawy, wsrod ktorych jako pierwszoplanowe mozemy
wymieni¢: bol, utratg apetytu, przewlekle zmgczenie, nudnosci, wymioty, ostabienie sity
mieg$niowe] oraz depresje. Obecnos¢ wymienionych objawoéw w istotnym stopniu
przyczynia si¢ do rozwoju niedozywienia oraz utraty masy migsniowej. W konsekwencji
pacjenci onkologiczni w stadium rozsiewu choroby bardzo czgsto tracg zdolnos¢ do
samodzielnego funkcjonowania a poziom jakosci ich zycia ulega znacznemu

pogorszeniu, stanowigc istotny problem oraz wyzwanie podczas prowadzenia terapii. 2>

37]

Choroby nowotworowe oraz ich leczenie stanowig znaczace wyzwanie dla ochrony
zdrowia. Skrocenie przewidywanej dlugosci zycia jak rowniez pogorszenie jego jakosSci
wsrod chorych, z ktorych spora cze$¢ wceiaz znajduje si¢ w wieku produkcyjnym pociaga
za sobg istotne konsekwencje ekonomiczne. W dodatku wdrazanie efektywnych,
nowoczesnych terapii wymaga olbrzymich naktadéw finansowych, przektadajac si¢ na
dodatkowe obcigzenie systemu ochrony zdrowia. ROwnie wazne, a by¢ moze nawet
kluczowy jest to, ze nowotwor zloSliwy stanowi uporczywe zrodio cierpienia z
perspektywy osoby chorej, a takze wsrod osob z jego najblizszego otoczenia, istotnie
wplywajac na standard Zycia oraz mozliwos$¢ realizacji zyciowych celow przez chorego,
a takze cate grupy ludzi zwigzane z nim. W obliczu tego poszukiwanie skutecznych i
ekonomicznie efektywnych metod terapeutycznych choréb nowotworowych stanowi

wcigz istotny cel oraz wyzwanie dla naukowcow i lekarzy. [37:38:39:40]



2. Obecny stan wiedzy na temat farmakoterapii wybranych nowotworow
ztosliwych, podstawowych mechanizméw opornosci na chemoterapeutyki oraz

systemow transportu lekow

W tym rozdziale zostang opisane nowoczesne metody farmakoterapii nowotworow
ztosliwych, na ktorych modelach komorkowych badana byla aktywnosé
przeciwnowotworowa koniugatow lekow z dendrymerami PAMAM réznych generacji
(w przedtozonym cyklu publikacji). Dodatkowo przedstawione zostang najwazniejsze z
punktu widzenia farmakoterapii mechanizmy opornosci na leki przeciwnowotworowe
oraz koncepcja stosowania systemow transportu lekéw (DDS — ang. drug delivery
systems) jako narz¢dzia umozliwiajacego poprawe biodostepnosci lekéw. Oczekiwanym
efektem stosowania tej strategii jest tez wzrost wrazliwo$ci komoérek nowotworowych na
dziatanie oraz zwigkszenie selektywnosci oddziatywania lekow transportowanych przy
uzyciu  DDS.  Szczegbélna  uwaga  poswigcona  zostanie  dendrymerom
poliamidoaminowym (PAMAM dendrimers — ang. polyamidoamine dendrimers),

ktoérych skuteczno$¢ stosowania jako DDS byta badana w cyklu publikacji.

2.1 Glejak Wielopostaciowy (GBM - ang. glioblastoma multiforme) [41-43

GBM jest najczgsciej wystepujacym pierwotnym nowotworem ztosliwym mozgu.
Charakteryzuje si¢ bardzo niekorzystnym rokowaniem z wskaznikiem 5-letniego
przezycia szacowanym na 7.2%. Standardem terapii jest leczenie chirurgiczne wspierane
przez chemioterapig, w ktorej wykorzystuje si¢ Temozolomid (TMZ). Istotng przeszkode
dla farmakoterapii GBM stanowi bariera krew-modzg, ktora utrudnia penetracj¢ lekow do
tkanki nowotworowej. Gtéwnym chemoterapeutykiem stosowanym w leczeniu GBM jest
TMZ. TMZ podawany jest standardowo po leczeniu chirurgicznym w 6 cyklach w dawce
75mg/m? przez 5 dni na kazde 28 dni. Gtéwnym skutkiem ubocznym stosowania leku s
zaburzenia hematologiczne (trombocytopenia). Wspomagajaco wzgledem leczenia
chirurgicznego stosuje si¢ takze implanty z Karmustyna, jednakze istotng wada tej
metody jest wzrost ryzyka infekcji wewnatrzczaszkowych oraz uposledzenie procesu
gojenia po zabiegu operacyjnym. Dodatkowo w przypadku nawrotowego GBM
standardowo stosowana jest Lomustyna, ktéra moze by¢ stosowana doustnie z uwagi na
lipofilno$¢ oraz maty rozmiar czasteczki, utatwiajace przenikanie przez barier¢ krew-

mozg. Kolejng opcje terapeutyczng stanowi przeciwcialo monoklonalne hamujace



aktywno$¢ VEGF-A (bewacyzumab). Mimo wydtuzenia czasu bez progresji podczas
stosowania Bewacyzumagu, nie wykazano istotnego wptywu na catkowity czas przezycia
u pacjentow stosujacych lek. Prowadzone sg badania nad zastosowaniem bewacyzumabu
w kombinacji z inhibitorem topoizomerazy I — irynotekanem. Trwajg badania nad
nowymi metodami farmakoterapii GBM. Intensywnie testowane sg inhibitory szlakow
molekularnych, ulegajacych amplifikacji w rozwoju GBM. W $rod nich warto wymieni¢
inhibitory mTOR, PARP, MCL-1, FGFR, EGFR, VEGFR oraz PDGFR. Czasteczki te sa
testowane samodzielnie lub w kombinacji ze standardowymi chemoterapeutukami takimi
jak TMZ, co ma na celu uwrazliwienie komérek GBM na dziatanie standardowych lekow
oraz potencjalizacje ich dzialania. Testowane sa takze leki immunologiczne tzw.
»inhibitory immunologicznych punktéw kontrolnych” (ang. immune checkpoint
inhibitors), skierowane przeciw czasteczkg PD-1, PD-L1, CTLA-4. Podejmowane sa
réwniez proby wykorzystania nanoczastek jako DDS dla lekow przeciwnowotworowych
stosowanych w leczeniu GBM. Wsrdd nich wykorzystywane sa micele, liposomy,
dendrymery oraz nanorurki. Podejscie to zaklada wzrost penetracji bariery krew-moézg
przez leki transportowane przy uzyciu nanoczastek oraz w konsekwencji poprawe
biodostgpnosci 1 efektywno$ci dzialania chemoterapeutykow. Dodatkowa zaletg
stosowania niektorych nanoczastek np. dendrymeréw jest to, ze ich struktura chemiczna
pozwala rowniez na przylaczanie czasteczek adresujacych, ktdre swoiscie wigza si¢ z
celami molekularnymi ulegajacymi amplifikacji w komoérkach konkretnych
nowotworow. Odkryto, ze strategie stosowania nanoczastek jako DDS w GBM moze
przyczynia¢ si¢ do wzrostu resekcyjnosci guza, poprawy efektywnosci chemioterapii
przy jednoczesnym ograniczeniu skutkow ubocznych oraz potencjalizacji radioterapii. W
celu walki z ograniczeniami biodostgpnosci lekow spowodowanych obecnoscia BBB
(blood-brain barier) testuje si¢ takze stosowanie alternatywnych metod podawania lekow,
wsrdd ktorych najwigcej uwagi poswieca si¢ podaniu donosowemu oraz podaniu
bezposrednio do (nieresekcyjnego) guza drogg iniekcji. Odkryto takze, ze u wigkszosci
ludzkich glejakéw zachodzi wzmozona synteza COX-2 (cyklooksygenazy 2) - enzymu
pelniacego zasadnicza rol¢ w rozwoju reakcji zapalnej. Zaobserwowano takze zwigzek
pomiedzy wzrostem poziomu COX-2 a wigksza inwazyjnoscia GBM oraz gorszym
rokowaniem. W zwigzku z tym zaczg¢to testowaé powszechnie stosowane leki
przeciwzapalne (inhibitory COX) pod katem ich aktywnosci antyproliferacyjnej
wzgledem GBM. W badaniach prowadzonych na modelach komérkowych GMB (U138-

MG) zaobserwowano obnizony poziom proliferacji komoérek gliomy po zastosowaniu
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inhibitorow COX (indometacyna, sulindak). Dodatkowo badania efektywnos$ci
celekoksybu na COX- dodatnich modelach komoérkowych GBM réwniez wykazaty
hamowanie proliferacji po zastosowaniu leku. Ponadto testy na myszach z xenograftem
GBM wykazaty wzrost efektywnosci dziatania standardowego chemoterapeutyku TMZ
przez celekoksyb. Warto doda¢, ze w badaniach kliniczno — kontrolnych zaobserwowano,
ze pacjenci regularnie stosujacy leki przeciwzapalne z grupy inhibitoréw COX mieli
istotnie zmniejszone ryzyko zachorowania na GBM. Jednakze badania kliniczne II fazy
nad zastosowaniem celekoksybu w kombinacji z temozolomidem oraz kwasem13-cis-
retinowym nie przyniosty pozadanych efektow, w zwigzku z czym uzytecznos¢

celekoksybu w terapii pacjentow z GBM wymaga dalszych badan.

2.2 Rak Kolczystokomoérkowy (SSC — ang. squamous cell carcinoma) [44-501

Rak kolczystokomérkowy to grupa heterogennych nowotworéw ztosliwych
wywodzacych si¢ z keratynocytow, réznigcych sie pod wzgledem morfologii, dynamiki
wzrostu oraz potencjalu do tworzenia przerzutow. Skorny rak kolczystokomorkowy jest
drugim najczestszym nowotworem ztosliwym skory u ludzi (pierwszym jest rak
podstawnokomoérkowy). Natomiast rak kolczystokomérkowy jamy ustnej (OCSCC - ang.
oral cavity squamous cell carcinoma) nalezy do najczestszych nowotworow ztosliwych
glowy 1 szyi (HNC - ang. head and neck cancers). Ze wzgledu na wysoka Smiertelnos¢,
potencjal do tworzenia przerzutdéw oraz ryzyko nawrotu, OCSCC stanowi istotne
wyzwanie z punktu widzenia zdrowia publicznego w skali §wiatowej. Jezyk, dno jamy
ustnej oraz warga dolna nalezag do najczgstszych miejsc wystepowania OCSCC.
Standardem terapii OCSCC jest leczenie chirurgiczne wspomagane radioterapig lub
chemioterapia, ktore stosowane moga by¢ zaro6wno przed jak i po zabiegu. Niestety
zabiegi chirurgiczne oraz radioterapia mogg powodowaé powstanie deformacji, ktore
przez swoje umiejscowienie w jamie ustnej stanowig nie tylko problem natury
kosmetycznej ale niekiedy tez uposledzaja zdolno$¢ chorego do wokalizacji oraz
przyjmowania pokarmdéw, znaczaco pogarszajac jako$¢ zZycia. Zastosowanie
chemioterapii jako leczenia wspomagajacego zabieg chirurgiczny moze nie$¢ ze soba
korzy$ci w postaci ograniczenia ryzyka rozlegtych okaleczajacych zabiegow (resekcja
zuchwy) oraz zmniejszenie ryzyka rozwoju przerzutow odleglych. W leczeniu

systemowym (chemioterapii) stosowane sa pochodne platyny (cis-platyna, karboplatyna),
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docetaksel, 5-fluorouracyl, paklitaksel. Leki te stosowane sa w skojarzeniu, dlatego
wsrod powszechnie wykorzystywanych schematow leczenia wymienia si¢ CF (cis-
platyna, 5-fluorouracyl) oraz DCF (docetaksel, cisplatyna, 5-fluorouracyl). Cis-platyna
stosowana jest rowniez w skojarzeniu z radioterapia. Jednakze, istotnymi ograniczeniami
chemioterapii sg brak wystarczajacej selektywnosci, przyczyniajacy si¢ do rozwoju
ucigzliwych systemowych skutkéw ubocznych (takich jak: neutropenia, zapalenie blon
sluzowych, nudnosci oraz wymioty, oto- oraz nefro-toksycznos¢). Dodatkowo wystepuje
rozwo0j opornosci na leki w przebiegu terapii. W zwigzku z tym prowadzone sg badania
nad bardziej precyzyjnymi formami leczenia. Biorac pod uwage, ze w wyniku specyfiki
metabolizmu komoérek nowotworowych, otoczenie guzow zlosliwych ma najczgsciej pH
ponizej 7 (standardowe pH nienowotworowych tkanek oscyluje wokoét 7.4), trwaja proby
zastosowania DDS, dla ktorych uwalnianie lekéw jest indukowane przez niskie pH. W
badaniach na modelach komérkowych OCSCC odkryto, ze zastosowanie utlenionej
formy nanografenu jako DDS dla (niekowalencyjnie przylaczonej) doxorubicyny
pozwolito osiggnaé korzystniejszag dynamike¢ uwalniania leku oraz wydtuzenie jego
okresu pottrwania. Obiecujace wyniki w badaniach in vitro przyniosto takze
zastosowanie metforminy w kombinacji z inhibitorem deacetylazy histonow (HDACH).
Kombinacja ta hamujac przekaznictwo w obrebie §ciezki sygnatowej STAT3/TWISTI
pozwolita w istotny sposob ograniczy¢ zdolno$ci migracyjne oraz inwazyjno$¢ komorek
OCSCC. Dodatkowo zaobserwowano, ze kombinacja cetuksymabu 1 cis-platyny
dostarczana przy uzyciu peg-ylowanych nanoczastek ztota moze w niskich dawkach
skutecznie uwrazliwia¢ komorki OCSCC oporne na radioterapi¢ wzgledem tej formy
leczenia. W badaniach klinicznych obiecujaca skuteczno$¢ wykazaty przeciwciata
monoklonalne skierowane przeciw PD-1 — nivolumab oraz camrelizumab w kombinacji
z antagonista VEGFR 2 apatinibem. Pembrolizumab — inny lek z grupy inhibitorow
immunologicznych punktow kontrolnych zostat w czerwcu 2019r. zatwierdzony przez
FDA jako leczenie pierwszej linii raka kolczystokomdrkowego gtowy i szyi (HNSCC —
ang. head and neck squamous cell carcinoma). Ponadto cis-platyna dostarczana przy
wykorzystaniu PRV111 — systemu do transportu lekéw przez btone sluzowa opartego na
chitozanie, charakteryzowala si¢ zwiekszonym profilem bezpieczenstwa, a takze wyzsza
skutecznos$cig u pacjentow z miejscowo zaawansowanym OCSCC. U tych pacjentow
zaobserwowano rowniez znacznie wigksza dystrybucje cis-platyny w tkankach
nowotworowych przy zaniedbywalnym stezeniu tego leku we krwi w poréwnaniu do

rezultatow podania cis-platyny w standardowy sposéb. Cetuksymab — przeciwciato
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monoklonalne skierowane przeciw receptorowi dla naskorkowego czynnika wzrostu
(EGFR) zostat zatwierdzony przez FDA do leczenia OCSCC w 2006. Do tej pory
pozostaje on glowng formag leczenia ukierunkowanego na cele molekularne (ang.
molecular targeted therapy) w terapii OCSCC. Rezultaty te pokazuja, ze potencjat
bardziej precyzyjnych form terapii OCSCC, ze szczegbélnym uwzglednieniem

zastosowania DDS, jest wciagz nie w petni wykorzystany i wymaga dalszych badan.

2.3 Rak Piersi (BC — ang. Breast Cancer) 151-54

Rak Piersi (BC) stanowi jedna z najczgstszych przyczyn zgondéw spowodowanych
choroba nowotworowg wsrod kobiet. Dotykajac w istotnym stopniu stosunkowo miode
grupy wiekowe, BC stwarza jedno z priorytetowych wyzwan na polu walki z rakiem. Pod
wzgledem molekularnym BC jest zroznicowana grupa chorob nowotworowych,
r6éznigeych si¢ dynamika, przebiegiem oraz rokowaniem. Wyrdznia si¢ 4 zasadnicze
podtypy molekularne BC zdeterminowane statusem amplifikacji okreslonych receptorow
(Luminalny A, Luminalny B, HER2-dodatni oraz potrdjnie ujemny). W okreslaniu
molekularnego fenotypu raka piersi bierze si¢ pod uwage amplifikacje receptoréw dla
estrogendw (ER), progesteronu (PR) oraz ludzkiego naskérkowego czynnika wzrostu
(HER2). Kluczowa forma terapii BC pozostaje leczenie chirurgiczne. W zalezno$ci od
stopnia zaawansowania, zajecia weztow chtonnych czy obecnosci przerzutéw odleglych,
specyfiki molekularnej nowotworu, leczenie chirurgiczne moze wchodzi¢ w sktad
leczenia multimodalnego, na ktoére sktadaja si¢ rowniez: radioterapia, chemioterapia,
hormonoterapia oraz leczenie skierowane przeciw celom molekularnym. W leczeniu
systemowym wykorzystywane sg wielolekowe schematy leczenia oparte gtownie o leki
z grupy taksanow oraz antracyklin. Wsrdd taksandéw preferowane sg paklitaksel oraz
docetaksel, natomiast stosowanym lekiem z grupy antracyklin jest doxorubicyna. Do
schematow leczenia systemowego dotaczany jest rowniez cyklofosfamid. Stosowanie
leczenia systemowego przedoperacyjnie ma na celu poprawe, a niekiedy nawet
umozliwienie resekcyjnosci guza, natomiast chemioterapia pooperacyjna przyczynia si¢
do redukcji ryzyka tworzenia przerzutow odlegtych oraz wznowy. U pacjentek z HER2
pozytywnym (HER2+) BC dodatkow3a opcj¢ terapeutyczng w stosunku do standardowe;j
chemioterapii stanowi¢ moze leczenie swoiscie skierowane przeciw HER2 lub $ciezki

sygnalizacyjnej zwigzanej z tym receptorem. W takiej sytuacji u pacjentek w I stopniu
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zaawansowania nowotworu powszechnie stosowana jest kombinacja trastuzumabu —
przeciwciala monoklonalnego anty HER2 z paklitakselem. Dodatkowo w 2013 FDA
zatwierdzita inne przeciwcialo monoklonalne skierowane przeciw HER2 (pertuzumab)
do leczenia pacjentek z HER2+ BC w stadium II/III jako dodatek do schematow leczenia
opartych o standardowe cytostatyki i trastuzumab (np. trastuzumab + docetaksel). Wérod
pacjentek z zaawansowanym lub dajagcym przerzuty HER2+ BC opcj¢ terapeutyczng
stanowi lapatinib — selektywny, odwracalny inhibitor domeny o aktywnos$ci kinazy
tyrozynowej receptora HER2. Lek ten zarejestrowany jest do stosowania u pacjentek z
HER2+ zaawansowanym lub dajacym przerzuty BC w kombinacji z kapecytabing w
przypadku udowodnionej progresji pomimo stosowania taxandéw, antracyklin oraz
trastuzumabu. Kolejne wskazanie do stosowania tego leku w kombinacji z inhibitorami
aromatazy stanowi HER2+ ER+ BC u pacjentek bedacych w wieku postmenopauzalnym,
ktére nie maja wskazan do zastosowania chemioterapii. Leczenie hormonalne jest
wykorzystywane w grupie pacjenteck z BC wykazujacym amplifikacje receptorow
hormonalnych (ER+, PR+). U kobiet w wieku przedmenopauzalnym stosowane s3
tamoksyfen, oraz fulvestrant, ktorych mechanizm dzialania polega na hamowaniu
aktywnosci receptora estrogenowego (ER), natomiast w grupie pacjentek bedacych w
wieku postmenopauzalnym preferuje si¢ inhibitory aromatazy, ktérych dziatanie polega
na hamowaniu aktywnosci enzymu kluczowego dla syntezy estrogenéw. W dodatku inny
lek, ktorego mechanizm dziatania rowniez wynika z modulowania aktywnos$ci ER —
raloksyfen, jest wykorzystywany w profilaktyce rozwoju BC u kobiet po menopauzie. Z
roznych przyczyn efektywnos$¢ oraz tolerancja wymienionych metod moga by¢ znaczaco
obnizone. Stosowanie standardowych cytostatykow takich jak doxorubicyna moze nie$¢
ze soba zwigkszone ryzyko uszkodzenia migé$nia sercowego (obejmujacego takze
niewydolnos$¢ serca), natomiast leczenie hormonalne z wykorzystaniem tamoksyfenu
przyczynia si¢ do wzrostu ryzyka rozwoju raka endometrium. Istotnym aspektem jest
takze ograniczona biodostepnos¢ lekow jako rezultat ich metabolizowania w organizmie.
W przypadku raloksyfenu metabolizm pierwszego przejscia moze si¢ wigzaé z redukcja
biodostgpnosci tego leku nawet do poziomu 2%. Z kolei biodostgpnos¢ paklitakselu moze
by¢ w istotnym stopniu ograniczona z uwagi na jego hydrofobowos¢. Trwaja liczne
badania kliniczne oceniajace skuteczno$¢ oraz bezpieczenstwo nowych lekow
modulujacych aktywno$¢ ER. Czg$¢ z nich zostata juz zatwierdzona przez FDA. Aby
poprawi¢ biodostgpno$¢ jednego z glownych chemioterapeutykdw stosowanych w

leczeniu BC opracowano nanoczasteczkowy kompleks paklitakselu z albuming. Strategia
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ta okazata si¢ na tyle skuteczna ze wspomniany kompleks jest obecnie zatwierdzony
przez FDA do leczenia BC oraz innych nowotwordw zto§liwych (nie drobnokomérkowy
rak phuca, rak trzustki). Celem ograniczenia uktadowych skutkow ubocznych terapii BC
oraz poprawy skutecznosci (redukcja lekoopornosci) trwajg badania nad opracowaniem
celowanych metod farmakoterapii, ktorych istota polega na hamowaniu aktywnosci
konkretnego szlaku sygnalowego, w obrgbie ktoérego wzrost intensywnos$ci
przekaznictwa lezy u podstawy patogenezy konkretnego nowotworu. Inhibitory mTOR
(ang. mammalian target of rapamycin) sg testowane jako celowana forma leczenia HR+
HER2- BC. Jeden z nich — everolimus zostat juz zarejestrowany do stosowania w tym
wskazaniu jako element terapii skojarzonej (Everolimus + inhibitor aromatazy). Alpelisib
— selektywny inhibitor kinazy PI3K zostat zatwierdzony przez FDA w 2019r. do leczenia
wykazujacego mutacj¢ genu PIK3C4A HR+ HER2- BC w skojarzeniu z fulvestrantem.
Badania kliniczne nad wykorzystaniem innych inhibitorow kinaz z tej grupy jako
monoterapii lub sktadowej leczenia skojarzonego sa powszechnie prowadzone. W
zaawansowanej fazie badan klinicznych testowane sg rowniez leki hamujace dziatanie
kinazy bialkowej b (znanej tez jako Akt), ktora stanowi element wyzszego pietra Sciezki
sygnatowej wykorzystujacej kinaz¢ mTOR. Kolejnymi lekami z grupy inhibitoréw kinaz,
znajdujacych zastosowanie w leczeniu BC sg inhibitory CDK4/6 (kinaz zaleznych od
cyklin). Trzy sposrod nich — palbociclib, ribociclib, abemaciclib, uzyskaty rejestracje do
zastosowania w leczeniu HR+ HER2- BC w skojarzeniu z terapig antyestrogenowa. W
grupie pacjentek BC posiadajacych mutacje w genie BRCA w leczeniu celowanym
wykorzystanie znalazty inhibitory PARP (Polimerazy poli-ADP-rybozy) — enzymu
odpowiedzialnego za regulacj¢ proceséw naprawy DNA. Dwa leki z tej grupy — olaparib
oraz talazoparib sa obecnie zarejestrowane przez FDA do leczenia pacjentek z HER2-
BC, u ktorych wystgpuje mutacja w genie BRCA. Kolejna koncepcja powszechnie
wykorzystywana w ramach terapii celowanej polega na koniugowaniu lekow
przeciwnowotworowych z przeciwcialami monoklonalnymi skierowanymi przeciw
specyficznym dla danego nowotworu receptorom. Mertanzyna — lek hamujacy
polimeryzacj¢ mikrotubul poprzez wigzanie tioeterowe zostal przylaczony do
trastuzumabu. Koniugat ten (trastuzumab — emtansine) uzyskat w 2013r. zatwierdzenie
przez FDA do leczenia HER2+ BC. Derukstekan jest inhibitorem topoizomerazy, ktory
zostal wykorzystany do otrzymania koniugatu z trastuzumabem. Koniugat ten
(trastuzumab — deruxtecan; TD) uzyskal rejestracj¢ do stosowania w terapii

nieresekcyjnego lub dajacego przerzuty HER2+ BC w 2019r. TD wykazuje duzg
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skuteczno$§¢ w leczeniu pacjentek z przerzutami BC do moézgu. Inne przeciwciato
monoklonalne - sacytuzumab, skierowane przeciwko antygenowi trofoblastu 2 (Trop-2)
zostalo skoniugowane z innym inhibitorem topoizomerazy I gowitekanem. Koniugat ten
zostal zatwierdzony jako leczenie III linii u pacjentek z potrojnie uyjemnym BC, u ktérych
wystepuja przerzuty odlegte. Prowadzone sg rowniez badania nad zastosowaniem
leczenia immunologicznego w terapii BC. Szczeg6lng uwage poswigca si¢ inhibitorom
PD-1/PD-L1. Lek z tej grupy — atezolizumab uzyskal rejestracj¢ do stosowania jako
element terapii skojarzonej z Paklitakselem u pacjentek z potrojnie ujemnym BC.
Intensywnie badang strategia majaca na celu poprawe efektéw terapii systemowej jest
wykorzystanie nanoczastek jako no$nikéw dla lekow przeciwnowotworowych. We
wczesniejsze]  czgsci  tekstu  zostal  przytoczony  przyklad  zastosowania
nanoczasteczkowego kompleksu paklitakselu z albuming (NabP). Obecnie analogiczna
strategia jest testowana dla rapamycyny (NabR). Ponadto prowadzone sa réwniez badania
nad wykorzystaniem liposomow jako DDS dla doksorubicyny oraz docetakselu celem
poprawy skutecznosci leczenia oraz redukcji dzialan niepozadanych. W dodatku trwaja
badania nad oceng uzytecznosci stosowania tak zwanej chemioterapii metronomiczne;j,
czyli strategii leczenia polegajacej na bardzo czgstym podawaniu cytostatykow w
najmniejszych mozliwych dawkach bez dtuzszych przerw w leczeniu. Strategia ta ma
potencjalnie zapewni¢ lepszy efekt immunomodulujacy oraz antyangiogenny. Powyzsze
przyktady ukazuja, ze badania nad nowatorskimi metodami leczenia systemowego BC

jest dynamicznie rozwijajacg si¢ dziedzing farmakoterapii nowotworow.

2.4 Ostra Bialaczka Szpikowa (AML — ang. acute myeloid leukemia) 155-58I

Ostra Bialaczka Szpikowa (AML) jest stosunkowo rzadkim nowotworem ztosliwym
wywodzacym si¢ z komorek linii szpikowej, ktory obejmuje kilka podtypow. Podtypy
AML wyro6znia si¢ na podstawie charakterystyki komorek, z ktorych si¢ wywodzi oraz
obecnosci okreslonych mutacji genetycznych, ktore determinuja przebieg choroby,
rokowanie oraz mozliwosci terapeutyczne. Posrod nich wyrdzni¢ mozna Ostrg Biataczke
Promielocytowa (APL — ang. acute promyelocytic leukemia), charakteryzujaca sig
obecnoscig translokacji t(15;17)(q24;921), ktérej rezultatem jest powstanie zmutowane;j
wersji receptora dla kwasu retinowego alfa (RAR-a — ang. retinoic acid receptor alpha).

Inny podtyp stanowia biataczki z grupy CBF (core binding factor), charakteryzujace si¢
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wystepowaniem nastepujacych aberracji cytogenetycznych: [inv16(p13;q22)] lub
t(16;16)(p13;q22)] oraz t(8;21)(q22;q22);. Leczenie AML obejmuje 3 fazy — indukcje,
konsolidacj¢ oraz leczenie podtrzymujace. Powszechnie stosowanym leczeniem AML
jest terapia skojarzona sktadajgca si¢ daunorubicyny oraz cytarabiny (Ara-C). Leki te
podawane s3 w schemacie 3+7 — 3 dni podawania daunorubicyny + 7 dni ara-C
(wykorzystywane sg w fazie indukcji oraz konsolidacji). Niestety skuteczno$¢ tego
leczenia mierzona odsetkiem 5-letnich przezy¢ jest niezadowalajaca. Odsetek ten nie
przekracza 35% w populacji pacjentow przed 60r. Zycia, natomiast w grupie pacjentow
powyzej 60r. zycia waha si¢ on pomigdzy 10% a 15%. Jednakze wprowadzanych jest
coraz wiecej celowanych form leczenia, ktore uwzgledniajg wystgpowanie konkretnych
mutacji determinujacych fenotyp okreslonego podtypu AML. W leczeniu APL z uwagi
na mutacj¢ RAR-a, zastosowanie znalazl kwas all-trans retinowy, umozliwiajac znaczng
poprawe rokowania. Lek ten jest elementem leczenia skojarzonego z trdjtlenkiem arsenu,
jednakze w ostatnich latach pojawiaja si¢ doniesienia o wyzszej skuteczno$ci terapii
trojlekowej obejmujacej wspomniang kombinacj¢ rozszerzona poprzez dodanie
idarubicyny. W przypadku AML z ekspresja antygenu CD33 zastosowanie znajduje
gemtuzumab — ozogamicin (GO) — koniugat skladajacy si¢ z przeciwciata
monoklonalnego anty CD33 oraz ozogamycyny, leku o wtasciwosciach cytostatycznych.
Wykazano, ze dodanie tego koniugatu jako kolejnej sktadowej leczenia skojarzonego
obejmujacego daunorubicyne oraz ara-C przyczynia si¢ istotnie do poprawy efektow
leczenia. Zaobserwowano rowniez znaczng poprawe wynikow leczenia AML z grupy
CBF (ang. core binding factor) po dodaniu GO do schematu leczenia obejmujacego
fludarabing oraz wysokie dawki ara-C. Wychodzac naprzeciw potrzebom personalizacji
leczenia w zalezno$ci od obecnosci konkretnych aberracji genetycznych, stosuje si¢ coraz
wigcej celowanych form leczenia. W$rod nich wymieni¢ mozna inhibitory: FLT3 (np.
midostauryne), IDH (np. IDH11 — ivosidenib, IDH2i — enasidenib. Istotnym w leczeniu
AML lekiem celowanym jest tez venetoklaks, bedacy inhibitorem antyapoptotycznego
biatka BCL-2, ktore ulega deregulacji w niektorych podtypach AML. Wysoce skuteczng
strategiag okazalo si¢ tez wykorzystanie liposomow zawierajacych daunorubicyne z
cytarabing w stosunku stechiometrycznym 1:5. Preparat ten — Vyxeos, zostal juz
zatwierdzony do leczenia AML przez FDA. Wiele danych wskazuje na to, ze istotng role
w leczeniu AML moze odgrywa¢ azacytydyna (gtownie jako skladowa terapii
skojarzonych). Doustna forma tego leku znana jako CC-486 zostata zarejestrowana do

leczenia podtrzymujacego AML. Nalezy doda¢, ze bardzo istotng role w terapii AML
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petni allogeniczny przeszczep komorek macierzystych szpiku. Zaletg tej strategii leczenia
jest redukcja ryzyka wznowy oraz poprawa odsetka przezy¢ w perspektywie
dhugoterminowej. Niestety jest to procedura obarczona duzym ryzykiem zagrazajacych
zyciu dziatan niepozadanych, w zwigzku z czym nie kazdy pacjent moze by¢ do niej
zakwalifikowany. Pomimo znacznego post¢pu na polu mozliwosci terapeutycznych AML
oraz poprawy rokowania pod wzgledem odsetka przezywalnosci, wcigz istnieja
wyzwania terapeutyczne, wymagajace poszerzenia badan w tej dziedzinie. Kluczowym
problemem jest ograniczenie mozliwosci leczenia w zalezno$ci od kondycji fizycznej
pacjenta, determinowane obcigzeniem dla organizmu wynikajacym z wielolekowej
terapii. W zwigzku z tym wielu pacjentéw ze znaczng wielochorobowo$cig nie moze by¢
zakwalifikowana do leczenia metoda o wysokiej skutecznosci. W obliczu tego istotne jest
poszukiwanie nowych strategii leczenia pozwalajacych na redukcje jego toksycznos$ci
przy zachowaniu mozliwie najwyzszej skutecznosci, tak aby jak najwicksze grupy

pacjentdw mogly z takiego leczenia skorzystacé.

2.5 Przewlekla Bialaczka Szpikowa (CML — ang. chronic myeloid leukemia) 561

Przewlekla Biataczka Szpikowa (CML) jest nowotworem ztosliwym wywodzacym
si¢ z komorek linii szpikowej, ktorego etiologia zdeterminowana jest przez translokacje
t(9;22)(q34:q11), skutkujaca powstaniem genu fuzyjnego BCR/ABL. Produkt tego genu
wykazuje aktywno$¢ kinazy tyrozynowej, ktora przyczynia si¢ do nadmiernego
stymulowania proliferacji komorek posiadajacych gen BCR/ABL. Opracowanie
selektywnych inhibitoréw domeny kinazowej biatka BCR/ABL (TKI — tyrosine kinase
inhibitors) przyczynito si¢ do diametralnej poprawy rokowania pacjentow z CML przy
zachowaniu zadowalajace] jakoSci zycia. Obecnie przewidywalna dlugo$¢ zycia
pacjentow odpowiadajacych na leczenie TKI nie r6zni si¢ w znaczacy sposob od wartosci
tego parametru dla populacji ludzi zdrowych. TKI stosowane w leczeniu CML podzieli¢
mozna na 3 generacje. Do pierwszej z nich zalicza si¢: imatinib, do drugiej: dasatinib,
bosutinib oraz nilotinib, natomiast trzecia generacja obejmuje ponatinib oraz asciminib.
Wskazaniem do wiaczenia TKI wyzszych generacji jest wystgpienie opornosci na
imatinib. Istotna jest tez obecno§¢ mutacji ABLI-T315, ktdra wiagze si¢ z opornoscig na

imatinib oraz TKI drugiej generacji. W przypadku pacjentow z CML wykazujacych
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obecno$¢ wspomnianej mutacji dedykowanym lekiem pozostaje ponatinib (TKI trzeciej
generacji). W dodatku zmiana jednego TKI na inny (w obrebie tej samej generacji) moze
by¢ podyktowana indywidualng tolerancja na konkretny lek. Pomimo wysokiej
skutecznosci oraz korzystnego profilu bezpieczenstwa TKI, w niektérych grupach
pacjentow prowadzenie efektywnego leczenia moze by¢ ograniczane przez ucigzliwe
skutki uboczne. U pacjentdow nie wykazujacych odpowiedzi na leczenie selektywne
zastosowa¢ mozna takze alternatywne formy leczenia. Wsrod mtodszych pacjentow
zastosowanie znajduje m.in. allogeniczny przeszczep komodrek macierzystych szpiku,
ktory stanowi forme leczenie definitywnego, dajacego szanse na catkowite wyleczenie.
W grupie pacjentéw starszych allogeniczny przeszczep szpiku moze wigzaé si¢ ze zbyt
duzym ryzykiem z uwagi na wielochorobowos¢. Dlatego w tej grupie pacjentow
zastosowanie znajduje wilaczenie kombinacji TKI z innymi lekami takimi jak:
azacytydyna, decytabina, hydroksymocznik, cytarabina. Terapia taka ma na celu
mozliwie jak najlepsza kontrole progresji choroby. Farmakoterapia CML ukazuje jak
duzy potencjal leczniczy moga wnosi¢ leki selektywne, ktére dziataja na poziomie
zdefiniowanego celu molekularnego. Bardzo wysoka skuteczno$¢ idaca w parze z
wysoka selektywno$cig (ograniczajaca dziatania niepozadane) daje pacjentom
reagujacym na leczenie szanse na zachowanie dlugosci oraz stosunkowo wysokiej jako$ci
zycia pomimo choroby. Problemem wciagz wymagajacym uwagi s3g rozwijajace si¢ w
trakcie leczenia opornosci na leczenie selektywne, wystepowanie w niektorych grupach
pacjentow ucigzliwych dzialan niepozadanych oraz ograniczenie mozliwosci leczenia z

uwagi na wystepowanie chorob wspotistniejacych, ktoére wptywaja na tolerancje¢ leczenia.

2.6 Niedrobnokomorkowy Rak Pluca (NSCLC - ang. non small cell lung cancer)

[61,62]

Rak ptuc (Lung Cancer — LC) stanowi jedng z najczestszych przyczyn $mierci
spowodowanych chorobg nowotworowa w skali globalnej. Z uwagi na podstgpny, skapo-
objawowy przebieg we wczesnych stadiach choroby, LC rozpoznawany jest najczgsciej
w momencie gdy choroba ma juz inwazyjny charakter (naciekanie miejscowe, zajgcie
wezlow chlonnych, przerzuty odlegle). Wspomniana charakterystyka przebiegu LC
generuje istotne wyzwanie diagnostyczno — terapeutyczne z uwagi na to, ze w przypadku

chorych z rozpoznanym LC w wysokim stadium zaawansowania skuteczne opcje

18



terapeutyczne s3 znacznie ograniczone a szanse na wyleczenie nikle. Ze wzgledu na
charakterystyke histologiczng LC mozna podzieli¢ na dwa podtypy: SCLC (small cell
lung cancer — drobnokomoérowy rak ptuca) oraz NSCLC (non — small cell lung cancer —
nie drobnokomorkowy rak ptuca). Dodatkowy podzial rozroznia fenotypy LC pod
wzgledem rodzaju tkanki z jakiej si¢ wywodzi. W tym przypadku podzial wyrdznia raka
pochodzenia nabtonkowego oraz gruczolowego. Wigkszo§¢ LC zaklasyfikowaé mozna
jako NSCLC. W kontekscie leczenia NSCLC w niskich stadiach zaawansowania
kluczowa role odgrywa leczenie chirurgiczne — resekcja. Jednakze, w przypadku
wyzszych stopni zaawansowania potencjalne ryzyko zabiegu przewyzsza oczekiwane
korzysci. Z tego wzgledu u chorych w zaawansowanym stadium choroby kluczowg role
w leczeniu odgrywa radio- oraz chemioterapia lub skojarzenie obu metod -
radiochemioterapia. Do lekow wykorzystywanych w chemioterapii NSCLC naleza
cisplatyna oraz karboplatyna. Leki te stosowane s3 w polaczeniu z gemcytabing,
taksanami lub pemetrexedem. W ostatnich latach pojawia si¢ coraz wigcej opcji
terapeutycznych wykorzystujacych leki immunologiczne oraz leki ukierunkowane na
cele molekularne. Leczenie immunologiczne obejmuje m.in. stosowanie inhibitorow
immunologicznych punktéow kontrolnych takich jak: ipilimumab, pembrolizumab oraz
atezolizumab. Istotng role w terapii celowanej odgrywa hamowanie aktywnosci VEGFR.
Bewacyzumab — przeciwcialo monoklonalne skierowane przeciw VEGFR uzyskal
rejestracje FDA do stosowania w leczeniu NSCLC jako element leczenia skojarzonego.
Dane pokazuja, ze skojarzenie bewacyzumabu z leczeniem immunologicznym moze
nies¢ ze sobg istotng popraw¢ rokowania. Jako leczenie ukierunkowane na cele
molekularne rejestracje do leczenia NSCLC posiada juz kilka inhibitorow EGFR, wéréd
ktérych wymieni¢ mozna: gefitinib, erlotinib oraz afatinib (mutacja w genie dla receptora
EGFR wystepuje stosunkowo powszechnie w NSCLC). Inng forme¢ leczenia celowanego
stanowi selektywne blokowanie aktywnosci kinazy ALK. Kilka inhibitoréw
wspomniane] kinazy uzyskato juz rejestracje do leczenia NSCLC wykazujacego
ekspresje ALK (crizotinib, lorlatinib, alectinib, ceritinib, brigatinib). Trwaja dalsze
badania nad opracowaniem oraz oceng skutecznosci lekow celowanych oraz
zastosowania ich w kombinacji z innymi metodami leczenia. Warto wspomnie¢, Ze istotng
role w patogenezie NSCLC stanowi¢ moga mechanizmy molekularne zwigzane z
aktywnos$cig niekodujacego RNA. Dane wskazuja, ze IncRNA CCAT1 pelni istotng role
w procesie rozwoju NSCLC uczestniczac m.in. w stymulowaniu procesu proliferacji

komorek nowotworowych oraz zwigkszaniu ich zdolnos$ci migracyjnych. Na modelach
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komorkowych NSCLC wykazano, ze wyciszenie ekspresji CCAT1 moze znaczaco
wplyna¢ na ograniczenie rozwoju nowotworu poprzez hamowanie wspomnianych
proceséw. Opracowanie selektywnych oraz wysoce skutecznych form leczenia NSCLC

daje nadziej¢ na znaczng poprawe¢ rokowania pacjentow z NSCLC.

2.7 Kluczowe mechanizmy opornosci na leki przeciwnowotworowe 163-661

Podczas prowadzenia leczenia onkologicznego, komorki nowotworowe podlegaja
cigglym procesom adaptacji, ktore w efekcie przyczyniaja si¢ do ograniczenia
skuteczno$ci terapii. Szczego6lng rolg w procesach adaptacji petnig tzw. ,,nowotworowe
komorki macierzyste” (Cancer Stem Cells — CSCs), stanowigce populacje komorek
nowotworu, ktorg charakteryzuje zdolno$¢ do samoodnowy, potencjat do intensywnej
proliferacji, nietypowe réznicowanie oraz duza plastyczno$¢. Cechy te przyczyniaja si¢
do generowania duzej heterogennosci komoérek w obrebie guzoéw nowotworowych, co
ulatwia powstawanie subpopulacji komoérek opornych na stosowane leki. Rozwoj
opornosci na leki moze by¢ warunkowany przez procesy takie jak: aktywne usuwanie
lekow z komorki, ograniczony transport do komorki, rozktad enzymatyczny lekdw,
zmiana konformacji punktu uchwytu leku, zmieniony metabolizm komorek
nowotworowych, hamowanie apoptozy, amplifikacj¢ onkogendw, zmiany epigenetyczne,
interferencj¢ RNA, a takze interakcje komodrek nowotworowych z ich $rodowiskiem
zewnatrzkomérkowym oraz uktadem immunologicznym. Udowodniono, Ze oporno$¢ na
DOX moze by¢ rezultatem wzmozonej aktywnosci transporterow btonowych z rodziny
ABC (ang. atp binding cassette), ktore wykorzystujac energi¢ uwolniong w wyniku
hydrolizy ATP aktywnie transportuja czasteczki leku z komoérki. W dodatku opornos¢ na
DOX moze by¢ takze rezultatem wywolanej mutacja zmiany konformacji enzymu
Topoizomerazy II, ktéorego hamowanie stanowi jeden =z mechanizmow
przeciwnowotworowego efektu DOX (zmiana konformacji utrudnia wigzanie si¢ leku w
miejscu jego dziatania). Innym przyktadem wptywu zmiany konformacji punktu uchwytu
na rozw0j lekoopornosci, jest spadek efektywnosci dzialania imatinibu w leczeniu CLL
jako rezultat mutacji, ktorej efektem jest zmiana konformacyjna fragmentu kinazy
BCR/ABL, do ktoérego przytacza si¢ ten TKI. W przypadku ara-C opornos¢ na leczenie
rozwija¢ moze si¢ na drodze regulacji w dot (downregulation) enzymu o aktywnosci

fosforylazy (kinaza deoksycytydyny), ktory jest niezbedny do konwersji tego proleku w
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jego aktywna forme. Przyktad udziatu rozktadu enzymatycznego w rozwoju opornosci na
leki przeciwnowotworowe stanowi¢ moze oporno$¢ komoérek NSCLC (A549) na
paklitaksel. Na tym modelu komérkowym wykazano, ze spadek wrazliwosci na PTX
skorelowany jest ze wzrostem aktywnosci jednej z izoform enzymu cytochromu CYP450
(CYP1BI1). Jedng z gtéwnych funkcji enzymow z tej grupy jest rozktad enzymatyczny
lekow. Przyktadem roli ograniczonego transportu dokomorkowego lekéw w rozwoju
opornosci na terapi¢ jest rozwoj opornosci na metotreksat (MTX) w ALL. Udowodniono,
ze wzrost opornosci na MTX moze by¢ uwarunkowany spadkiem aktywnos$ci
specyficznego transportera dla folianow (hRFC — reduced folate carrier). Z drugiej
strony, zmniejszona wrazliwo$¢ na MTX moze by¢ takze uwarunkowana amplifikacja
genu reduktazy dihydrofolianowej, ktorej MTX jest kompetycyjnym inhibitorem.
Funkcja epigenetyki w procesie narastania lekoopornosci wynika z wptywu modyfikacji
epigentycznych na stopien kondensacji chromatyny, determinujacy poziom ekspresji
gené6w. Wykazano, ze stosowanie azacytydyny — leku o wlasciwosciach
hipometylujacych, moze w istotnym stopniu zwigksza¢ wrazliwos¢ komorek
nowotworowych na leki antynowotworowe takie jak: cisplatyna, 5-fluorouracyl oraz
winkrystyna. W konteks$cie roli interakcji komoérek nowotworowych z ich otoczeniem
komoérkowym w rozwoju opornosci na leczenie warto zwroci¢ uwage na funkcje tzw.
»fibroblastow zwiazanych z nowotworem” — (cancer associated fibroblasts), ktére
wydzielajac czynniki wzrostu (HGF, EGF), IL6 oraz cytokiny moga w znaczacy sposob
przyczynia¢ si¢ do ograniczania odpowiedzi na leczenie. W dodatku sama specyfika
metabolizmu komorek nowotworowych moze istotnie przyczynia¢ si¢ do zmiany
warunkow Srodowiska zewnatrzkomorkowego, w ktorym si¢ znajduja. Produkcja przez
nie duzych ilo$ci mleczanu przyczynia si¢ do istotnego obnizenia pH $rodowiska
zewnatrzkomérkowego guzoéw nowotworowych, co stanowi¢ moze swego rodzaju
barier¢ fizykochemiczng dla lekow przeciwnowotworowych.  Wysokie zdolnosci
adaptacyjne komorek nowotworowych oraz wielotorowo$¢ rozwoju mechanizmow
kompensacyjnych ograniczajacych efektywnos$¢ leczenia stanowia jedno z gléwnych

wyzwan leczenia onkologicznego.
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2.8 Systemy transportu lekow ze szczegélnym uwzglednieniem roli dendrymerow

PAMAM [67-701

Intensywnie badang koncepcja walki z lekoopornoscia w terapii nowotworow
ztosliwych jest zastosowanie nanoczastek w roli systeméw transportu lekéw (DDS).
Posréd nich powszechnie testowane s3: liposomy, micele, nanorurki, polimery
syntetyczne, nanoczastki zlota, nanokompozyty oparte na chitozanie oraz dendrymery.
Zalety plynace z zastosowania DDS to m.in.: zmodyfikowany profil uwalniania lekow,
uwalnianie zalezne od pH, ograniczenie rozkladu enzymatycznego, poprawa
rozpuszczalnosci, zwickszona akumulacja w tkankach nowotworowych oraz poprawa
transportu dokomoérkowego przytaczonych lekow. W dodatku DDS moga by¢
modyfikowane poprzez kowalencyjne przytaczenie czasteczek bgdacych substratami dla
receptoréw ulegajacych amplifikacji w komoérkach nowotworowych (tzw. ,,czasteczki
adresujace” — targeting molecules; TM). Taka strategia ma na celu zwigkszenie
selektywnos$ci transportu lekow, tak aby zmniejszy¢ ich oddziatywanie wzgledem
komoérek nienowotworowych przy zachowaniu efektu przeciwnowotworowego.
Zastosowanie DDS moze w znaczacy sposob poprawi¢ biodostepnos¢ lekow, ktorych
aktywno$¢ biologiczna jest limitowana poprzez staba rozpuszczalno$¢ w $rodowisku
wodnym (taksany). Ponadto przytaczenie kowalencyjne lekow do DDS przy uzyciu
tacznikow wrazliwych na pH zapewnia ograniczenie degradacji enzymatycznej lekow i
toksycznosci terapii. Lek moze wykazywaé swojg aktywnos¢ po uwolnieniu z DDS przy
niskim pH tkanki nowotworowej (kontrolowane uwalnianie). Kolejng potencjalng zaleta
stosowania DDS jest ulatwienie pokonywania barier biologicznych (takich jak bariera
krew — mozg) poprzez leki transportowane przy uzyciu tych systemow. Z uwagi na
zmieniong morfologi¢ naczyn krwiono$nych zaopatrujacych guzy nowotworowe, wzrost
zawartosSci biatek macierzy miedzykomorkowej oraz ograniczony odplyw plynu
mig¢dzytkankowego droga naczyn limfatycznych, leki przytaczone do DDS moga ulega¢
intensywniejszej akumulacji w tkankach guzéw nowotworowych wzgledem zdrowych
tkanek. Efekt ten definiowany jest jako EPR (enhanced permeability and retention) 1
odpowiada on za poprawe skutecznosci stosowania dostarczanych terapeutykow przy
jednoczesnym obnizeniu toksycznosci wzgledem nienowotworowych tkanek. W
odréznieniu od EPR, ktory jest procesem pasywnym, mozna roéwniez poprawic
selektywno$¢ dostarczania lekow przez DDS na drodze przylaczania do nich

nanoczasteczkowych TM. W tym celu wykorzystywane sg ligandy dla receptorow takich
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jak: FR — receptor dla folianéw, TfR — receptor dla transferryny, EGFR — receptor
naskorkowego czynnika wzrostu. Strategia ta ma na celu aktywng intensyfikacje
wnikania tak zmodyfikowanych DDS (wraz z lekami) do komoérek nowotworowych
posiadajacych okre§lone receptory. Dendrymery PAMAM [Poliamidoaminowe -
poly(amidoamine)] to grupa rozgalgzionych sferycznych nanoczastek, ktore
charakteryzuje zalezna od generacji ilo$¢ terminalnych grup aminowych. Protokoét
syntezy PAMAM zostat po raz pierwszy opisany przez Tomali¢ w 1985r. Gléwnym
etapem syntezy tych dendrymeréw jest addycja akrylanu metylu do diaminy. Strukture
PAMAM podzieli¢ mozna na 3 zasadnicze elementy: rdzen zbudowany z etylenodiaminy,
galezie powstate w wyniku taczenia si¢ wigzaniami amidowymi kolejnych czasteczek

etylenodiaminy z akrylanem metylu oraz powierzchniowe grupy aminowe (Ryc.1).

Z uwagi na swoj sferyczny ksztatt oraz znaczng ilo$¢ terminalnych grup aminowych,
ktére moga postuzy¢ do kowalencyjnego przytaczenia lekow, polioli a takze TM,
PAMAM sa obecnie intensywnie testowane jako DDS dla lekow
przeciwnowotworowych. W roli TM przylaczonych do PAMAM z powodzeniem
wykorzystano kwas foliowy oraz biotyne, uzyskujac wzrost cytotoksycznosci tak
zmodyfikowanych koniugatow PAMAM z lekami przeciwnowotworowymi wzgledem
modeli komdrkowych wybranych nowotwordow. Funkcjonalizacja powierzchniowych
grup aminowych moze shuzy¢ réwniez poprawie rozpuszczalnosci koniugatoéw w wodzie
oraz ograniczeniu toksycznego efektu wzgledem komorek nienowotworowych
wynikajacego z kationowego charakteru czasteczek PAMAM. Wykazano, ze
zmniejszenie toksyczno$ci mozna osiagna¢ poprzez np. PEG-ylacje dendrymerow.
Jednakze w niektorych okoliczno$ciach kationowy charakter stanowi¢ moze zalete
PAMAM. Wiasciwos¢ t¢ mozna np. wykorzysta¢ do elektrostatycznego przylaczenia
anionowych czasteczek kwasoéw nukleinowych do PAMAM. W ten sposob PAMAM
moga réwniez zosta¢ zastosowane jako systemy transportu dla sekwencji DNA oraz
czasteczek niekodujacego RNA (np. siRNA). Udowodniono, ze enkapsulacja
doxorubicyny w struktur¢ dendrymeru PAMAM G3 (generacji trzeciej) przyczynia si¢ do
istotnego zwigkszenia wychwytu oraz akumulacji kompleksu (enkapsulatu) PAMAM-
DOX przez komoérki nowotworowe z linii Caco-2 (w pordwnaniu z samym DOX).
Postulowanym mechanizmem odpowiedzialnym za ten efekt jest ograniczenie usuwania
leku przylaczonego do PAMAM przez transportery z grupy ABC (glikoproteina P — P-

gp).[ﬂ]
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Ryec. 1. Model graficzny dendrymeréw PAMAM

Na modelu komoérkowym raka jajnika (OVCAR-3) wykazano potencjalizacje wychwytu
paklitakselu przylaczonego do biotynylowanego PAMAM przez komorki nowotworowe.
Wzrost wychwytu byl w tym przypadku istotnie wigkszy dla wspomnianej linii
nowotworowej w porownaniu do komorek nienowotworowych z grupy kontrolnej
(HEK293T). Dowodzi to wigkszej selektywnosci efektu cytotoksycznego PTX po
przylaczeniu go do tak zmodyfikowanego PAMAM. [72]

Dane z ostatnich lat wskazuja, ze dendrymery PAMAM moga odgrywac istotng role w
leczeniu nowotworow ztosliwych z uwagi na ich wlasciwosci umozliwiajace poprawe
biodostepnosci oraz selektywno$ci dziatania chemoterapeutykoéw. Dodatkowo ich
struktura chemiczna umozliwia przytaczanie kombinacji lekow oraz wprowadzanie
modyfikacji, ktére moga zwigksza¢ selektywno$¢ wychwytu przez komorki

nowotworowe. Zastosowanie PAMAM jako DDS stwarza zatem perspektywe
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opracowania efektywnych, niosagcych mniej toksycznych skutkow ubocznych

spersonalizowanych metod terapeutycznych do walki z nowotworami ztosliwymi.
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3. Hipoteza i cele badawcze
3.1 Hipoteza badawcza

Dendrymery PAMAM G2-G4 zmodyfikowane poprzez addycje¢ polioli i/lub biotyny
moga stanowi¢ skuteczne nosniki dla lekow przeciwnowotworowych oraz kombinacji
wielolekowych, skutkujac wzrostem aktywnos$ci przeciwnowotworowej otrzymanych
przy ich uzyciu koniugatéw. Koniugaty z dwoma lub wigcej lekami o roéznych
mechanizmach dziatania moga wykazywa¢ wzmocniony efekt przeciwnowotworowy

poprzez addycje lub synergie.
3.2 Cele badawcze realizowane w cyklu publikacji

Tematem przewodnim cyklu publikacji jest synteza, charakterystyka oraz ocena
aktywnosci biologicznej koniugatow dendrymerow PAMAM G2-G4, ktore zostaty
zmodyfikowane poprzez addycje czasteczek takich jak (R-glicydol, biotyna oraz a-D-

glukoheptono-1,4-lakton), z lekami oraz kombinacjami lekow przeciwnowotworowych.

Pierwsza z publikacji [D1] Malinga-Drozd, M.; Uram, L.; Wrobel, K.; Wolowiec, S.
Chiral Recognition of Homochiral Poly (amidoamine) Dendrimers Substituted with R-
and S-Glycidol by Keratinocyte (HaCaT) and Squamous Carcinoma (SCC-15) Cells In
Vitro. Polymers 2021, 13, 1049.] dotyczyta oceny wptywu addycji R- lub S-glicydolu do
dendrymerow PAMAM G2 oraz G3 na wychwyt tak zmodyfikowanych koniugatéw

poprzez komorki nowotworowe (SCC-15) oraz nienowotworowe (HaCaT).

Celem 3 kolejnych publikacji przedstawionych jako dorobek naukowy do oceny [D2,
D3, D4]: [Wrobel K, Wotowiec S, Markowicz J, Watajtys-Rode E, Uram L. Synthesis of
Biotinylated ~PAMAM  G3  Dendrimers  Substituted with  R-Glycidol and
Celecoxib/Simvastatin as Repurposed Drugs and Evaluation of Their Increased Additive
Cytotoxicity for Cancer Cell Lines. Cancers. 2022; 14(3):714.] [Uram L, Wrobel K,
Walczak M, Szymaszek 7, Twardowska M, Wolowiec S. Exploring the Potential of
Lapatinib, Fulvestrant, and Paclitaxel Conjugated with Glycidylated PAMAM G4
Dendrimers for Cancer and Parasite Treatment. Molecules. 2023; 28(17):6334.]
[Lewinska A, Wrobel K, Bloniarz D, Adamczyk-Grochala J, Wolowiec S, Wnuk M.
Lapatinib- and fulvestrant-PAMAM dendrimer conjugates promote apoptosis in

chemotherapy-induced senescent breast cancer cells with different receptor status.
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Biomater Adv. 2022 Sep, 140:213047.], byla synteza koniugatow PAMAM G3 oraz G4
zawierajacych kombinacje roznych lekow przeciwnowotworowych, a nast¢pnie ocena
ich biologicznej aktywnosci. Postulowanym efektem biologicznym byta synergia i/lub
addycja oraz wzrost selektywnos$ci zastosowanej kombinacji na modelach komoérkowych
wybranych nowotworow: glejak wielopostaciowy, rak piersi, nie-drobnokomoérkowy rak
ptuca, rak kolczystokomorkowy. W tym celu poréwnywano m.in. cytotoksyczno$¢ oraz
akumulacje komérkowa wspomnianych koniugatéw dla linii komorek nowotworowych

wzgledem komoérek nienowotworowych.

Zatozeniem pracy [D5] [Wrobel, K.; Deregowska, A.; Betlej, G.; Walczak, M.; Wnuk,
M.; Lewinska, A.; Wotowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-
conjugate sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal
of Drug Delivery Science and Technology, Volume 81, 2023,104242] byto opracowanie
innowacyjnej $ciezki syntezy koniugatéw fosforanéw lekéw z dendrymerami PAMAM
G3 poprzez wigzania fosforamidowe oraz ocena aktywnosci biologicznej koniugatoéw na

modelach komérkowych ludzkich biataczek.

Cele badawcze realizowane w toku wymienionych powyzej publikacji

skoncentrowane byty wokot:

a) Opracowania strategii kowalencyjnego przylaczania lekow
przeciwnowotworowych do dendrymerow PAMAM G3 1 G4 przy uzyciu
okreslonych linkerow oraz modyfikacji dendrymeréw PAMAM G2-G4
poprzez addycje czasteczek majacych petic¢ role TM (czasteczki adresujace)
takich jak: R-glicydol, biotyna oraz a-D-glukoheptono-1,4-lacton.

b) Okreslenie sktadu czasteczkowego produktu poprzez zdefiniowanie
stechiometrii koniugatow metodg spektrometrii jadrowego rezonansu
magnetycznego (NMR) oraz charakterystyke fizykochemiczng otrzymanych
koniugatow (okre$lenie S$rednicy czasteczkowej, indeksu polidyspersji,
potencjatu zeta).

C) Zbadanie aktywnosci biologicznej otrzymanych koniugatow na modelach
komoérkowych wybranych nowotworéw zto§liwych w odniesieniu do linii

komorek nienowotworowych (grupa kontrolna). Celem badawczym bylo
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okreslenie wptywu koniugatow na proliferacj¢, przezywalnos¢, oraz retencje
komorkowa koniugatow lek/leki-PAMAM.
d) W przypadku publikacji D4 i D5 celem badawczym byla ocena wplywu

otrzymanych koniugatow na apoptoze komoérek nowotworowych.

Zalozeniem przedstawionego cyklu publikacji byta ocena poprawy
biodostepnosci wybranych lekow poprzez przytaczenie ich do PAMAM oraz zbadanie,
czy wystepuje synergia lub addycja w cytotoksycznosci wzgledem komorek
nowotworowych jako rezultat zastosowania kombinacji lekow o r6znych mechanizmach
dziatania. Dodatkowym celem bylo zbadanie, czy addycja wspomnianych TM do
nosnikoéw opartych o PAMAM, ktore nast¢gpnie wykorzystano do syntezy koniugatow
lek/leki-PAMAM przyczynia si¢ do poprawy preferencyjnosci wnikania tak
zmodyfikowanych koniugatow do komorek nowotworowych w poréwnaniu z

komoérkami nienowotworowymi (uzyskanie wiekszej selektywnosci).
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4. Opis wkladu, metodologia oraz omowienie publikacji
4.1 Opis mojego wkladu w realizacje¢ cyklu publikacji

Celem serii syntez przeprowadzonych w cyklu publikacji [D1-D5] byto
otrzymanie koniugatow dendrymeréw PAMAM G2-G4 z lekami lub kombinacjami
lekéw oraz czasteczkami, ktérych rolg miata by¢ poprawa biodostgpnosci koniugatow.
Zsyntezowane zwiazki byly nastepnie wykorzystywane do oceny ich biodostepnos$ci oraz
aktywnos$ci biologicznej wzgledem wybranych linii nowotworowych. Do otrzymania
koniugatéw dendrymerow PAMAM G2-G4 z lekami, kombinacjami lekow, alkoholami
polihydroksylowymi oraz zwigzkami pelnigcymi role czasteczek adresujacych

wykorzystano roézne strategie syntezy.

W publikacji D1 prowadzitem funkcjonalizacje powierzchniowych grup
aminowych PAMAM G2 oraz G3 poprzez addycje¢ R- oraz S- glicydolu. M¢j udziat w
publikacji obejmowal synteze, oczyszczanie oraz charakterystyke otrzymanych
koniugatow przy wykorzystaniu spektroskopii NMR. Reakcje addycji przeprowadzitem
w metanolu z zastosowaniem nadmiaru stechiometrycznego glicydolu (R- lub S-)
wzgledem dendrymerow oraz fluorescencyjnie wyznakowanych analogéw. Po
dialitycznym oczyszczeniu produktow reakcji wykonatem przy uzyciu spektroskopii
NMR seri¢ pomiaréw celem scharakteryzowania zwigzkow oraz okreslenia ich sktadu
czasteczkowego. Wykonane zostaty widma jednowymiarowe (‘"H NMR, *C NMR) oraz
dwuwymiarowe (COSY, HMBC, HSQC). Na podstawie widm zdefiniowatem sktad
otrzymanych zwiazkow, ktory byl nastepujacy: G2'6RelF G219SelF G3I19RelF - G335SelF,
G2IRelR — G230SelR - G345ReR - oraz G335S¢R [F — izotiocyjanian fluoresceiny, R —
izotiocyjanian rodaminy, Rgl — R-glicydol, Sgl — S-glicydol]. Opracowane metody
syntezy, separacji oraz oczyszczania makroczasteczkowych produktow zastosowalem

réwniez w pozostatych publikacjach [D2-D5].

W publikacji D2 zsyntezowatem, wyizolowalem 1 scharakteryzowalem
strukturalnie otrzymane zwiazki. Dendrymer PAMAM G3 zostal wykorzystany do
przeprowadzenia funkcjonalizacji poprzez addycje¢ NHS-biotyny (N-hydroksyimid
kwasu bursztynowego biotyny). Biotynylowany dendrymer wykorzystalem w nastepnym
kroku do przeprowadzenia addycji lekow: symwastatyny, celekoksybu oraz kombinacji
celekoksyb/symwastatyna. Addycje celekoksybu wykonalem wykorzystujac konwersje

tego leku do pochodnej bursztynianowej na drodze reakcji z bezwodnikiem kwasu
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bursztynowego. Przeprowadzona w ten sposob aktywacja pozwolita na kowalencyjne
przylaczenie celekoksybu do terminalnych grup NH: dendrymeru PAMAM G3.
Natomiast symwastatyna zostata przytaczona po aktywacji, do ktérej wykorzystatem
karbonylodiimidazol (CDI). Powierzchniowe grupy aminowe, ktore nie zostaly
podstawione biotyng ani lekami, zablokowatem R-glicydolem. Do oczyszczenia oraz
scharakteryzowania otrzymanych zwigzkoéw wykorzystalem metody opisane powyzej.
Sktad czasteczkowy zsyntezowanych koniugatéw zdefiniowalem jako: G32B6C8el
(G32B4S14el (532B204512¢1 B _ Bjotyna, C — celekoksyb, S — simwastatyna, gl — R-glicydol].
Wybor R-glicydolu zostatl podyktowany rezultatami badan biologicznych koniugatow

otrzymanych w D1, ktore zostang opisane w dalszej czesci tekstu.

W [D3] R-glicydylacj¢ zastosowatem ponownie celem poprawy rozpuszczalnosci
koniugatow PAMAM G4 z hydrofobowymi lekami antynowotworowymi. Dokonatem
wyboru lekéw antynowotworowych oraz docelowych modeli komodrkowych
nowotworow na ktorych testowano aktywnos$¢ koniugatow. Przeprowadzilem syntezy
koniugatow PAMAM G4 z lekami: paklitaksel, lapatinib, fulvestrant oraz potrdjna
kombinacja — paklitaksel/lapatinib/fulvestrant. Strategia syntezy zostala szczegdtowo
opisana w publikacji [73]. Uzycie dendrymeru generacji 4 pozwolilo na przytaczenie
wiekszej ilosci hydrofobowych lekow do makroczasteczkowego nosnika. PTX
aktywowalem poprzez konwersj¢ do pochodnej bursztynianowej na drodze reakcji z
bezwodnikiem kwasu bursztynowego (w obecno$ci pirydyny). Nastepnie pochodng
bursztynianowg PTX przylaczytem do terminalnych grup PAMAM G4 przy uzyciu jodku
2-chloro-1-metylopirydyny w obecnosci DMAP. Produkt reakcji wyznakowatem
fluorescencyjnie przy uzyciu FITC. Fulvestrant (F) oraz lapatinib (L) aktywowalem przy
uzyciu p-nitrofenylochloromrowczanu (NPCF) 1 przylaczylem do PAMAM G4,
uprzednio wyznakowanego fluorescencyjnie FITC. Trojlekowy koniugat (G4PFL)
otrzymatem wykorzystujac wyznakowany fluorescencyjnie G4P, do ktdrego
przylaczylem aktywowane reszty F 1 L. Wszystkie koniugaty zostaly R-glicydylowane.
Oczyszczanie oraz charakterystyke przeprowadzilem przy wykorzystaniu metod
opisanych uprzednio [”*], [D1, D2]. Sktad koniugatéw okreslitem metoda jadrowego
rezonansu magnetycznego jako: G4 4P10%l G4"13F64el G4*13L85el | G4*PUFIILTAel [ _EITC,

P — paklitaksel, F — fulvestrant, L — lapatinib, [* - FITC].

Opracowalem koncepcje kowalencyjnego przylaczenia lekéw

antynowotworowych  stosowanych w  leczeniu raka piersi (BC) do
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glukoheptoamidowanego PAMAM G3 w D4. W trakcie syntez PAMAM G3 zostat
czgsciowo podstawiony a-D-glukoheptono-1,4-laktonem (gh) (12 reszt przytaczono
kowalencyjnie do 32 grup aminowych). Zsyntezowatem koniugaty jednolekowe
zawierajace Lapatinib (L) lub Fulvestrant (F) oraz koniugat zawierajagcy kombinacj¢ L/F.
Zostaty zsyntezowane, oczyszczone oraz scharakteryzowane zgodnie z procedura
opisang w D3. Sktad otrzymanych koniugatow zdefiniowatem przy uzyciu spektroskopii
NMR i byt on nastgpujacy: G3'2eh* G34L12ehx  G34F12eh* oray G33L3F12eh%* [odzie L —
lapatinib, F — fulvestrant, gh - a-D-glukoheptono-1,4-lakton, * - FITC]. Podobnie jak w
przypadku D3 potencjal zeta oraz Srednica czasteczkowa otrzymanych zwigzkow zostaty

wyznaczone metoda DLS przez wspotpracownikow.

W publikacji D5 moja rola ponownie polegata na syntezach, oczyszczaniu oraz
charakterystyce metoda spektroskopii NMR serii biotynylowanych koniugatow PAMAM
G3 z lekami oraz kombinacjami lekow aktywnych wzgledem komorek ludzkich
biataczek. Tym razem do otrzymania koniugatoéw zastosowano nowa strategi¢ syntezy
pozwalajaca na przylaczenie lekdw poprzez wrazliwe na niskie pH wiazanie
fosforamidowe. W pierwszym kroku, aby oszacowac¢ skuteczno$¢ karbonyldiimidazolu
(CDI) jako aktywatora umozliwiajacego fosforamidowe zwigzanie pochodnych
fosforanowych lekow uzytem fosforany nukleozydoéw (AMP —
adenozynomonofosforanem) oraz deoksynukleotydem (dTMP - deoksytymidyno
monofosforanem) z uwagi na ich prostsza budowe¢ chemiczng ulatwiajaca
charakterystyke otrzymanych zwigzkow przy uzyciu spektroskopii NMR. Dla
poréwnania w przypadku AMP zastosowatem réwniez znang strategi¢ syntezy koniugatu
wykorzystujac  EDC (etylenokarbodiimid). Postgp reakcji $ledzitem na biezaco
wykorzystujac spektroskopie 'H NMR. Po ustaleniu odpowiednich warunkéw reakcji
przystapitem do syntezy koniugatow fosforanow lekow z PAMAM G3. W pierwszym
kroku zsyntezowany oraz scharakteryzowany zostal koniugat G3’° (D - deksametazon).
W nastepnej serii syntez wykorzystatem G3 sfunkcjonalizowany poprzez przylaczenie
jednej czasteczki biotyny (G3PB). Fosforany: cytarabiny (CP), fludarabiny (FP) oraz
deksametazonu (DP), a takze podwdjne kombinacje zostaly przytaczone do G3® przy
uzyciu CDI (reakcja w wodzie). Oczyszczanie oraz charakterystyke fizyko — chemiczng
otrzymanych zwigzkow przeprowadzitem zgodnie z procedurami opisanymi w D1-D4.
Dodatkowo otrzymane zwigzki chemiczne zostaly rdéwniez zbadane przez

wspotpracownikow przy uzyciu IR oraz *'P NMR. Sklad otrzymanych koniugatow, ktore
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wykorzystano potem do badan biologicznych okreslitem jako: G3B7P, G3B7F, G3BI3C,
G3B3D3F G3BIDIOC B _ biotyna, D — fosforan deksametazonu, C — fosforan cytarabiny,
F — fosforan fludarabiny]. Wszystkie otrzymane zwigzki zostaly wyznakowane
fluorescencyjnie. Wykonatem takze eksperyment uwalniania fosforanéw z koniugatow
dendrymerowych w niskim pH. W tym celu roztwory koniugatow G3'°* oraz G3° w
workach dializacyjnych umieszczone zostaly w 5L 1M buforu octanowego. Worki
dializacyjne z roztworami koniugatéw utrzymywane byty w buforze przez: 1, 2, 4 oraz 8§
godzin (G3'°%); 1, 3, 6 godzin (G3'P), a nastepnie przez 3 dni w $rodowisku wodnym
(bez buforu). Po odparowaniu wody =zarejestrowalem widma NMR zwigzkow i

przeanalizowatem zmiang sktadu czasteczkowego.
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WZORY CHEMICZNE

Dendrymery  poliamidoaminowe i ich pochodne zastosowane jako

makroczasteczkowe nosniki lekow. Kolorem niebieskim zaznaczono cze$¢ nosnika

PAMAM, a podstawniki modyfikujace sa wyrdznione kolorem zielonym.

@),

OH
HO

HO
OH

HO _.\\‘OH

HO OH

CH,OH

dendrymer poliamidoaminowy (PAMAM) trzeciej
generacji, G3; n = 32 i czwartej generacji, G4; n = 64

dendrymer PAMAM zmodyfikowany powierzchniowo poprzez
addycje R-glicydolu

dendrymer PAMAM zmodyfikowany powierzchniowo poprzez
addycje a-D-glukoheptono-1,4-laktonu

Ryec. 2. Wzory chemiczne pochodnych dendrymerow PAMAM
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Wzory testowanych lekow oraz drogi ich funkcjonalizacji i/lub syntezy koniugatow z
dendrymerami. Dendrymer PAMAM jest w kolorze niebieskim, a linkery w kolorze
czerwonym.
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Ryc. 3. Schematy reakcji chemicznych prowadzacych do otrzymania koniugatéw

Aktywatory i laczniki
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Ryc. 4. Aktywatory i laczniki wykorzystane w syntezach

Srednica czasteczkowa, indeks polidyspersji oraz potencjal zeta zostat
wyznaczony przy wykorzystaniu techniki dynamicznego rozpraszania $wiatta (DLS -
dynamic light scattering) w innych osrodkach akademickich, dysponujacych
odpowiednimi urzadzeniami. Wyznaczenie $rednicy czasteczkowej byto szczegodlnie
istotne w przypadku koniugatoéw zwierajacych leki oraz kombinacje lekow wysoce
hydrofobowych, pozwalajac na identyfikacje asocjatow otrzymanych zwiazkoéw. Wyniki
pomiaréw DLS wszystkich koniugatow, ktére badano w cyklu publikacji przedstawione

zostaly zbiorczo w ponizszej tabeli (Tabela 1.).
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Tabela 1. Srednice czasteczkowe otrzymanych koniugatow oraz potencjaly Zeta

Koniugat Rozmiar [nm] Potencjal Zeta [mV]
pH 7 pH 5 pH 7 pH 5
d(Vv) d(N) d(Vv) d(N)
G3" 2.2 1.6 6.9 6.0 12.2 11.7
G32B14dl 2.1 1.8 5.0 3.3 9.6 7.8
G32Becadl 7.8 5.7 5.8 4.0 18.6 34.6
G32B4S14gl 10.3 8.6 9.5 6.5 37.7 36.5
(G32B2Celasizgl 155 86.7 8.5 6.9 30.3 325
G3'% 85.8 57.2 44.2 25.3 42.4 32.9
G3%F 201 135 221 143 52.3 48.4
G3% 19.8 114 27.5 18.5 21.7 29.9
G33L3F 91.9 60.8 104.3 74.1 54.4 47.5
G3°P 2.02 1.59 4.49 3.62 5.18 5.17
G3B'D 3.15 1.97 3.95 3.20 6.96 13.93
G3B7F 2.13 1.69 3.79 3.03 15.43 22.81
G3B5D5F 2.62 2.00 4.26 3.46 8.59 11.77
G3B13C 2.42 2.31 3.62 3.55 8.36 14.24
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G3B11b10c 2.53 2.42 4.50 4.12 6.21 8.08

G4°P 154.73 99.20 156.26 94.62 13.57 33.26
G4t 162.06 113.13 a) 58.19 40.29 47.70
G4'F 233.83 138.23 b) 155.37 38.02 45.23
G4"PL 147.89 95.20 132.02 89.22 19.92 32.67
G4°PF 174.82 113.41 125.26 81.60 29.29 33.83
G4"PFL 174.38 105.47 165.00 118.78 34.33 35.32

Wyniki wskazujace na (asocjacj¢) otrzymanych zwiazkow zaznaczono kolorem czerwonym. a), b) —

znaczna polidyspersja ciezaru czasteczkowego.

4.2 Zarys metodologii badan aktywnosci biologicznej koniugatow

Scharakteryzowane  koniugaty byly nastgpnie przekazane w  rece
wspolpracownikow z innych os$rodkéw akademickich, dysponujacych odpowiednimi
odczynnikami, aparatura badawcza oraz modelami komoérkowymi okreslonych
nowotworow zlosliwych. Przeprowadzenie testow biologicznych miato w pierwszej
kolejnosci na celu zbadanie wptywu funkcjonalizacji terminalnych grup NH, PAMAM
G2-G4 (poprzez alkohole polihydroksylowe oraz biotyne¢) na biodostepnos¢ koniugatow
opartych o zmodyfikowane w ten sposob PAMAM. Nastepnie oceniano w jaki sposob
kowalencyjne przylaczanie lekow do PAMAM wptywa na cytotoksyczno$¢ otrzymanych
koniugatow wzgledem komodrek nowotworowych. Finalnym celem bylo okre$lenie, czy
przytaczenie kombinacji 2 lub 3 lekow o r6znym mechanizmie dziatania prowadzi do
wzmocnienia potencjalu antynowotworowego wielolekowych koniugatow (zbadanie czy

wystepuje addycja lub synergia).

Aby okresli¢ wptyw zastosowanych modyfikacji PAMAM oraz addycji lekow lub
kombinacji wielolekowych do dendrymeréw wykonano seri¢ testow biologicznych
oceniajacych cytotoksyczno$¢, wnikanie koniugatow do komorek, wpltyw koniugatow na
apoptoze, zmiang aktywnosci okre$lonych $ciezek sygnatowych, wplyw na sekrecje
mediatorow stanu zapalnego oraz senolityczne wtasciwosci wybranych koniugatow. W

publikacjach D1-D5 zbadano wptyw koniugatéw na przezywalno$¢ komorek
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(nienowotworowych vs nowotworowych) oraz w przypadku D3 réwniez na
przezywalnos$¢ C. elegans. Lista linii komérkowych, na ktorych prowadzone byly

badania w danej publikacji jest podana w Tabeli 2.

D1 D2 D3 D4 D5
SCC-15 + +
HaCaT + +
BJ +
U-118 MG + +
A549 +
SkBr-3 +
MCEF-7 +
MDA-MB- +
231
LAMA-84
K-562
HL-60
THP-1

+ o+ o+ o+

Tabela 2. Linie komorkowe (kolumna 1) na jakich liniach komérkowych byly
prowadzone testy aktywnosci biologicznej otrzymanych koniugatéw w cyklu

publikacji (D1-D5)
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W celu oceny przezywalnosci komoérek wykonano testy MTT oraz XTT
wykorzystujace réznice zdolno$¢ do redukcji soli tetrazolowych pomigdzy zywymi
(aktywnymi metabolicznie) a martwymi (nieaktywnymi metabolicznie) komorkami.
Aktywno$¢ metaboliczna komorek eksponowanych na dziatanie lekow, dendrymerow
oraz koniugatow lekéw z dendrymerami zostata rowniez okre§lona w tescie NR (Neutral
Red assay). Ten test umozliwia ocene aktywnos$ci metabolicznej komoérek na podstawie
roznicy wychwytu specyficznego barwnika przez zywe i martwe komoérki. W publikacji
D3 do oceny zywotnosci osobnikéw organizmu modelowego C. elegans wykorzystano
mikroskop odwrocony z kontrastem fazowym. W D3 oceniono takze wptyw koniugatow
oraz wolnych lekow na aktywno$¢ proliferacyjng badanych komoérek wykorzystujac
pomiar ilosciowy DNA. W publikacjach D1-D3  wykorzystano ocene aktywnosci
biologicznej testami MTT, XTT oraz NR do wyznaczenia warto$ci ICso dendrymerow,

wolnych lekéw oraz koniugatow jedno- a takze wielolekowych.

Wychwyt wyznakowanych fluorescencyjnie koniugatéw badano przy uzyciu
mikroskopii fluorescencyjnej, pomiaru wartosci fluorescencji oraz mikroskopii

konfokalnej [D1,D4].

W publikacji DS wychwyt fluorescencyjnie wyznakowanych koniugatow przez
badane komorki oceniono wykorzystujac obrazowa cytometrie przeptywowa.
Obserwacja w mikroskopie konfokalnym komorek poddanych dziataniu wyznakowanych
koniugatéw umozliwita takze ocene¢ ich dystrybucji w okreslonych kompartmentach
komoérkowych [D1]. Wptyw koniugatow na apoptoz¢ komorek nowotworowych oraz
cykl komorkowy zbadany zostat przy uzyciu metod cytometrycznych. Wykorzystujac
cytometri¢ przeptywowa wykonano pomiar zawartosci DNA (wptyw na cykl
komorkowy), przeprowadzono test eksternalizacji fosfatydyloseryny oraz zbadano
aktywno$¢ kaspaz (wptyw koniugatéw na apoptoz¢). Dodatkowo oszacowano frakcje
komorek nekrotycznych z uzyciem 7-aminoaktynomycyny D (7-AAD) [D4-D5]. Do
oceny wpltywu koniugatow na poziom: LC3B, NF-«kB, IL-§, TRDMTI1/DNMT?2 uzyto
swoistych przeciwcial pierwotnych oraz wtéornych znakowanych fluorescencyjnie.
Obrazy zebrano z wykorzystaniem mikroskopii  konfokalnej. Poziom markera
integralno$ci lizosoméw LAMPI1 oraz markera autofagii p62 oceniono przy uzyciu
metody obrazowania wykorzystujacej biatko =zielonej fluorescencji. Do oceny
wewnatrzkomorkowego pH wykorzystano wskaznik fluorescencyjny wrazliwy na

zmian¢ pH (pHrodo™ Green AM Intracellular pH Indicator). W tej metodzie spadek
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poziomu fluorescencji odzwierciedla alkalizacje srodowiska wewnatrzkomorkowego.
Senolityczne wiasciwosci koniugatow oceniono po uprzedniej indukcji procesow
starzenia za pomocg DOX wedlug standardowego protokotu opisanego w publikacji D4.
Senolityczna aktywno$¢ badanych zwiazkow zwigzana z apoptozg zostata oceniona za
pomoca testu z Aneksyng V, polegajacym na uwalnianiu fosfatydyloseryny z btony
komoérkowej [D4].

4.3 Omowienie rezultatow uzyskanych w cyklu publikacji

W publikacji D1 wybor glicydolu wynikat z danych literaturowych na temat
stereoselektywnej katalizy reakcji estryfikacji pomigdzy R-(+)-gl a kwasem n-mastowym
przez lipaze u gatunku Rhizopus javanicus." Celem badania bylo okreslenie, czy
poprzez kowalencyjne przylaczenie optycznie czystego glicydolu do powierzchniowych
grup NH> mozna zwickszy¢ wychwyt dendrymeroéw przez komorki nowotworowe. Brano
pod uwage, ze aby transport lekow przez DDS w terapii nowotworowej byl wysoce
efektywny, pozadang wlasciwoscig transportera jest wyzsza selektywnos¢ transportu. Po
przeanalizowaniu danych uzyskanych w trakcie badan aktywnos$ci biologicznej
otrzymanych w D1 koniugatow stwierdzono, ze koniugaty nie wykazywaly cech
cytotoksycznosci w stezeniach ponizej 300 puM zaréwno wobec komoérek
nowotworowych jak i prawidtowych. Ponadto wykazano przy wykorzystaniu pomiarow
fluorescencji, ze pochodne PAMAM skoniugowane z R-gl ulegaty wyzszej akumulacji w
komorkach niz pochodne z S-gl. Wszystkie otrzymane koniugaty ulegaty wydajniejszej
akumulacji w komorkach nowotworowych SCC-15 w porownaniu do komorek
prawidlowych keratynocytow HaCaT. Wydajniejszy wychwyt koniugatéw przez SCC-15
zostal potwierdzony przy uzyciu mikroskopii fluorescencyjnej, gdzie zobrazowano
wyzszy poziom fluorescencji w tych komoérkach w kazdym z rosngcych stezen
koniugatow. Dystrybucja komorkowa znakowanych fluorochromem koniugatéw zostata
rowniez oceniona przy wykorzystaniu mikroskopii konfokalnej (komorki inkubowano w
obecnosci 100 nM roztworéw koniugatow przez 4 godziny). Wykazano, ze koniugaty
zawierajagce R-gl ulegaly silniejszej akumulacji komoérkowej niezaleznie od
zastosowanego fluorochromu. Zaobserwowano réwniez, ze koniugaty dendrymerow
PAMAM G3 mialy wigksza tendencj¢ do akumulacji w pecherzykach

cytoplazmatycznych natomiast G2 byly rozproszone w cytoplazmie. Ponadto koniugaty
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dendrymerow PAMAM G3 wykazywaty wigksze powinowactwo do blon komoérkowych
w poréwnaniu do koniugatéw dendrymerow nizszej generacji (G2), szczegdlnie w
odniesieniu do SCC-15. Otrzymane w pracy D1 rezultaty dowiodty, ze dendrymery
PAMAM pokryte R-gl miaty wieksze powinowactwo do biatek komorkowych anizeli
analogi zawierajace S-gl. Dowiedziono, ze addycja R-gl do dendrymeréw moze w istotny
sposob zwiekszy¢ wychwyt komodrkowy tak zmodyfikowanych dendrymeréw przez
komorki linii nowotworowej (SCC-15) w porownaniu do komoérek nienowotworowych
(HaCaT). Odkrycie to ma znaczenie z perspektywy opracowywania selektywnych terapii
przeciwnowotworowych majacych na celu ograniczenie niepozadanej toksycznoS$ci
wzgledem prawidtowych komorek organizmu. Spowodowato to uzycie R-gl jako statego
elementu konstrukcyjnego koniugatéw z lekami antynowotworowymi w dalszym ciggu

badan.

W kolejnej publikacji z cyklu (D2) dendrymery PAMAM G3 zostalty
wykorzystane jako systemy dostarczania dwoch repozycjonowanych lekow o potencjale
przeciwnowotworowym wzgledem komorek glejaka wielopostaciowego linii U-118 MG
oraz ludzkiego raka ptaskonabtonkowego z jezyka SCC-15. Uwzgledniajac rezultaty
opublikowane w poprzedniej pracy D1 oceniajacej wplyw R-glicydylacji grup
aminowych PAMAM na wychwyt sfunkcjonalizowanych w ten sposdb dendrymeroéw
przez komorki rakowe, zdecydowano si¢ na wykorzystanie tej strategii przy opracowaniu
DDS dla wspomnianej kombinacji lekéw. Dodatkowo, chcac uzyskaé wigksza
selektywno$¢ transportu lekow do komoérek nowotworowych, postanowiono do
dendrymerow PAMAM G3 dotaczy¢ resztg biotynowa. Wybor biotyny podyktowany byt
literaturowymi danymi, ktoére wskazujg na istotng czesto$¢ wystepowania wsrdd komorek
nowotworowych nadekspres;ji transportera wielowitaminowego, dla ktérego biotyna jest
substratem (SMVT — sodium multiwitamin transporter).*! Synteza oraz charakterystyka
strukturalna koniugatow PAMAM z biotyng zostala opisana w publikacji EICEM.!"
Celekoksyb oraz simwastatyna nie sg rutynowo stosowane w terapii nowotwordéw. Ich
uzycie do otrzymania koniugatoéw podyktowane bylo danymi wskazujagcymi na ich
potencjat przeciwnowotworowy.[*>’8l Dodatkowo wybdr tych farmaceutykéw stanowit
element strategii wykorzystujacej tzw. leki repozycjonowane, czyli stosowane do
leczenia w innych wskazaniach niZ podane podczas rejestracji. Zaletg takiej strategii jest
skrocenie Sciezki rejestracji nowego terapeutyku z uwagi na znany profil dziatan

niepozadanych lekow, ktore sa juz zarejestrowane. ]
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Aktywnos¢ biologiczng otrzymanych koniugatow zbadano in vitro wykorzystujac testy
oceniajace cytotoksycznos¢ (NR oraz XTT). Na podstawie wynikéw przezywalnosci
okreslono ICso dla koniugatow, ktore porownano z wartosciami ICso dla samych lekow,

kombinacji lekow (nieprzytaczonych) oraz samego no$nika G32B14¢!

. Badania aktywnosci
biologicznej prowadzono na trzech liniach komérkowych — dwdch nowotworowych

(SCC-15, U-118 MQG) oraz jednej nienowotworowej (BJ).

Testy zywotnosci wykazaty istotny spadek ICso dla pojedynczych lekéw oraz ich
kombinacji przylaczonych do zmodyfikowanego PAMAM G3 wzglgedem ICso dla lekow
nieprzytaczonych oraz ich kombinacji zastosowanej w stosunku stechiometrycznym
takim jak w koniugacie mieszanym. Oceniajac réznice ICso uwzgledniono liczbe reszt
lekow wprowadzanych w koniugacie, w okreslonym stezeniu. Wykazano, ze
cytotoksycznos¢ koniugatéow byla od 2 do 8 razy wigksza niz cytotoksycznosé
rownowaznych stezen wolnych lekow. Natomiast cytotoksycznos¢ koniugatu
zawierajacego kombinacje obu lekow byta od 35 do 50 razy wyzsza od toksycznosci
kombinacji  wolnych lekéw  zastosowanej w  odpowiadajacym  stosunku
stechiometrycznym (C:S = 0.5:1). Dla kombinacji wolnych lekéw zastosowanych w
adekwatnym stosunku stechiometrycznym dziatanie addytywne bylo obserwowane w
tescie XTT dla wszystkich badanych linii komorkowych, natomiast w tescie NR jedynie
w przypadku komoérek prawidtowych ludzkich fibroblastow skoérnych linii BJ.
Otrzymane koniugaty wykazywaty najwyzszg aktywnos¢ wobec komorek prawidtowych
linii BJ, co moglo wynika¢ z najwyzszej toksycznosci samego nosnika G32Bl4el

wzgledem komorek BlJ.

Przytaczenie symwastatyny i celekoksybu do rozpuszczalnego w wodzie no$nika G32B14¢!
przyczynito si¢ do istotnego wzrostu cytotoksycznosci catego koniugatu. Ponadto w
przypadku kombinacji obu lekéw zwigzanych z nosnikiem wystepuje efekt addycji —
kilkukrotnie nizsze wartosci ICso dla koniugatu wielosktadnikowego niz w przypadku
koniugatéw z pojedynczymi lekami. Wysoka toksyczno$¢ koniugatow wobec ludzkich
fibroblastow linii BJ nie stanowi efektu wykluczajacego. Moze bowiem przyczyniac si¢
do poprawy skutecznosci leczenia na poziomie tkankowym. Ma to zwigzek z rola
interakcji $rodowiska tkankowego z rozwijajacym si¢ nowotworem ze szczegdlnym
uwzglednieniem tzw. ,.fibroblastow zwigzanych z nowotworem” (CAF — cancer
associated fibroblasts), ktorych funkcja w procesie nowotworzenia zostata opisana we

wstepie  (podrozdziat 2.7 —  Kluczowe mechanizmy  opornosci na leki
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przeciwnowotworowe). Otrzymane dane wskazuja na to, ze dendrymer PAMAM G3 jako
no$nik dla kombinacji celekoksybu i1 simwastatyny moze by¢ wykorzystany do
opracowania skutecznego koniugatu w terapii glejaka wielopostaciowego oraz raka

kolczysto-komdrkowego jamy ustne;j.

W nastepnej z cyklu publikacji D3 glicydylacja dendrymerow PAMAM zostata
wykorzystana ponownie w celu skonstruowania DDS opartego na dendrymerze PAMAM
G4, ktory zostal zastosowany jako nosnik lekow stosowanych w leczeniu raka piersi.
Uzycie dendrymeru wyzszej generacji umozliwito przytaczenie wigkszej liczby reszt
lekéw z uwagi na obecnos¢ 64, a nie jak wezesniej 32 (PAMAM G3) powierzchniowych
grup aminowych dostepnych do funkcjonalizacji. Celem byto otrzymanie kombinacji
trzech lekéw o roznym mechanizmie dziatania kowalencyjnie przylaczonych do no$nika
— R-glicydylowanego dendrymeru PAMAM G4. Wykorzystano dwa leki selektywne
(lapatinib, fulvestrant), ktéorych mechanizm dzialania polega na hamowaniu
zdefiniowanych $ciezek sygnatowych ulegajacych amplifikacji w okreslonych
fenotypach raka piersi oraz jednego leku nieselektywnego (paklitakselu) — stosowanego

powszechnie w terapii wielu nowotworéw ztosliwych w tym raka piersi.

Wszystkie uzyte leki maja hydrofobowy charakter przez co s3 trudno rozpuszczalne w
wodzie, co w znaczacym stopniu ogranicza ich biodostgpno$¢ oraz przyczynia si¢ do
zwigkszenia  ucigzliwo$ci  leczenia  wynikajacej z  konieczno$ci  podania

paranteralnego.l’87%-80811

Zatozeniem addycji  hydrofobowych lekow do R-
glicydylowanego PAMAM G4 byla poprawa biodostgpnosci tych lekow poprzez
zwigkszenie ich rozpuszczalno$ci w wodzie. Do oceny aktywno$ci biologicznej wybrano
trzy linie wykazujace ekspresje receptorow ER oraz HER2 (dwie nowotworowe oraz
jedng prawidlowa, Tabela 3), bedacych punktem uchwytu dla fulvestrantu lub
lapatinibu.[63-68 W D31 7 ywagi na udowodniong ekspresje wymienionych receptoréow u C.
elegans postanowiono zbada¢ rowniez aktywno$¢ koniugatow wzgledem tego

nicienia,’+%6 W D3]

Tabela 3. Odno$niki literaturowe dotyczace dowodow na ekspresj¢ wymienionych
receptorow (HER-2, ER) przez linie komorkowe uzyte do testow aktywnosci

biologicznej w D3

AS549 U-118 MG HaCaT Literatura
ER + n.d.* + D3; 6364
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HER-2 + ok + D3: 65,66,67,68

- * istniejg dane wskazujace ze inny model komorkowy glejaka U-138 MG wykazuje ekspresje, dla U-
118 MG — brak danych

- ** dane literaturowe pokazuja, ze okoto 20% komoérek U-118 MG charakteryzuje si¢ ekspresja HER-2,

natomiast nawet 85% komorek tej linii wykazuje ekspresje dla EGFR

Otrzymane koniugaty ulegatly wydajnej i aktywnej internalizacji do badanych komoérek
w niskich, nanomolowych stezeniach. Pomiary fluorescencji wykazaty, ze badane
koniugaty akumulowaly najwydajniej w komorkach HaCaT. Testy na zywotno$¢
ujawnily, ze koniugat G4L wykazywat kilkukrotnie wyzsza toksyczno$¢ niz sam L
(uwzgledniajac liczbe reszt lekow w koniugacie). Wobec komorek glioblastomy wzrost
cytotoksycznos$ci byl dwukrotny, natomiast wobec unie$miertelnionych keratynocytow
odnotowano o$miokrotnie wyzsza toksyczno§¢. Koniugat G4P wykazywal nizsza
toksyczno$¢ wobec komoérek nowotworowych niz sam lek (dwukrotna redukcja
toksycznosci wobec U-118 MG oraz 25-krotna wzgledem A549). Koniugat trojlekowy
G4PFL wykazywat co prawda wyzsza toksyczno$¢ niz jednolekowe G4L oraz G4F,
niemniej aktywno$¢ tego koniugatu byla nizsza niz G4P. Najsilniejsze dzialanie
antyproliferacyjne odnotowano dla G4P wzgledem komorek HaCaT (redukcja o 80% w
stezeniu 1,25 nM). W znacznie mniejszym stopniu badane koniugaty ograniczaly
proliferacj¢ komorek A549. W zakresie uzytych stezen badanych czynnikéw nie
odnotowano istotnego zahamowania proliferacji komoérek U-118 MG przez G4P ani G4F.
G4PFL ograniczal nieznacznie proliferacj¢ tych komorek w stezeniu 25 nM, natomiast
G4L w stgzeniu 1600 nM redukowat ja niemal do zera. Addytywny efekt koniugatu
trojlekowego zaobserwowano rowniez dla C. elegans. Potowa maksymalnego st¢zenia
wywotujacego $mier¢ nicienia (LCso — half maximal lethal concentration) byla w tym
przypadku niemal czterokrotnie nizsza dla G4PFL w poréwnaniu do G4P (LCso 6,75 uM
vs >24,00 uM). Co wiecej, toksycznos¢ G4PFL byta wzgledem C. elegans okoto
dwukrotnie wyzsza od toksycznosci G4F (LCso 12,50 uM) oraz G4L (LCso 14,80 uM).
Toksycznos¢ trojlekowego koniugatu byta poréwnywalna do toksycznosci mebendazolu
— leku przeciwpasozytniczego dedykowanego w leczeniu parazytoz wywotanych przez

nicienie (LCso = 4,0 pM).
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Z przeprowadzonych w D3 badan wywnioskowano, ze:

a)

b)

f)

9)

h)

)

K)

Koniugaty dendrymerow PAMAM G4 z hydrofobowymi lekami byty po
glicydylacji rozpuszczalne w wodzie.

Duza zawarto¢ czasteczek hydrofobowych lekéw przytaczonych do dendrymeru
sprzyjata tworzeniu asocjatow pomimo addycji R-glicydolu do pozostalych,
wolnych grup aminowych. Srednica asocjatoéw zmierzona technika DLS byta o co
najmniej rzad wielkosci wyzsza niz w przypadku czgsteczek w monodyspersji
(wyniki pomiaréw DLS zawarte sg w publikacji [73] oraz zbiorczo w Tabela 1).
Pomimo asocjacji koniugaty zachowaty biodostgpnos¢. Wykazano, ze wnikaty do
komorek in vitro.

Na wybranych modelach komérkowych R-glicydylacja no$nika nie poprawiata
selektywno$ci dziatania koniugatow wobec linii nowotworowych.

Koniugaty zawierajace L 1 F byly w istotnym stopniu bardziej toksyczne dla
keratynocytow (HaCaT) niz wolne leki. Jest to prawdopodobnie zwigzane z
poziomem ekspresji ER oraz HER2 w tych komorkach, a takze poprawa
biodostgpnosci lekow po przytaczeniu do nosnika.

Paklitaksel przylaczony do dendrymeru byt od 2 do 25 razy mniej toksyczny dla
komorek nowotworowych niz wolny lek.

Koniugat trojlekowy nie wykazywal wigkszej toksycznosci wzgledem komorek
nowotworowych niz G4P.

Przytaczenie L do no$nika dwukrotnie zwiekszato jego toksycznos¢ wzgledem
komorek glioblastomy. Niestety efekt ten nie byl swoisty, poniewaz toksycznos$é
takiego koniugatu byta takze znacznie wyzsza wobec keratynocytow.

Roznice toksycznosci zmierzonej przez NR w porownaniu do XTT przemawiajg
za tym, ze toksyczno$¢ G4L w wigkszym stopniu wynikala z zaburzania
integralno$ci lizosomow, natomiast efekt G4P byl mocniej zwigzany z
indukowaniem dysfunkcji mitochondriow.

Toksycznos¢ koniugatow wzgledem A549 oraz HaCaT byta silniej zwigzana z
hamowaniem proliferacji, natomiast w przypadku glioblastomy dysfunkcja
mitochondriéw indukowana aktywno$cig koniugatow odgrywata wigksza rolg.
Kombinacja trzech lekow przytaczonych do G4 wykazywata efekt addytywny
wzgledem nicienia C.elegans a aktywno$¢ G4PFL jest porownywalna do

aktywnosci skutecznego 1 powszechnie uzywanego leku przeciwpasozytniczego.
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Chcac okresli¢ czy zaobserwowany brak selektywno$ci koniugatdow wobec komoérek
nowotworowych wynika z niewlasciwego stosunku stechiometrycznego lekéw lub z
nieodpowiedniego doboru docelowych modeli komorkowych zawierajacych wiasciwe
receptory EGFR 1 HER2, zdecydowano powtoérzy¢ testy toksycznosci koniugatow na
innych dostepnych liniach komérkowych: prawidlowych ludzkich fibroblastach (BJ) oraz
potrojnie ujemnym raku piersi (HCC1806). Wstepne wyniki wykazaly brak
selektywnosci, a toksycznos$¢ koniugatu wielolekowego(G4PL) nie roznita si¢ istotnie od

toksycznos$ci samego PTX (Ryc.5)

LogIC50 (48h)

3 BJ CRL-2522
@l HCC 1806

LogIC50
< 5 N iy
\7‘% —

Ryc. 5. Wartosci ICso wolnych lekow oraz koniugatow w skali logarytmicznej

Porownanie wartosci ICso wyrazonych w skali logarytmicznej dla wolnych lekéw oraz koniugatow

wzgledem BJ oraz HCC1806.

W zwigzku z tym zdecydowano si¢ zastosowa¢ koniugaty jednolekowe w réznym
stosunku stechiometrycznym. W tym celu komoérki (HCC1806 oraz BJ) poddano
ekspozycji na koniugat G4P w stalym stezeniu 1 nM (stgzenie ponizej toksycznego dla
badanych komodrek — na podstawie poprzednich rezultatow, ryc.5) oraz na G4L we
wzrastajacym stezeniu. Koniugatu G4F nie badano w tej probie z uwagi na bardzo niska
skuteczno$¢ zaobserwowang we weczesniejszych badaniach). Wykazano addytywne

dziatanie G4P z G4L w 60 nM stezeniu G4L. Dodatkowo w tym stosunku

47



stechiometrycznym taka mieszanina koniugatow wykazywala selektywnos¢ dziatania
wobec linii nowotworowej HCC1806. Toksyczno$¢ byla prawie trzykrotnie wyzsza w
przypadku komorek HCC1806 niz BJ (ICso = 62.6nM 1 149.9 nM odpowiednio dla
HCC1806 i BJ) — patrz ryc.6. (Manuskrypt zawierajgcy przytoczone rezultaty jest w
trakcie przygotowania do publikacji).

GA4L (48h) HCC 1806 cell line MTT assay (48h) HCC 1806 cell line
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GAL (48h) HCC 1806 cell line MTT assay (48h) HCC 1806 cell line
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GAL (48h) BJ RCL-2522 cell line MTT assay (48h) BJ CRL-2522 cell ling
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. 6. Wartosci IC50 wyznaczone przy uzyciu testu MTT dla kombinacji
jednolekowych koniugatow (InM G4P + wzrastajace stezenie G4L).

Reasumujac, G4L wykazywal istotny potencjal przeciwglejakowy 1 moze stuzy¢
do opracowania skutecznego leczenia tego rodzaju nowotworu zto§liwego. Koniugat
G4PFL charakteryzowal si¢ potencjatem do zastosowania w leczeniu parazytoz
wywotanych przez nicienie. Obecno$¢ w koniugacie trzech lekow o ro6znych
mechanizmach dziatania moze w znacznym stopniu przyczyni¢ si¢ do zapobiegania
rozwojowi opornosci na leczenie oraz by¢ wykorzystana jako metoda leczenia
ratunkowego przypadkow lekoopornych. W tym celu konieczne jest okreslenie profilu
toksyczno$ci na modelach zwierzgcych. Wysoka skuteczno$§¢ oraz selektywno$¢
kombinacji G4P+G4L (1 nM G4P + 60 nM G4L) wzgledem HCC1806 implikuje
mozliwos¢ zastosowania takiej kombinacji jako metody spersonalizowanego leczenia
pacjentek z potrojnie ujemnym rakiem piersi. W tabeli 4 zaprezentowano, ktore zwigzki
otrzymane w publikacjach DI1-D3 byly testowane na wymienionych liniach

komoérkowych.

Laczenie trzech lekow pociagga za sobg nie tylko sumowanie ich potencjalnych
skutkow terapeutycznych, ale rowniez addycj¢ skutkéw ubocznych. Znacznie wyzsza
toksyczno$¢ koniugatow wzgledem komorek tkanki nabtonkowej (HaCaT) w
porownaniu do komoérek nowotworowych (U-118 MG, SCC-15) oraz istotnie mniejsza

roznica toksycznosci w przypadku komorek tkanki tacznej (BJ) poréwnywanych z
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rakowymi HCCI1806 sklania do rozwazenia, czy alternatywna droga podania

ograniczajaca ekspozycje¢ tkanki nabtonkowej (epithelialnej) na dziatanie koniugatow

moglaby przyczyni¢ si¢ do redukcji toksycznych skutkéw ubocznych ich zastosowania.

G SelFx
GoRelF
G3SelF
G3RelF

G328

G32B6C8gl
G32B4Sl4gl
G32B2C4Sl2gl
G 44P109glF
G4 13Fu64glF s

G413L85glF

G44P1 1FullL74glF

SCC-15

+

+ o+ o+ + o+ o+ o+

U-118 MG

+ 4+ + + o+ o+ o+

HaCaT

+

+
+
+

+ 4+ o+ o+

BJ

+ o+ o+ o+

A549

+ o+ o+ o+
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Tabela 4. Linie komorkowe uzyte do testow aktywnosci poszczegolnych

koniugatow lekow antynowotworowych

Linie komérkowe (kolumny 2-6) uzyte do testow aktywnos$ci poszczegdlnych koniugatow lekow
antynowotworowych (kolumna 1, wiersze 6-13) i TM (kolumna 1, wiersze 1-5). Skroty w nazwach

koniugatow oznaczaja: * F = izotiocyjanian Fluoresceiny (FITC); ** Fu = Fulvestrant.

W D4 jako modyfikacje poprawiajaca rozpuszczalnos¢ koniugatow
zawierajacych hydrofobowe leki oraz podwojne kombinacje tych lekéw zastosowano
funkcjonalizacje czgéci powierzchniowych grup NH, PAMAM G3 innym poliolem — o-
D-glukoheptono-1,4-laktonem (12 reszt przytaczono kowalencyjnie do 32 grup
aminowych). Nastepnie do terminalnych grup NH> zmodyfikowanego w ten sposéb
no$nika kowalencyjnie przylaczone zostaly leki wykorzystywane w terapii raka piersi
(BC). Do koniugacji wybrane zostaly leki dzialajace selektywnie na $ciezki sygnatowe
zaangazowane w rozwoj 1 progresj¢ BC, ktérych biodostepno$é moze by¢ istotnie
ograniczona przez stabg rozpuszczalno$¢ w wodzie. Postanowiono zsyntezowaé
koniugaty jednolekowe zawierajace L lub F oraz koniugat zawierajacy kombinacj¢ obu
lekéw, celem zbadania potencjalnego dziatania addytywnego. Aktywnos¢ biologiczng
otrzymanych zwigzkéw oceniono na trzech liniach komérkowych raka piersi (MCF7 —
ER+, MDA-MB-231 — potrdjnie ujemna, SK-BR-3 — HER2+). W przebiegu badan
aktywnosci biologicznej koniugatéw zbadany zostal wplyw otrzymanych koniugatéw na
zdolno$¢ indukcji apoptozy w komorkach trzech modeli BC o réznym statusie

receptorowym.

Badania DLS wykazaly, ze koniugaty zawierajace F asocjowaty. Srednica czastek tych
zwigzkOdw wynoszaca okoto 60 nm byla o rzad wielkoSci wyzsza niz dla zaktadanej
monodyspersji. W odrdznieniu od koniugatéw zawierajacych F, §rednica czgsteczkowa

G3*12¢h wynosita 11.4 nm.

Najnizsze stezenie koniugatéw indukujace zmiany metaboliczne komoérek okreslono
jako 2.5 uM i takie stezenie stosowano w dalszych badaniach aktywnos$ci biologicznej
(test MTT). Wolne leki w takim steZeniu wykazywaty niZsza aktywno$é. G34-12eh”
charakteryzowat si¢ najwicksza aktywnoscia wzgledem MDA-MB-231(spadek

aktywnoS$ci metabolicznej ponizej 40% w tescie 48 godzin) oraz SK-BR-3, natomiast
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G3#12eh" \zgledem MCF-7. Obrazowa cytometria przeplywowa wykazala aktywny
wychwyt wszystkich koniugatow przez komorki nowotworowe trzech badanych linii.
G3*12¢" intensywniej indukowat zatrzymanie cyklu komoérkowego w fazie Go/Gi

komoérek MDA-MB-231 oraz MCF-7 (w poréwnaniu do samego L).

Na podstawie oceny aktywnosci kaspaz oraz uwalniania fosfatydyloseryny
zaobserwowano znaczny wzrost populacji komorek martwych oraz w fazie podznej
apoptozy w odpowiedzi na dziatanie G3*+'2¢" w przypadku linii MDA-MB-231, oraz SK-
BR-3. Efekt w przypadku pierwszego typu komorek byl najsilniejszy. Aktywno$é¢
dwulekowego koniugatu G3°°F12¢" wzgledem tych linii komorkowych byla na

podobnym poziomie w poréwnaniu do aktywnosci jednolekowego G34-12¢h,

Pomiar markeréw autofagii — LC3B oraz p62 wykazal wzrost komoérkowej zawartosci
LC3B przy jednoczesnym spadku p62 po zastosowaniu G3*'2¢" w poréwnaniu do
samego L (dla trzech badanych linii). Zarejestrowano réwniez spadek sygnalu markera
integralnosci lizosomoéw LAMP1 w trzech badanych typach komorek po eskpozycji na
G3*12e" W przypadku MCF-7 spadek sygnatu LAMP1 korelowat z istotnym wzrostem
cytoplazmatycznego pH.

Odnotowano réwniez, ze G3*H!28" indukowat cytoplazmatyczng akumulacje NF-kB w
MCF-7 oraz MDA-MB-231 w odréznieniu od wolnego L. W przypadku SK-BR-3
koniugat ten indukowat akumulacje NF-kB w jadrze komorkowym. Zmiana poziomu NF-
kB byta skorelowana ze wzrostem poziomu prozapalnej IL-8 jedynie w przypadku MCF-
7. Produkcja tej cytokiny byta stymulowana przez wolny L w komdérkach MCF-7 oraz
MDA-MB-231, ale nie byta zwigzana ze zmiang poziomu NF-«B.

Wykazano, ze G3313F12¢h przyczyniat sie do wzrostu jadrowej akumulacji TRDMT1 we

wszystkich trzech badanych linii komérkowych. Natomiast G34-12eh

wywotywat taki
efekt w MCF-7 oraz SK-BR-3. Zmiana cytoplazmatycznego poziomu tej
metylotransferazy po zastosowaniu koniugatow byta ograniczona — wzrost odnotowano
jedynie w przypadku MCF-7 po zastosowaniu G3*M12¢h [uyb G33L3F12¢h Wyciszenie
aktywnos$ci genu dla TRDMT1 skutkowalo istotnym spadkiem wrazliwosci komorek
MDA-MB-231 na dzialanie G3*'28" oraz G331°F!2¢" przy braku takiej zaleznosci dla

G3%.

Odkryto takze istotny potencjat G3*-'22" do wywotywania apoptozy w komorkach MDA -
MB-231 oraz SK-BR-3 poddanych senescencji indukowanej przez DOX. Koniugat
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dwulekowy G3°13F12eh rowniez bardzo intensywnie stymulowat apoptoze w przypadku
tych dwoch linii komérkowych BC. W przypadku G3* wykryto znacznie wyzsza
aktywnos$¢ wzgledem wykazujagcym symptomy starzenia MCF-7 niz dla MCF-7 przed
wywotaniem tego efektu.

Przylaczenie hydrofobowych lekéw L i/lub F do G3'%8" podwyzsza ich aktywnos$¢ wobec
komoérek BC. Koniugatem najsilniej indukujacym procesy apoptozy byt G34-12¢" Whrew
oczekiwaniom jego aktywnos$¢ byta bardziej widoczna dla linii potrojnie ujemnej MDA -
MB-231 niz SK-BR-3 (HER2+), dla ktorej, z uwagi na swoj gldowny mechanizm
dziatania oparty na hamowaniu domeny kinazowej receptora HER2, lek ten jest z
zatozenia dedykowany. Otrzymane rezultaty sugerujace stymulacje autofagii, odpowiedzi
zapalnej (NF-kB) oraz akumulacji TRDMTI przez koniugat G3*M%¢" sugeruja, ze
zasadniczy mechanizm dziatania tego koniugatu nie jest $cisle zwigzany z aktywnoscia
lapatinibu wzgledem HER2. Dodatkowym argumentem na wsparcie tej tezy jest
wykazane indukowanie oporno$ci na dziatanie koniugatow zawierajacych L poprzez
wyciszenie genu dla TRDMT1 w komodrkach MDA-MB-231. Nie zaobserwowano, aby
w przypadku ktorejkolwiek z badanych linii BC koniugat dwulekowy charakteryzowat
sie wigksza aktywnoscia niz koniugat zawierajacy tylko L. Natomiast koniugat G3*f miat
najmniejszg aktywno$¢ sposrod badanych koniugatow. Mozliwe, ze jest to zwigzane z
biodostgpnosciag ograniczong przez asocjacje¢ koniugatow zawierajagcych F. Dane
dotyczace oceny zdolnosci do indukcji apoptozy w komoérkach z wyindukowanym
starzeniem przemawiajg za istotnymi wlasciwosciami senolitycznymi otrzymanych
koniugatow. Ma to istotne znaczenie z perspektywy leczenia nowotwordw ztosliwych,
poniewaz w ich przypadku proces starzenia moze peti¢ role adaptacji przyczyniajace;j

sie do rozwoju opornosci na leczenie oraz wznowy nowotworu. 321

Wyniki uzyskane w D4 wskazuja, ze aktywno$¢ G3*1128" moze zosta¢ wykorzystana do
opracowania skutecznej formy leczenia potrdjnie-ujemnego raka piersi. Natomiast
G3%12¢h moze znalez¢ zastosowanie jako element leczenia ER+ BC wykorzystujacego
strategi¢ tzw. Dwustopniowego (one-two punch — ang) opierajacej si¢ o wykorzystanie
sekwencyjnego stosowania leku o dzialaniu stymulujacym procesy starzenia z

nastepczym zastosowaniem zwigzku o wlasciwos$ciach senolitycznych. (82!

W publikacji D5 opracowano nowg droge syntezy koniugatoéw pozwalajagcg na

przytaczenie wigzaniem fosforamidowym fosforanow lekow aktywnych wzgledem
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ludzkich biataczek. Przytaczanie lekow fosforamidowo bylo szczegdlnie istotne dla tego
badania z powodu potencjalnej wrazliwos$ci tego wigzania na niskie pH, ktorg rowniez
zamierzano zbada¢. Istotg pracy bylo otrzymanie koniugatow uwalniajacych leki w
odpowiedzi na niskie pH. W tym celu do PAMAM G3 przytaczono fosforany: cytarabiny,
fludarabiny oraz deksametazonu przez wigzanie fosforoamidowe. Zatozeniem bylo
rowniez otrzymanie koniugatdow  wielolekowych zawierajacych  kombinacje
wymienionych lekow. Aktywnos$¢ biologiczna otrzymanych koniugatéw miata docelowo
zosta¢ przebadana na modelach komoérkowych ostrej oraz przewlektej biataczki
szpikowej. Zasadniczym celem czeéci biologicznej byta ocena wpltywu koniugatéw na
apoptoze komodrek nowotworowych w pordéwnaniu z wolnymi lekami. Konwersja
hydrofobowych lekow do pochodnych fosforanowych stanowi metode poprawy
biodostepnosci takich lekéw z uwagi na zwiekszenie rozpuszczalnoéci w wodzie.[®*!
Linkery wrazliwe na zmian¢ pH wykorzystywane do przylaczania lekow do systemow

[84] Istotg

dostarczania lekéw przyczyniaja si¢ do poprawy kontroli uwalniania lekéw.
takiej strategii jest to, aby leki uwalnialy si¢ z DDS w kwasnym $rodowisku lizosomow
(wewnatrzkomorkowo) lub w odpowiedzi na niskie pH $rodowiska guzéw
nowotworowych.®¥ W zwigzku z powyzszym ostateczny cel badania polegat na ocenie,
czy wykorzystanie wrazliwego na pH wigzania do addycji fosforanow lekow
przeciwnowotworowych do PAMAM G3, spowoduje istotny wzrost skutecznosci
dziatania tych lekoéw (przylaczonych do PAMAM) samodzielnie lub w kombinacji wobec
ludzkich komérek biataczki. Badania aktywnosci biologicznej koniugatéw prowadzono
na czterech liniach biataczki. Linie THP-1 1 HL-60 stanowily model komorkowy AML,
dwie pozostate: K-562, LAMA-84 to modele komorkowe CML. Srednica czasteczkowa
wyznaczona metoda DLS wskazywata na monodyspersj¢ otrzymanych koniugatow.
Potencjal zeta badanych zwigzkéw miat lekko dodatnig warto$¢ mieszczaca sie w
zakresie od 0,23 mV dla PAMAM G3 do 15,43 mV dla G3%”F. Pomiar $rednicy
czasteczkowej zwigzkow badanych w kwasnym 0.05 M buforze octanowym (pH = 5)
wykazal wzrost srednicy zwigzkow w takich warunkach. Zarejestrowano rowniez wzrost
potencjatu zeta — najbardziej drastyczny w przypadku PAMAM G3 (z 0,23 mV do 21,30
mV).

Proces hydrolizy w kwasnym S$rodowisku (bufor octanowy) ujawnil istotny spadek

intensywnosci sygnatéw rezonansowych dla H-2 oraz H-8 adeniny w widmie '"H NMR.

310A

Oszacowano czas polowicznej hydrolizy koniugatu G wynoszacy 4 godziny.
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Zaobserwowano rowniez systematyczny wzrost rezonansu pochodzacego od protonow
grupy metylowej octanu — wzrost byt proporcjonalny do spadku intensywnos$ci protonow
adeninowych. Rezultaty takiego samego eksperymentu dla G3’° wskazywaty na czas
potowicznej hydrolizy bliski 3 godziny. Widmo kontrolne NMR otrzymanych zwigzkow
przechowywanych w wodzie przez dwa miesigce zarejestrowano w D>O. W widmie tym

nie odnotowano istotnych zmian.

Stezenie koniugatoéw wywolujace istotne zmiany metaboliczne obserwowane w tescie
MTT wynosito 10 nM (spadek aktywnosci metabolicznej HL-60 ponizej 50% w
odpowiedzi na 10 nM stezenie G3B7P13C _ po 48 godzinach inkubacji). Najwicksza
wrazliwo$cig na FP charakteryzowaly si¢ komoérki LAMA-84 oraz K-562, podczas gdy
HL-60 byly najbardziej wrazliwe na CP. Natomiast THP-1 nie wykazywatly istotnej
odpowiedzi metabolicznej nawet w 1 uM stezeniu CP lub FP. Co interesujace w
przypadku tej linii komoérkowej zmiany metaboliczne byty obserwowane juz po 24
godzinach inkubacji. DP nie powodowat istotnej zmiany metabolizmu Zadnej z czterech
badanych linii komérkowych po 48 godzinnej inkubacji. W dodatku CP oraz FP w
stezeniu 10 nM nie indukowaty istotnej odpowiedzi metabolicznej badanych komoérek w
po 48 godzinach. W przeciwienstwie do samego CP w stezeniu 10 nM koniugat G3B!3€
indukowat umiarkowane zmiany metaboliczne komérek K-562. Natomiast G3B7F w
stezeniu 10 nM stymulowat spadek aktywno$ci metabolicznej komérek THP-1 oraz HL-
60 (takiego efektu nie wykazywat wolny FP w tym stezeniu). W przypadku LAMA-84
aktywno$¢ G3P7" nie byla wicksza od aktywnosci FP, natomiast zastosowanie
dwulekowego G377P wykazato znaczne obnizenie aktywno$ci metabolicznej w stezeniu
10 nM. Podobne wzmocnienie aktywno$ci odnotowano dla 10 nM G3B13¢"P wzgledem
HL-60 (wzgledem 10 nM wolnego CP zaobserwowano 50% spadek aktywnosci
metabolicznej). Ponadto w przeciwiefistwie do samego DP, 10 nM G3B’P wywotywal
istotne zmiany metaboliczne w THP-1 oraz mniej intensywne w HL-60. W przypadku

G3® nie zaobserwowano istotnego wplywu dendrymeru na badane komorki.

Ze wzgledu na istotng roznice wrazliwosci LAMA-84 oraz K-562 na G35’ poréwnano
wychwyt koniugatu przez te komoérki przy uzyciu obrazowej cytometrii przeptywowej
(celem zbadania czy wrazliwo$¢ w tych warunkach zalezy od wychwytu). Rezultaty testu
ujawnity wyzszy wychwyt G387P7F przez K-562, ktora wykazywata znacznie mniejsza

wrazliwo$¢ na ten koniugat niz LAMA-84.
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Badanie wptywu koniugatow oraz wolnych lekéw na apoptoze¢ ujawnilo istotny wzrost
populacji komodrek apoptotycznych (niemal 30% komorek we wczesnej oraz pdznej
apoptozie po 48 godzinach) linii HL-60 w odpowiedzi na 10 nM G327P3¢, W przypadku
pozostatych koniugatéw nie zaobserwowano istotnego wplywu na stymulowanie
apoptozy dla badanych linii komorkowych. Wptyw 10 nM G3B7P13€ na apoptoze HL-60
potwierdzita zwigkszona aktywnos¢ wykonawczej kaspazy 3. W przypadku pozostatych
linii komoérkowych oraz koniugatow nie bylo korelacji pomiedzy hamowaniem

metabolizmu komorek a indukcjg apoptozy przez koniugaty.

Oceniajac wptyw wolnych lekéw oraz koniugatow na cykl komorkowy zaobserwowano
istotny wzrost populacji komorek HL-60 zatrzymanych w fazie Go/Gi cyklu w

odpowiedzi na 10 nM G3BP!3€ oraz w mniejszym stopniu G387P7F,

Z uwagi na zawartos¢ deksametazonu — glikokortykosteroidu o silnych wtasciwosciach
przeciwzapalnych w sktadzie koniugatow zdecydowano si¢ zbada¢ poziom NF-kB —
waznego czynnika transkrypcyjnego modulujacego odpowiedz zapalng. Wykazano, ze
sam no$nik G3® stymulowat nieznacznie wzrost poziomu NF-xB w komoérkach HL-60.
Jedynie w przypadku komoérek HL-60 poddanych dziataniu 10 nM G3B7P7F

zarejestrowano nieznaczny wzrost poziomu NF-kB.

Wyniki testu na hemoliz¢ sugerowaly slabo zaznaczone wiasciwosci hemolityczne
koniugatow G3B'3C oraz G3B’P13¢ po 48 godzinnej inkubacji. Pozostale koniugaty nie

wykazywaly aktywnos$ci hemolitycznej w badanych warunkach.

Otrzymane w D5 wyniki dowodza, Ze synteza wykorzystujaca CDI jest skuteczng droga
umozliwiajaca kowalencyjne przylaczanie fosforanéw lekéw do dendrymerow PAMAM.
W dodatku powstate wigzanie wykazuje wrazliwos¢ na niskie pH (okres potowicznej
hydrolizy okoto 4 godziny). Ma to szczegdlne znaczenie z perspektywy koncepcji
stosowania DDS, w ktorej poszukuje si¢ sposobu na selektywny transport lekow do
komodrek nowotworowych. Wtasciwosci komorek nowotworowych, wpltywajace na
odmienne parametry Srodowiska guzow nowotworowych w porownaniu do zdrowych
tkanek przemawiajg za tym, ze leki przytaczone do DDS przy wykorzystaniu opisanego
w tej publikacji wigzania moglyby w zdecydowanie wiekszym stopniu by¢ uwalniane w
srodowisku guzéw nowotworowych niz w tkankach prawidlowych. Wrazliwo$¢

koniugatu w pH ok. 5, ktore jest charakterystyczne dla lizosoméw pokazuje rowniez, ze
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intensywno$¢ uwalniania lekow moze by¢ najwigksza w  kompartmencie
wewnatrzkomoérkowym, co dodatkowo moze dodatnio wptyna¢ na wzrost efektywnosci
leczenia przy jednoczesnej redukcji ogolnoustrojowych skutkéw ubocznych
(schematycznie zobrazowano — Rycina 7). Wzrost $rednicy czgsteczkowej koniugatow
oraz potencjatu zeta w pH 5 sugeruje, ze wlasciwosci fizykochemiczne zastosowanego
no$nika mogg ulega¢ istotnym zmianom w odpowiedzi na protonacj¢ wolnych grup NHo,
spowodowang niskim pH. Kontrolne widma 'H NMR wykazaty trwalos¢ sktadu
otrzymanych koniugatéw w obojetnym $rodowisku wodnym. Obserwacja ta wspiera
argument o potencjale do selektywnego uwalniania lekow od tak opracowanego DDS w

odpowiedzi na obnizenie pH.

Ocena aktywnosci biologicznej otrzymanych koniugatéw z FP CP DP oraz podwdjnych
kombinacji z G3B wykazata, ze przylaczenie tych fosforanéw do no$nika pozwalata
zachowa¢ aktywno$¢ przeciwnowotworowa przy zastosowaniu nawet 10-krotnie
nizszych stezen koniugatow (w odniesieniu do wolnych lekow). W dodatku obecno$¢

deksametazonu w koniugacie dwulekowym G3B7P13€

przyczynita si¢ do wzmocnienia
efektu przeciwnowotworowego na drodze indukowania apoptozy oraz supresji cyklu
komorkowego w fazie Go/Gi (HL-60). W przypadku pozostatych badanych linii
komoérkowych oraz koniugatow brak istotnego powigzania wpltywu na zmiany
metabolizmu komorek z indukcja apoptozy przemawia za tym, ze dominujacym
mechanizmem determinujgcym ich aktywno$¢ byt efekt cytostatyczny. Otrzymane w
trakcie tego badania wyniki wskazujg réwniez na to, ze réznice wrazliwosci réznych linii
komorkowych nie muszg by¢ zwigzane z odmiennym stopniem wychwytu koniugatow
przez komorki (G3B7P7F wzgledem LAMA-84 vs K-562). Brak aktywnos$ci hemolitycznej
G3B oraz nieznaczna indukcja wzrostu poziomu prozapalnego NF-«kB jedynie w

przypadku jednej z badanych linii komérkowych (w odpowiedzi na sam nos$nik)

przemawiaja za wystarczajaca biokompatybilnoscia takiego systemu dostarczania lekow.
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Ryc. 7. Schematyczna wizualizacja uwalniania lekow z dendrymeru w niskim pH

lizosomow

5. Podsumowanie i wnioski wyciagniete z cyklu publikacji

Stosujac  przedstawione strategie syntezy 2z wykorzystaniem roznych
aktywatorow otrzymano kilka serii koniugatow dendrymeréw PAMAM réznych
generacji z kowalencyjnie przylaczonymi lekami o roéznej aktywnosci

przeciwnowotworowej. Kowalencyjne przytaczenie lekéw umozliwito otrzymanie serii
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koniugatow o okreslonej stechiometrii lekow przytaczonych do no$nika. W dodatku
koniugaty, w ktorych syntezie uzyto wigzanie fosforamidowe wykazywaty stato$¢ sktadu
w $srodowisku wodnym. Koniugacja lekow do PAMAM pozwala osiggng¢ kontrole nad
sktadem otrzymanego terapeutyku oraz zapewnia bardziej stabilny profil uwalniania

lekéw z DDS.

W przypadku koniugatéw otrzymanych w oparciu o wigzanie fosforoamidowe
wykazano zalezno$¢ uwalniania skoniugowanych lekow od pH (wigzanie wrazliwe na
niskie pH).

Koniugaty z wigzaniem fosforoamidowym umozliwiajq minimalizacje skutkow ubocznych

przy jednoczesnym zachowaniu efektywnosci otrzymanego w ten sposob DDS.

Dodatnie potencjaly zeta oraz niska aktywno$¢ hemolityczna koniugatow
prowadza do biokompatybilnos$ci koniugatow opartych o dendrymery PAMAM generacji
3i4.

Funkcjonalizacja no$nika poprzez przylaczenie polioli umozliwia otrzymanie
rozpuszczalnych w wodzie koniugatéw zawierajacych stosunkowo wysoka zawartosé
hydrofobowych lekéw
Wysoka rozpuszczalnosé koniugatow w wodzie umozliwia poprawe biodostepnosci lekow
hydrofobowych poprzez zastosowanie PAMAM sfunkcjonalizowanych poprzez addycje

wymienionych czgsteczek.

Wysoki stopien podstawienia nosnika hydrofobowymi lekami sprzyja tworzeniu
asocjatow. Moze to wplywac negatywnie na biodostepnos¢ otrzymanych DDS w zwiqzku
z czym stosunek stechiometryczny hydrofobowych lekow wzgledem nosnika powinien by¢

mozliwie jak najnizszy.

Wplyw przytaczenia r6znych lekow do PAMAM na wzrost ich aktywnosci jest

trudny do przewidzenia.
W zwigzku z tym bardziej optymalng strategiq wydaje si¢ synteza koniugatow
jednolekowych. Tak otrzymane koniugaty mogq by¢ nastepnie wykorzystane w
kombinacjach zawierajgcych rozne stosunki stechiometryczne koniugatow. Moze to
poprawic efektywnosc¢ oraz selektywnosé dziatania takich kombinacji wzgledem komorek

nowotworowych.
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Addycja lekow do PAMAM pozwala nie tylko na wzmocnienie ich aktywno$ci
przeciwnowotworowej, ale takze na ujawnienie nowych wlasciwosci (na przyktad
senolitycznych wasciwosci G34-12¢" oraz G34F12¢h),

Przylgczanie lekow o aktywnosci przeciwnowotworowej do PAMAM moze przyczynic¢ sie
do poszerzenia grupy terapeutykow o wlasciwosciach pozgdanych w kontekscie terapii

nowotworow ztosliwych takich jak senolityki.

Przylgczanie kombinacji lekow przeciwnowotworowych do PAMAM moze okazac

sig skuteczng strategiq dla opracowania nowych lekow przeciwpasozytniczych.

Strategia kowalencyjnego przylgczania lekow do nanonosnikow opartych o
PAMAM moze przyczyni¢ sie do opracowania nowych metod terapeutycznych
charakteryzujgcych sie wysokq skutecznosciqg oraz ograniczonym zakresem dziatan

niepozgdanych.

Streszczenie

Nowotwory ztosliwe stanowig grupe choréb o zréznicowanej etiologii, przebiegu
oraz rokowaniu. Stanowig one jedng z wiodacych przyczyn zgondéw w krajach
rozwinigtych. Dodatkowo nowotwory ztosliwe w zaawansowanych stadiach sg zrodiem

uporczywych dla pacjentéw onkologicznych objawow, ktére w znaczacym stopniu
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przyczyniaja si¢ do ograniczenia ich aktywnos$ci spotecznej oraz pogorszenia jakosci
zycia. Z uwagi na roznorodno$¢ mechanizméw lezacych u podstaw rozwoju
nowotworow, przebieg choroby jest czesto nieprzewidywalny a rezultaty leczenia
niesatysfakcjonujace. W dodatku dostgpne formy leczenia czesto niosg ze sobg szereg
dziata niepozadanych, ktéore wywieraja negatywny wplyw na zdrowie oraz
samopoczucie pacjenta. Ucigzliwe skutki uboczne moga istotnie wplywaé na
ograniczenie skuteczno$ci terapii. Wychodzac naprzeciw wyzwaniom terapii
nowotworow zlosliwych opracowywane s3a nowoczesne metody terapii, ktorych
gléwnym zatozeniem jest personalizacja leczenia. Istotg tej koncepcji jest dopasowanie
aktywnosci leku do specyfiki molekularnej danego nowotworu. Mozna to osiggna¢ m.in.
poprzez wprowadzanie do leczenia substancji selektywnie hamujacych zdefiniowane
Sciezki przekazywania sygnatu zaangazowane w rozwd¢j nowotworu, tgczenie lekow z
przeciwcialami skierowanymi przeciw specyficznym dla nowotworu antygenom oraz
wykorzystaniu nanoczgsteczkowych systemow transportu lekow. Systemy te moga by¢
dodatkowo modyfikowane przez przytaczanie do nich ligandéw dla receptoréw
ulegajacych nadeskpresji w komoérkach nowotwordw oraz poprzez przytaczanie do nich
lekow przeciwnowotworowych wigzaniami wrazliwymi na dziatanie pH. Strategia taka
moze dodatkowo poprawi¢ selektywno$¢ leczenia przyczyniajac si¢ do wzrostu jego

efektywnosci przy jednoczesnym ograniczeniu dzialan niepozadanych.

Celem publikacji wchodzacych w przedtozony cykl byto zastosowanie dendrymerow
poliamidoaminowych (PAMAM) réznych generacji jako systemow transportu lekow
przeciwnowotworowych oraz kombinacji zawierajacych kilka lekéw o rdéznym
mechanizmie dziatania. Dendrymery byly modyfikowane poprzez zablokowanie
powierzchniowych grup aminowych przez alkohole polihydroksylowe oraz biotyne.
Zatozeniem byta poprawa rozpuszczalnos$ci oraz selektywnosci wnikania nosnikow wraz
z lekami do komodrek nowotworowych. Leki do dendrymerdw przytaczano kowalencyjnie
poprzez wykorzystanie roznych $ciezek syntezy, ktore zostaly opisane w dalszej czgsci.
W jednej z publikacji do otrzymania koniugatow zastosowano innowacyjng $ciezke
syntezy pozwalajaca na przylaczanie fosforandw lekow do PAMAM wigzaniem
fosforoamidowym, tak aby uwalnianie lekow byto zalezne od niskiego pH. Otrzymane
koniugaty lekow/kombinacji lekow ze zmodyfikowanymi PAMAM byly nastgpnie
badane na modelach komérkowych celem okreslenia ich aktywnosci biologicznej. W

badaniach tych wykazano, ze dendrymery zmodyfikowane przez przylaczenie polioli
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i/lub biotyny przyczyniaja si¢ do wzmocnienia aktywnos$ci przeciwnowotworowej
przylaczonych do nich lekow. Wykazano takze, ze kombinacje wielolekowe moga
wykazywa¢ addycje aktywnosci przeciwnowotworowej. Dodatkowo odkryto, ze
stosowanie mieszaniny koniugatow jednolekowych zawierajacych rozne leki moze w
okreslonym stosunku stechiometrycznym wykazywac istotng selektywnos$¢ efektu
wzgledem komorek nowotworu. Wykazano rowniez, ze nowa strategia syntezy
koniugatéw z wykorzystaniem wigzania fosforoamidowego pozwala otrzymac zwigzki
wykazujace stalos¢ sktadu w srodowisku wodnym, z ktorych uwalnianie lekow zalezne

jest od niskiego pH.

Wyniki otrzymane w cyklu publikacji mogg stanowi¢ podstawe dla opracowania
nowych terapeutykow wykazujacych duza aktywno$¢ przeciwnowotworowa przy

jednoczesnie wyzszej selektywnosci.

Abstract

Cancers are a group of diseases which have diverse etiology, course and prognosis.
They are one of the leading causes of death in developed countries. In addition cancer

progression is the source of burdensome symptoms for oncologic patients resulting in
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significant decrease of quality of their life. Considering the plethora of molecular
mechanisms leading to cancer development the course of the disease is often difficult to
predict and outcomes of treatment are disappointing. Moreover, a dozen of available
forms of cancer treatment are associated with significant adverse effects on patients health
and general condition. Another important aspect is the limitation of therapy efficacy
caused by the side effects. To overcome the crucial limitations of cancer treatment a novel
methods of therapy are developed. The main concept of modern forms of treatment is the
personalization of therapeutic strategies. The point of such solution is to match the drug
of specific mechanism of action to the adequate phenotype of cancer. Mentioned
personalization could be acquired by utilizing drugs selectively affecting the molecular
pathways crucial for cancer development, drug conjugation with antibodies specific to
cancer antigens or by nanoparticle based drug delivery (drug delivery systems — DDS).
DDS could be further modified by addition of ligands for specific receptors or transporters
overexpressed by cancer cells to obtain enhanced drug activity with simultaneous higher
selectivity. Another tested solution to achieve mentioned properties is utilization of pH

cleavable bonds for drugs conjugation to DDS.

The aim of articles from the presented series of publications was to utilize modified
PAMAM (polyamidoamine) dendrimers as the carriers for anticancer one — drug or multi
— drug combinations consisted of drugs of different mechanisms of action. Dendrimers
were modified by functionalization of terminal amide groups with polyhydroxyl alcohols
and/or biotin. The rationale of such modifications was to increase water solubility of
dendrimer — drug conjugates and also to obtain higher selectivity of conjugates uptake by
cancer cells. Drugs were covalently attached to dendrimers as a result of different
pathways of syntheses which are described in the main part of the text. In one of the
articles the novel path of conjugation by pH cleavable phosphoroamide bond was
presented. Obtained conjugates were tested on cellular models (in vitro) to determine their
biological activity. The results of biological tests indicate that dendrimers functionalized
by polyhydroxyl substituents and/or biotin (as DDS) contributed to enhancement of
anticancer effect of the conjugated drugs and drugs combinations. It was also proved that
conjugation of two drugs of different mechanisms of action to such modified PAMAM
lead to addition in their anticancer activity. Moreover, it was shown that the mixture of
one drug conjugates (each with different drug) at specific stoichiometry provided

selectivity in inhibition of cancer cells proliferation (metabolic activity). Finally the novel
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strategy of conjugation using phosphoroamide bond was proved as a tool for obtainment
of conjugates which composition is stable in neutral pH while drug release (from

conjugates) is induced by acidic environment.

The results obtained in the series of presented articles could provide novel useful

solutions for development of efficient and selective therapeutics for cancer treatment.
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Abstract: The generation 2 and 3 poly(amidoamine) dendrimers (PAMAM G2 and G3) were con-
verted into N-(2,3-dihydroxy)propyl derivatives by the addition of enantiomerically pure S- and
R-glycidol. The homochiral dendrimers bind to HaCaT and SCC-15 cell membranes with an R/S
glycidol enantioselectivity ratio of 1.5:1, as was quantitatively determined by fluorescence microscopy
and visualized by confocal microscopy. Fully substituted G2 and G3 dendrimers were equipped with
32 and 64 N-(2,3-dihydroxy)propyl residues and showed effectively radial symmetry for homochiral
derivatives in '>C NMR spectrum in contrary to analogs obtained by reaction with rac-glycidol. The
sub-stoichiometric derivatives of G2 and G3 were also obtained in order to characterize them spectro-
scopically. The homochiral dendrimers were labeled with two different fluorescent labels, fluorescein,
and rhodamine B, using their isothiocyanates to react with G2 and G3 followed by the addition of S-
and R-glycidol. Obtained fluorescent derivatives were deficiently filled with N-(2,3-dihydroxy)propyl
substituents due to steric hindrance imposed by the attached label. Nevertheless, these derivatives
were used to determine their ability to bind to the cell membrane of human keratinocytes (HaCaT)
and squamous carcinoma cells (SCC-15). Confocal microscopy images obtained from cells treated
with variously labeled conjugates and fluorescence analysis with fluorescence reader allowed us to
conclude that R-glycidol derivatives were bound and entered the cells preferentially, with higher
accumulation in cancer cells. The G3 polyamidoamine (PAMAM)-based dendrimers were taken up
more efficiently than G2 derivatives. Moreover, S- and R-glycidol furnished dendrimers were highly
biocompatible with no toxicity up to 300 uM concentrations, in contrast to the amine-terminated
PAMAM analogs.

Keywords: homochiral dendrimer; chiral biorecognition; confocal microscopy; glycidol; polyami-
doamine dendrimer; toxicity

1. Introduction

Polyamidoamine (PAMAM) dendrimers were synthesized in 1985 by Tomalia et al. [1].
Since that time, PAMAM dendrimers became often explored macromolecular reagents due
to their strictly defined molecular weight, radial symmetry, and availability of terminal
functional groups on the surface [2]. Full generation PAMAM dendrimers provide amine
groups that can be functionalized with various substituents, including drug molecules.
Therefore, they are continuously tested, especially dendrimers of generation 3, 4, and 5 (G3,
G4, G5), as drug carriers and gene delivery systems [3,4]. The toxicity of PAMAM G2-G6
dendrimers is rather low, while 0.5 uM concentration near cell surface already enables to
observe cell internalization of these molecules [5]. Therefore, PAMAM G3, G4, and G5
dendrimers with 32, 64, and 128 amine groups, respectively, were used to covalently bind
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anticancer drug molecules such as methotrexate [6], daunorubicin [7], or paclitaxel [8]
to obtain highly drug-loaded conjugates. Additionally, the hydrophilic properties of
these macromolecular drug carriers can be tuned by terminal amine group acylation or
polyhydroxylation with glycidol [7-9] or carbohydrate lactones [6,10,11]. Thus, PAMAM
chiral dendrimers can be obtained that are surface-modified with various substituents,
derived from D-gluconolactone [10], D-glucoheptono-1,4-lactone [6,12], amino acids [13],
and by polyethylene glycol (PEG)ylation [14,15]. Generally, the chirality in dendritic
architecture is achievable using chiral core and build-up of dendritic arms (class 1), chiral
building blocks (class 2), and encountered above end-group chiral substituents (class 3) [16].

The example of class 1 dendrimers are BINAP-cored and polyphenylether-expanded
dendrimers, which were shown to provide catalytic space for hydrogenation of various
substrates, i.e., alkenes, such as 2-(4-isobutylphenyl)acrylic acid or acetamidocinnamic acid,
and acetophenones, which were reduced into corresponding chiral products with high
chemoselectivity and >90% enantiomeric excess (ee) in presence of catalytically active Ru(I)
and Rh(II) organometallic complexes [17].

The example of class 2 chiral dendrimers constructed of chiral vicinal diol subunits
linked and branched by phenyl groups are polyhydroxylated dendrimers obtained in
2000 by McElhanon and McGrath [18] and PAMAM type dendrimers constructed with
optically pure (-)1,2-diaminopropane instead of ethylenediamine [19]. Benzyl group-
protected PAMAM dendrimers of generation 2 were used further to encapsulate Pd and Rh
nanoparticles (NPs). The encapsulates of Pd and Rh in PAMAM-32Bn had 1.7 nm diameter
and showed a positive Cotton effect in circular dichroism spectrum with maximum red
shifted by ca 25 and 50 nm in comparison with Cotton effect of the host (ca. 240 nm). This
behavior evidenced the presence of PANP and RhNP within the voids of dendrimer, not on
the surface. This opened a door for Pd(0) catalysis inside chiral dendritic voids for such
processes such as C-C cross coupling reactions, which were successfully performed within
non-chiral 3.5 nm sized PA@PAMAM G3 encapsulates [20].

Chiral PAMAM G3 and G4 dendrimers of class 3, modified by amidation of pri-
mary amine groups with D-gluconolactone were demonstrated to induce the asymmetric
reduction of prochiral ketones into chiral alcohols with NaBHy with high yield (>90%)
and enantiomeric excess (ee), depending on dendrimer generation and solvent (THF
or H,O) [10].

Another example of chiral PAMAM (G1-G3) dendrimer (class 3) was obtained as
multicenter Ti (IV) dendrimer by covalent attachment of (-N-(3,5-di-tert-butylsalicylidene)-
N’-[3-tert-butyl-5-chloromethylsalicylidene]-1,2-cyclohexanediamine, chiral salen type
ligand via imidazolyl linkers. Dimeric Ti(IV)-(u-O)2-Ti(IV) centers cooperatively oxidized
methyl R-phenyl sulfide into sulfoxide with 90% chemoselectivity and > 80% ee, where R
was variable substituent on phenyl group [21].

Chiral space inside the dendrimer voids is currently exploited for catalytic purposes.
As exemplified above, the chiral substituents on the periphery of dendrimers can operate
as asymmetry inductors and be recognized by biological membrane receptors, especially
if chiral inductors are enantiomerically pure amino acids or specific carbohydrates. The
simplest chiral substituent, readily introduced into peripheral amine groups of PAMAM
dendrimers is 2, 3-dihydroxypropyl residue, as it was demonstrated earlier [6]. PAMAM
dendrimers react with glycidol at ambient temperature. Primary amine groups are thus
converted into bis-2,3-dihydroxyalkylamine groups. The products of substitution are easy
to purify and can be fully characterized by NMR spectroscopy and other methods. This
has been carried out in a complete and elegant way by Shi et al. in 2005 for PAMAM G1
dendrimer [22]. In the study, the racemic glycidol was used and PAMAM G1 substituted
with an average of 14 equivalents of glycidol was characterized as an incomplete derivative.
Additionally, the C-13 NMR spectra showed a complicated pattern for 2, 3-dihydroxyalkyl
resonances, i.e., more than two sets of resonances, suggesting that symmetry-dependent
species recognize not only geminal 2-R- or 2-S, 3-dihydroxypropyl substituents, but the
next arm of the dendrimer is involved in symmetry recognition.
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In our way to construct drug delivery systems (DDS) based on dendrimers, we used
PAMAM G3 dendrimer totally covered with racemic glycidol as a central dendrimer to
which low generation GO PAMAM dendrimers were attached covalently. The rac-glycidol-
covered core G3 was able to bind up to 12 G0, and this megamer was demonstrated as an
efficient DDS for nimesulide, the non-steroidal anti-inflammatory drug [23]. In order to
improve this DDS, we prepared the PAMAM G3 and G2 totally and partially substituted
with optically pure R- and S-glycidol, studied them by NMR spectroscopy, and finally
tested their ability to bind to the cell membrane and enter the cell on two various cell lines—
normal keratinocytes (HaCaT) and squamous carcinoma cells (SCC-15). The cell cultures
were monitored by fluorescence microscopy and confocal microscopy with two fluorescent
labels—fluorescein and rhodamine B isothiocyanates. Surprisingly, we observed some
enantiodiscrimination of homochiral dendrimers in cell membrane interaction by both
types of cells and generation-dependent internalization.

2. Experimental
2.1. Reagents

Ethylenediamine, methyl acrylate, racemic glycidol (96%), R- and S-glycidol (both 98%
purity), and fluorescein isothiocyanate (isomer I, 90%), and rhodamine B isothiocyanate
were purchased from Merck KGaA (Darmstadt, Germany). PAMAM dendrimers were
synthesized by alternate addition of methyl acrylate into amine groups, starting from
ethylenediamine core, followed by condensation with ethylenediamine, purified interme-
diates at every step according to the protocol of Tomalia [1], and stored as 20 weight%
solutions in methanol.

Human squamous carcinoma cells (SCC-15), penicillin, and streptomycin solutions
were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). Hu-
man immortalized keratinocytes (HaCaT) were purchased from Cell Lines Service (Eppel-
heim, Germany). Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s, modified
Eagle’s medium F12 (DMEM-F12), and fetal bovine serum (FBS) were obtained from Corn-
ing (NewYork NY, USA). Trypsin-EDTA solution, phosphate-buffered saline (PBS) with
and without magnesium and calcium ions, neutral red, 0.4% trypan blue solution, sterile
syringe filters, 0.22 pm were provided by Sigma-Aldrich (St Louis, MO, USA). The 4',6-
diamidino-2-phenylindole, dihydrochloride (DAPI) solution was purchased from Thermo
Fischer Scientific (Waltham, MA, USA). Cell culture dishes were from Corning Incorporated
(Corning, NY, USA), Greiner (Kremsmiinster, Austria), or Nunc (Roskilde, Denmark).

2.2. Syntheses
2.2.1. PAMAM G2 and G3 Substituted with Glycidol

PAMAM G2 and G3 dendrimers were derivatized with 25% molar excess of rac-
glycidol (gl), R-gl, or S-gl in relation to twice the number of dendrimer primary amine
groups. In a typical procedure, to 120 mg G3 (17.3 umoles) in 2 mL methanol, neat gl was
added dropwise (92 uL, 1.4 mmol) with vigorous stirring. The mixture was stored for eight
hours at room temperature, transferred into a cellulose dialytic bag (MW o = 1 kD for G2
and 3.5 kDa for G3), and dialyzed for three days against water (7 x 2.5 L). Then, the solvent
was removed by vacuum rotary evaporation and the oily residue dried under reduced
pressure overnight (<2 mbar). The products were characterized by "H NMR spectroscopy as
fully derivatized G232Racgl, G232Rsl, G23258!, G364Racgl G264Rel, and G228l The isolated
yield was > 90% in every case.

In a series of synthesis, the deficient amount of S-gl and R-gl was used to convert
G2 into G2%%8!, G214Rsl, G22258!, and G222Re! by using the same protocol as above except
the number of gl equivalents in the reaction mixture corresponded to 25% of dendrimer
primary amine groups for the first two derivatives and 75% of available amine groups of G2
in two others. The products were purified as before. The partially substituted derivatives
were characterized by 'H, 13C, and 2-D correlations spectroscopy (COSY), heteronuclear
single quantum correlation (HSQC), and heteronuclear multiple bond correlation (HMBC)
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spectroscopy. Then, the G2°%8! and G222%8! were further reacted with R-gl to complete
bis-substitution of every G2 amine group with gl residues, while G228l and G214Rs!
were fully substituted with S-gl. In both cases, 20% molar excess of gl in relation to the
available number of amine equivalents of the substrate was used. The resulting species
were identified by NMR spectroscopy and the mixed-enantiomeric fully substituted G28'
spectra were compared with G232R4¢8l spectra.

2.2.2. PAMAM G2 and G3 Single-Labeled with Fluorescein Isothiocyanate and Rhodamine
B Isothiocyanate

The G2 and G3 dendrimers were single labeled with fluorescein isothiocyanate (FITC)
and rhodamine B isothiocyanate (RBTC) by stepwise addition of one equivalent of 10 mM
ethanolic solution of FITC (8 and 4 mL) into 4 or 2 mL of 20 mM methanolic G2 or G3
solution (80 and 40 pmoles, respectively). Labeling with RBTC was performed by addition
of solid RBDC into 10 mM solution of G2 or G3 in methanol. Four products (GZF, G2R,
G3F, and GZR) were isolated as solids, which were since protected from daylight, dissolved
in 6 mL methanol, divided into two equal portions, and further converted by reaction
with S-gl or R-gl used in 25% molar excess. The obtained eight products were not fully
substituted with gl residues and identified by 'H NMR spectroscopy as G21¢Rs!F, G21958F,
G319RgIF (533558IF G219Rgm, G23058IR G345RgIR and G33558IR . These fluorescent-labeled
compounds were used for biological studies.

2.3. NMR Spectroscopy

The 1-D 'H and *C NMR spectra and 2-D 'H-'H correlations spectroscopy (COSY),
TH-13C heteronuclear single quantum correlation (HSQC), and heteronuclear multiple bond
correlation (HMBC) spectra were recorded in deuterated water using Bruker 300 MHz
(Rheinstetten, Germany) and worked up with TopSpin 3, 5 software at College of Natural
Sciences, University of Rzeszéw.

2.4. Biological Methods
2.4.1. Cell Culture

Human immortalized keratinocytes (HaCaT) were grown in DMEM and human
squamous carcinoma cells SCC-15 (CRL-1623 ATCC) were cultured in DMEM/F-12 sup-
plemented with hydrocortisone (400 ng/mL). Culture media were supplemented with
heat-inactivated 10% FBS and 100 U/mL penicillin and 1% streptomycin solution. Both
cell lines were cultured at 37 °C in a humidified atmosphere with 5% CO; with media
changed every 2-3 days. Cells were passaged at 70-80% confluence after trypsinization
with 0.25% trypsin—-EDTA in calcium- and magnesium-free PBS. Cell morphology was
monitored using Nikon TE2000S Inverted Microscope (Tokyo, Japan) with phase contrast.
The number and viability of cells were estimated by the trypan blue exclusion test with
Automatic Cell Counter TC20TM (BioRad Laboratories, Hercules, CA, USA). All assays
were performed in triplicates in three independent experiments.

2.4.2. Toxicity Assay

HaCaT and SCC-15 cells were seeded in flat-bottom 96-well culture plates in triplicate
(100 uL cell suspension per well) at a density of 1 x 10* cells/well and allowed to attach
for 24 h. The stock solution of 3 mM dendrimers was filtered with sterile syringe filters
(0.22 um) and used to treatment of cells with a range of increasing concentrations from 0 to
300 uM (100 pL/well) for 24 h in 37 °C. After that, the neutral red assay was performed
as described [24].

2.4.3. Cellular Internalization of Dendrimers

The HaCaT and SCC-15 cells were seeded into, black, 96-well microtiter plates at
a density of 4 x 10* cells/well and placed in an incubator for 24 h. Next, cells were
incubated with 1 uM solutions of FITC-labeled dendrimers (dissolved in culture medium)
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for 0.1, 0.5, 1, 2, 3, or 4 h. Then, dendrimer solutions were removed and plates were
washed three times with PBS to remove unbound dendrimers. Fluorescence was read at
485 nm/530 nm (exc./em.) with Infinite M200 PRO Multimode Microplate Reader (TECAN
Group Ltd., Maennedorf, Switzerland). The median of the triplicate sample measurements
was calculated after the background values (cells alone) were subtracted. The fluorescence
intensity was calibrated using FITC-labeled dendrimers diluted in water.

2.4.4. Visualization with Confocal Microscopy

HaCaT and SCC-15 cells were seeded at a density of 7 x 10* cells/well in microscopic,
eight-chamber slides with an ultra-thin bottom (Nunc, Roskilde, Denmark) for 48 h in
400 puL of complete medium. FITC- or rhodamine B -labeled S- and R-glycidol furnished
dendrimers at 100 nM concentrations were added (300 pL/well). After four hours of
incubation and washing three times with PBS, the cells were fixed with 3.7% formaldehyde
for 10 min and stained with 600 nM DAPI solution in PBS (15 min at room temperature).
Images were collected with a confocal microscope (Olympus FV10i, Tokyo, Japan) at
488/530 nm for FITC, 556/573 nm for rhodamine B, and 405/461 nm for DAPL Images
were collected using an objective with water immersion, under a magnification of 180 x
in the Z-axis position at the largest nuclear cross-section area. The pinhole was set for
1 AU (airy unit), and the obtained images had an optical section thickness of approximately
1.02 um. The laser power and sensitivity were constant. Raw images were collected and
saved in oif format, and the processing was carried out in Image].

To visualize the concentration-dependent accumulation of - and R-glycidol furnished
dendrimers, HaCaT and SCC-15 cells were seeded in ultra-thin, flat-bottom, 96-black well
culture plates (1 x 10* cells/well) and incubated for 24 h. Afterward, working solutions of
FITC labeled dendrimers in the range of 0-300 1M concentration were added, incubated
for 24 h, and washed three times with PBS. Samples were observed and the images were
collected with Olympus IX-83 fluorescent microscope (Tokyo, Japan) using an objective
with 20 x magnification. The light intensity and sensitivity were constant.

2.4.5. Statistical Analysis

To estimate the differences between treated and non-treated control samples, statistical
analysis was performed using the non-parametric Kruskal-Wallis test due to the lack of
a normal distribution of data in the studied groups (analysis with Shapiro-Wilk test).
Comparisons of R and S glycidol furnished dendrimers were assessed with Mann-Whitney
U test. p < 0.05 was considered statistically significant. Calculations were performed using
Statistica 13.3 software (StatSoft, Tulsa, OK, USA).

3. Results and Discussion

Polyamidoamine (PAMAM) dendrimers are well soluble in water. They are currently
tested in many laboratories as drug carriers. However, high full-generation PAMAMs are
hemotoxic [25] due to surface primary amine groups, which make them strongly basic.
Therefore, amine groups must be partially derivatized if the drug-PAMAM conjugate is
designed. Convenient conversion of amine group maintaining dendrimer water solubility
is polyhydroxylation with lactones, which convert dendrimer primary amine into amide
groups or with glycidol (gl), which adds in stoichiometry 2:1 to a primary amine. Although
racemic gl was often used as an amine blocking group, no detailed studies on optically pure
R-gl or S-gl derivatives of PAMAM dendrimers were reported till now. Since gl covered
PAMAM dendrimers are often used as macromolecular anticancer drug carriers, this
inspired us to test the interaction of these derivatives with human normal and cancer cells.

The products of the reaction between gl and PAMAM G1 were thoroughly character-
ized by NMR spectroscopy, polyacrylamide gel electrophoresis, capillary electrophoresis,
MALDI-TOF and ESI mass spectrometry, and acid-base potentiometric titration, together
with pristine PAMAM G1 and peracetylated derivative in order to detect and quantitatively
determine skeletal and substitutional imperfections [22]. We restudied the products of
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the reaction between PAMAM G2 and G3 and both enantiomers of gl to simplify the
NMR spectral pictures and also to characterize the species with a deficient number of gl
substituents. The synthetic routes and average stoichiometry of obtained compounds are
presented in Scheme 1, together with atom numbering of atoms for spectral assignment.
The NMR spectroscopy was used to identify all products as follows.

A OH
HO,
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)+ D~ — N,
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9 HO)\Q
OH

n

OH
FITC or RBTC Ho. ! o O
;90
gl s ° N‘,fN
a
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b H M
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[ b
N Ccr

Scheme 1. The scheme of synthesis of glycidol-modified polyamidoamine (PAMAM) G3 (m = 3)
and G2 (m = 2) dendrimers (A) and fluorescein or thodamine B dendrimers substituted by addition
of glycidol (B). The isothiocyanates of fluorescein (FITC) and rhodamine B (RBTC) were used to
attach one molecule of label by thiourea bond into a dendrimer molecule. The following series of
not-labeled and fluorescein-labeled (F) and rhodamine B-labeled (R) derivatives were obtained by
stepwise addition of glycidol: G2°58l; G214581; G2228l; G232%1; G21R8lF (23 + b =16,c =1,d = 0);
G219581F (23 + b=19,c=1,d = 0); G319R8IF 2a + b =24,c=1,d =0); G3%8F 2a +b=35c=1,
d=0); G2"9R8R (23 + b=19,c=0,d =1); G239%8'R (23 + b=30,c =0, d = 1); G3*R&R (23 + b =45,
¢=0,d=1); G3%%R (2a+b=45c=0,d=1).

3.1. NMR Spectroscopy Studies

3.1.1. Comparison of the 'H and '>C NMR Spectra of PAMAM G2 and S-Glycidol Covered
PAMAM, G258!

H NMR spectroscopy enables quantifying the level of PAMAM dendrimer substi-
tution with glycidol. The "H and '3C NMR spectra of substrate PAMAM G2 and G258!
are shown in Figures 1 and 2, respectively. Only one proton resonance for all protons b
(bz, by, and by) was observed at 2.42 ppm and used as an internal integral reference of
intensity [56H] for G2 and G258 (for C and H atoms numbering, see Scheme 1). Both
the chemical shift and intensity of the triplet remained unaltered throughout the series
of all neat and gl-modified dendrimers. The vicinal protons triplets of aya;a at 2.82 also
remained unaltered.
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Figure 1. The 'H NMR spectra of G2 (A) and G258! (B) in D,0. Atom numbering is given in trace (C). Methanol resonance
at 3.43 is labeled with an asterisk.

The triplets of protons ¢ and d localized in outer shell (shell 2 in case of G2) were
observed at 3.23 and 2.71 ppm, respectively, with [32H] integral intensity both. Inner sphere
¢ and d resonances showed overlapping triplet from c¢;,¢g at 3.29 ppm (intensity [24H])
and dj,dg (overlapped with core singlet of intensity [4H], totally [28H]) for G2 (Figure 1A).
Upon addition of gl into terminal amine groups, the outer sphere ¢, resonance shifted into
3.3. ppm-centered multiplet and overlapped with ¢;cg triplets within the 3.32-3.38 region.
The total intensity of cycicg resonances corresponds to [56H]. The resonance from d is
spread over a broad 2.75-2.57 region and overlapped with d1, dg, and o from G2 core and
terminal nitrogen-attached methylene group of glycidol. Additionally, resonances from
the latter show multiplet structure due to the presence of diastereotopic -CH,- next to the
chiral center at carbon f.

The 'H S-gl resonances of protons g and f of integral intensity corresponding to
[32H] and [64H] are unresolved multiplets and AB-type spectrum of gg’ diatereotopic pair,
respectively (Figure 1B).

The aliphatic regions of 13 C NMR spectra of G2 and G258! are shown in Figure 2A,B,
respectively. The 13C resonances were assigned based upon standard HSQC and HMBC
experiments (the combined HSQC and HMBC spectrum of G298! is presented in Figure S1
in Supplementary Materials). Thus, the considerable shift of outer-sphere d, (—4.1 ppm)
and ¢, (+14.5 ppm) resonances occur upon substitution of terminal NH, groups with two
S-gl substituents, with dydy and c;cy resonances almost unaltered. Three '*C resonances of
S-gl substituents indicate that all terminal amine groups were uniformly substituted with
two gl-S each. Analogous 'H and '3C NMR spectra were obtained for G2R8!. Similar 'H
and '3C NMR spectral pattern was obtained for higher generation PAMAM dendrimers,
namely, G3, G4, and G5, which were substituted with 64, 128, and 256 enantiomerically
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pure R- or S-gl, respectively. In comparison with the spectra of G2%8! or G2R#!, the only
differences observed were due to the integral intensity of resonances.

€2

T
55 50 45 40 35
Chemical Shift (ppm)

Figure 2. The '3C NMR spectra of G2 (A) and G258' (B) in D,0. Labeling of resonances according to the scheme shown

in Figure 1.

The simplicity of '*C NMR spectra of PAMAM G2 and G3 dendrimers substituted
with enantiomerically pure S-gl or R-gl, which show only one set of gl resonances for
G23258! or G2%2R8! and corresponding fully converted G3-G5 (spectra not shown) indicates
that enantiomeric purity of S-gl is retained in conversion to formally R-chiral n-2(R), 3-
dihydroxypropyl substituents. Unfortunately, the chirality checked with CD showed the
Cotton effect on the almost background level, as it was observed also for other chiral
dendrimers of radial symmetry [16]. In most reactions, the enantiomerically pure glycidols
retain the C-2 configuration such as, for instance, the esterification with primary and
secondary alcohols leading to 1-O-alkyl-sn-glycerol [26]. However, the pure inversion of
configuration has also been observed in conversion of gl with diethylaluminum cyanide
leading to 1-cyano-2,3-diols [27].

Although we have no evidence to claim retention or inversion of gl configuration after
addition to dendrimer primary amine of G2, the simplicity of NMR spectra of G28! and
G2Rel indicate that homochiral dendrimers were obtained in contrary to quite complex
13C NMR spectra of rac-gl derived dendrimers (vide infra).

3.1.2. Deficient Substitution of PAMAM G2 Dendrimer with Optically Pure Glycidol

In the substoichiometric conversion of PAMAM G2 with S- or R-glycidol, the species
with double and single-substituted terminal amine groups were obtained and characterized
by NMR spectroscopy. The 'H NMR spectra enabled us to determine the level of terminal
amine group substitution with 2,3-dihydoxyalkyl substituents added in the reaction of G2
with enantiomerically pure glycidol (Figure 3).
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Figure 3. 'H NMR spectra of G2 (A), G2°%8! (B), G214%8! (C), G2228! (D), and G232%8! (E) in D,0.

Stepwise addition of S-glycidol resulted in an increase of proton g multiplets intensity
(within 3.45-3.65 ppm) region related to internal reference triplet of araja triplets of overall
intensity [56H]. Three G2"8° species were obtained, where average Sgl molecules added
(n) was 9, 14, and 22 (see Figure 3, spectra B, C, and D). The AB-type spectrum of terminal
g protons of 2, 3-dihydroxypropyl substituent in G232%8! (Figure 3E) is vicinally coupled
with proton f. Quartets of g and g’ protons are centered at 3.61 and 3.50 (555 = 0.11 ppm)
with geminal coupling constant [gem = 11.7 Hz and different vicinal coupling constants
J(gf) =4.2Hz and J(g'f) = 5.9 Hz.

When an under-stoichiometric amount of S-gl was used the G2?%8! was obtained,
containing some unsubstituted amine groups, mostly mono-substituted amine groups
with 2, 3-dihydroxypropyl, and a minor amount of double substituted amine groups. The
AB-type spectrum of gg’ protons on single substituted amine groups showed slightly lower
magnetic nonequivalence (5.59 and 3.50 ppm, d4p = 0.11 ppm), coupled geminally with
the same ]gem =11.7 Hz, while vicinal constants were larger than for double-substituted
arms, namely, /(gf) = 4.6 Hz and J(g'f) = 6.7 Hz (see Figure 3, trace B). In the series of higher
substituted G2, namely G2'458! and G2?2%8! the AB spectra of gg’ protons overlapped and
no reliable deconvolution of multiplets could be performed in order to quantify the number
of unsubstituted, mono- and bis-substituted arms of G2. The additional "H NMR changes
accompanied a stepwise conversion of G2. Single and double substitution of terminal
amine group resulted in transformation of primary amine into secondary and eventually
tertiary terminal amine group. The chemical shifts of protons c; and d; changed due to this
transformation. In the case of G2, c; proton resonance was initially observed as a triplet
at 3.24 ppm (Figure 3, trace A), together with ¢; and ¢ at 3.30 ppm, while the stepwise
addition of gl resulted in the decrease of 3.24 ppm triplet, which eventually disappeared in
the spectrum of fully substituted G232°8! (Figure 3, trace E) and was replaced by multiplet
centered at 3.30 ppm of intensity [56H], corresponding to all ¢ protons of G232%8!. Similar
changes occur in the region of d; proton resonances; however, the multiplets of all d
protons overlap with e proton resonances of attached glycidol. The detailed changes could
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be further monitored using '*C NMR spectra and heteronuclear 'H-">*C NMR experiments
(vide infra).

The aliphatic regions of 13C NMR spectra of G2n8ls (wheren=0,9, 14, 22, and 32) are
shown in Figure 4. The *C resonances were assigned based upon standard HSQC and
HMBC experiments. We found that PAMAM inner shell resonances remained unaffected
upon terminal amine group substitution, while d; and ¢, proton resonances shifted from
42.3 and 40.5 in amine-terminated G2 into 39.3 and 48.1 upon mono- and 37.7 and 54.2 ppm
upon disubstitution with glS, respectively. The resonances of S-glycidol-derived 2(R),
3-dihydroxypropyl substituents for single-substituted arms are located at 51.3, 64.7, and
71.0 ppm for e, f, and g carbon nuclei (labeled as e, F, and gs, in blue color in Figure 4),
while the appropriate resonances for double-substituted analogs are observed at 57.6, 64.6,
and 69.8 (labeled as ¢, f55, and ¢% in red color in Figure 4). Thus, the largest chemical
shift differences between single- and double-substituted arms are those in closest e, d, and
¢ carbon nuclei, as one could expect. It should be also noticed that even in the '3C NMR
spectrum of G2%2%8! the resonances from non-substituted arms are clearly visible. This
corresponds to the average number of six double-substituted arms, 10 mono-substituted,
and 16 unsubstituted arms if assume that the intensities of carbon-13 resonances d»5%, d,°,
and d; are nearly equal.
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Figure 4. 13C NMR spectra of G2 (A), G2°58! (B), G214%8! (C), G222%8! (D), and G2%258! (E). The
carbonyl group resonances are omitted for clarity. The sharp resonance of methanol carbon at
44.3 ppm is labeled with an asterisk.
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The analogous result was obtained using R-gl stepwise addition to G1, G3, and G4
PAMAM dendrimers. The series of three 'H NMR spectra for G21588!, G222Rgl and G232Rel
are shown in Figure S2.

3.1.3. Fluorescein and Rhodamine B Single-Labeled Homochiral Dendrimers

The fluorescent labels, FITC and RBTC were carefully attached to G2 and G3 dendrimers.
Single-labeled G2¥, G2R, G3¥, and G2R were then converted into n-(2, 3-dihydroxypropyl)
derivatives with the same protocol, using 20% molar excess of enantiomerically pure S- and
R-gl in relation to available amine groups (two equivalents per one terminal amine group).
Obtained derivatives were not fully substituted. We obtained series of derivatives, namely,
G216R5":, GZWSg]F, G319Rg":, G33555|F, G2‘l9RglRI G23DSgIR’ G345Rg]R’ and G3355g]R. The
average stoichiometry of compounds was determined by 'H NMR spectroscopy (spectra
not shown). These compounds were then tested as single dendrimers and in homochiral
pairs labeled with two different fluorescent labels on human cell cultures (vide infra).

3.1.4. Products of Stepwise Addition of Enantiomerically Pure gl into G2 Dendrimer

Fully gl-substituted PAMAM dendrimers require a temperature regime to avoid
polyhydroxylation, which starts already at a temperature above 50 °C. When 20% molar
excess of gl is used, the number of glycidol residues attached to PAMAM becomes higher
than twice the number of terminal amine groups of PAMAM dendrimer as determined by
the integral intensity of glycidol-derived multiplets of protons f. On the other hand, the
substoichiometric amount of gl results in the formation of dendrimers with double- and
single-substituted arms. Thus, we could obtain G2°8! and G2%2%8! and characterize them
by NMR spectroscopy (vide supra).

These two species were then used to convert remaining free amine groups and mono-
substituted ones into bis-substituted ones. Thus, we obtained the average substituted
G2798123Rgl and G2225810Rg! The corresponding 'H NMR spectra enabled us to identify
these species as fully substituted, although they did not illustrate the symmetry of mixed-
isomer derivatives. Therefore, we examined the 3C NMR, which are presented for starting
G2°%8l and G222%8! (Figure 1A E) and mixed G2?98123R8l and G222%8110Rg] (traces B and D,
respectively). There are essentially two sets of gl resonances observed in the 13C NMR
spectra of the products, which were assigned to the chiral arm and meso arm. Two sets
of carbon f resonances can be identified at ca 70 ppm (downfield shifted f5° and &R for
chiral arm and upfield shifted f°R for meso arm (Figure S3, traces B and D). However,
even in the spectra of compounds G2%58!23Rg! and G222%8!10Rg!, which were obtained
under kinetic control, there are some other species of highly distorted symmetry, which
show low-intensity f carbon resonances shifted downfield and g carbon resonance shifted
upfield. These signals are much pronounced in the spectrum of G232Ra¢g! (trace C), which
is obtained by one portion addition of rac-gl into G2 dendrimer. These puzzling symmetry
arms might origin from elongated polyhydroxy substituents because on the one hand
the intensity of gl 'TH NMR resonances clearly indicates that the number of attached gl
residues is 32; on the other hand, in the '>*C NMR spectrum, the resonance from the single-
substituted arm is still present at ca 51 ppm (Figure S3, trace C). It should be emphasized
that this spectral pattern is reproducible for reported G1'6R#8! [20] and for fully substituted
G364Racgll G4128Racg|, and G5256Rm:gl (not shown here).

3.2. Biological Studies
3.2.1. Dendrimers Toxicity

To perform cytotoxic studies, we chose two human cell lines—immortalized ker-
atinocytes (HaCaT) and squamous carcinoma cells (SCC-15)— both belonging to epithelial
tissue. SCC-15 is a model of cancer cells used as a target for the synthesized PAMAM
conjugates occurring as a drug delivery system, while HaCaTs comparatively as non-
tumorigenic cells. We used immortalized, non-tumorigenic keratinocytes, compared to
normal ones, since the latter from skin biopsies indicate high variations between passages,
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short culture lifetime, and donor variability [28]. To assess the cytotoxicity, a neutral red
assay was performed as one of the most sensitive viability tests [29].

This assay indicated, that G2 and G3 PAMAM dendrimers furnished with enantiomers
S or R glycidol (for simplicity of notation the number of gl residues will be omitted in the
abbreviations of homochiral derivatives, which will be further named as GBRgIF, G358lF 4
G2R8IF and G2%8IF) were highly biocompatible and did not indicate cytotoxic action against
both immortalized human keratinocytes (HaCaT) and human squamous carcinoma cells
(SCC-15) up to 300 uM concentration (Figure 5).
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Figure 5. Cytotoxicity of G3R8IF, G358IF, G2R8IF, and G258!F after 24 h treatment of human squamous
carcinoma cells (SCC-15) and human immortalized keratinocytes (HaCaT). Cell viability is presented
as medians of a percent against non-treated control (control expressed as 100%). The whiskers
are lower (25%) and upper (75%) quartile ranges. * p < 0.05; Kruskal-Wallis test (against non-
treated control).

Only at the highest 300 uM concentration of G3R8!F and G2%8!F cancer cell viability
increased by about 20 and 35%, respectively. Obtained results show the increased bio-
compatibility of PAMAM dendrimers after coating with glycidol residues. In our earlier
studies, we estimated that native G3 PAMAM dendrimers after 24 h incubation evoked
significantly higher cytotoxicity against SCC-15 and HaCaT cell from 10 and 50 uM con-
centrations, respectively [28,30]. The studied compound had also lower toxicity than
dendrimers substituted with hydroxyl groups D-glucoheptono-1,4-lactone [12]. Therefore,
these compounds meet the requirements for drug carrier, i.e., high biocompatibility and
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high water solubility [31]. Compared to other PAMAM dendrimers, PAMAM-pyrrolidone
dendrimers, and poly (propylene imine) dendrimers, the result should be considered
highly satisfactory [32]. For example, considered to be low-toxic PAMAM G4, pyrrolidone
dendrimer was toxic already after two or six hours incubation with 200 uM concentrations
against mouse neuroblastoma (N2a) cells (viability lowering for about 40%) [33]. A 25%
decrease in viability of mHippoE-18 embryonic mouse hippocampal cells was also detected
after 200 uM concentration treatment [34].

3.2.2. Time-Dependent Cellular Accumulation

Another requirement for drug delivery systems (DDS) is targeting specific sites or cell
populations [31,35]. In anticancer therapy, selective action, uptake, and accumulation of
DDS in cancer cells are very important since they can diminish adverse side effects against
normal cells and tissues [36]. Therefore, we tested homochiral dendrimer conjugates
interaction with human cancer or non-tumorigenic cell cultures to find whether they can
be recognized by cell membrane receptors and selectively accumulated in cancer cells.

It has been observed before, that gel-entrapped lipase from Rhizopus javanicus enan-
tioselectively catalyzed esterification of R-(+)-gl with n-butyric acid. However, the highest
enantioselectivity was achieved after pretreatment of silica gel templated lipase with
R-(-)-2-octanol [37].

The enzymes catalyzing water addition to epoxide with concomitant ring-opening
show a variety of stereoselectivity of diol products, with retention or inversion of configu-
ration, depending on substituents on gl and enzyme origin [38]. The involvement of lipases
and/or epoxidases in the chiral recognition of homochiral dendrimers is inevitable if they
reach cell membrane, cytosol, and other organelles.

The 2,3-hydroxypropyl substituents are formed upon food treatment, they covalently
attach into Val and were found as N-2, 3-dihydroxypropyl Val residues in hemoglobin.
This derivative was considered as a marker in food examination [39]. Neither in this
toxicological study nor in other cases [40] the enantiomerically pure gl derivatives were
studied separately.

Our fluorimetric studies with fluorescently labeled enantiomers of dendrimers re-
vealed, that in both tested cell lines, R-gl enantiomer-derived G3 dendrimer conjugates
(G3R8IF) were always significantly stronger accumulated than S-gl enantiomer-derived
ones (G3R8IF) after 0.1-4 h incubation with 1pM concentrations. An analogous effect was
observed also in the case of G2 dendrimers, but only in cancer cells and from already 1 h
incubation (Figure 6A). Additionally, cancer cells accumulated all studied compounds
much efficiently than keratinocytes (on average 67%) (Figure 6A).

Obtained data are in accordance with confocal microscopy images (Figure 6B). Re-
gardless of the fluorescent marker used, there is a greater accumulation of R forms of
the enantiomers than the S. Conjugates of G3 dendrimer are taken up, transported, and
stored mainly in cellular vesicles (mainly lysosomes), while G2 conjugates are much more
scattered in the area of the cytoplasm, with visible slightly lower accumulation in intra-
cellular vesicles (Figure 6B). In addition, enantiomers based on G2 dendrimers show a
higher degree of penetration into the cell nuclei and the ability to bind to the nucleoli of
cells (pointed by yellow arrows). Differences in the distribution of compounds in various
areas of cells will significantly affect the possibility of using them as carriers of specific
drugs, depending on the destination area [41].

It was also observed that the location of R-gl- and S-gl-covered G3 dendrimers in
intracellular space was similar. Colocalization of FITC and rhodamine B labeled enan-
tiomers was high in both cell lines (Figure 6B); therefore, there is no evidence that the
intracellular transport of both enantiomers differs significantly. Only a dendrimer gen-
eration seems to be a factor influencing the distribution of dendrimers in the cell. It was
previously proved, that -OH terminated PAMAM dendrimers are transported mainly
via clathrin-dependent pathway and macropinocytosis [41] and through caveolin- and
clathrin-independent pathway [42], depending on the type of cells tested.
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Figure 6. (A): Time-dependent accumulation of G3R8IF, G358IF, G2RelF and G258'F in immortalized
human keratinocytes (HaCaTs) and squamous carcinoma cells (SCC-15). Cells were incubated
with 1 uM working solutions of dendrimers for 0.1-4 h and the fluorescence signal was measured
with a fluorescence microplate reader at 485 nm/530 nm (exc./em.). Results are expressed as
medians of relative fluorescence units, and the whiskers are lower (25%) and upper (75%) quartile
ranges. ¥ p < 0.05; Mann-Whitney U-test (S against R enantiomers). (B): Confocal microscopy
images of HaCaT and SCC-15 cells incubated for 4 h with 100 nM solutions of dendrimers in
the respective pairs (G3R8/R-G358IF), (G3R8IF_G3%8IR) (G2R8IR_G258IF), (G2R8IF-G258IR). White
arrows indicate dendrimers bounded with cell membranes. Yellow arrows show the presence of
dendrimers in nucleoli.

Figure 6B shows that G38! dendrimers indicated a high affinity for cell membranes,
especially SCC-15 tumor cells, as indicated by white arrows. A similar effect was observed
by Albertazzi et al. in HeLa cells after incubation with fluorescently labeled G4 PAMAM
dendrimer [41]. The observed phenomenon was weaker in HaCaT cells, and these differ-
ences may be connected with variations in transfer efficiency of studied nanoparticles into
cells. To visualize concentration-dependent differences in the accumulation of dendrimers
in both cell lines, we also performed additional visualization in a fluorescence microscope
(Figure 7). Cells were incubated with conjugates G3R8F, G38!F, G2R8IF: and G28IF in
the range of 0 -300 uM concentrations for 24 h. Images illustrate that the number of den-
drimers in the cells increased with their concentration and regardless of the concentration
all compounds were more efficiently taken up and accumulated in SCC-15 tumor cells than
in keratinocytes (Figure 7).
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Figure 7. Concentration-dependent cellular accumulation of G3R8IF, G3%8!F, G2R8IF and G258lF
in HaCaT and SCC-15 cells after 24 h incubation. Images were obtained with an Olympus IX-83
fluorescence microscope.

4. Conclusions

PAMAM G2 and G3 dendrimers were quantitatively converted by the addition of
enantiomerically pure R-glycidol and S-glycidol into primary amine groups to obtain
bis-(2, 3-dihydroxypropyl) derivatives. Fully substituted homochiral derivatives had
effective radial symmetry, which was illustrated by one set of 2, 3-dihydroxypropyl carbon
resonances in 13C NMR spectra. Deficient substitution of G2 or G3 with enantiomerically
pure glycidol enabled us to identify the mono-substituted arms of dendrimer along with
bis-substituted ones by 13C NMR spectroscopy. The single-fluorescent labeled homochiral
G2 and G3 dendrimers were obtained in order to test their ability to bind with the cell
membrane and enter into different human cells in vitro.

Biological studies with human non-tumorigenic keratinocytes (HaCaT) and squamous
carcinoma cells (SCC-15) indicated that S- and R-glycidol furnished dendrimers were
highly biocompatible with no toxicity up to 300 uM concentrations in contrast to the
pristine PAMAM dendrimers, for which significant toxicity was observed already within
10-50 uM concentrations. The R and S glycidol derivatives of G3 PAMAM dendrimer
bind to the cellular membrane and enter into the cells with higher accumulation in cancer
cells. The R enantiomer conjugate quantity in studied cells was always significantly higher
than S ones. The G38! dendrimers were taken up more efficiently than G28! derivatives;
however, G28! derivatives penetrated also nuclei of studied cells.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
:3390/polym13071049/s1, Figure S1: Combined HSQC and HMBC map for G23258l. Spectra were
taken in D,O. One-bond coupling peaks are shown in red, while relevant longer range (two-bond
1H-13C coupled +13CH) peaks are drawn in blue.; Figure S2. The TH NMR spectra of (A): G214Rgl,
(B): G222R8! and(C): G232R8! in D,0.; Figure S3. The relevant regions of '>C NMR spectra (from top
to bottom): (A): G228, (B): G2958183Rgl (C): G232Racgl (D). G22258110Rgl and (E): G222%8! in D,O0.
For peak labeling see Section 3.1.2.
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Simple Summary: New anti-cancer drugs can be created through the combination of well-known
substances acting on different molecular targets. Repurposed drugs selected in this way can then
be attached to special carriers that have specific, high affinity for cancer cells. In this study, two
anti-glioma drugs, celecoxib and simvastatin, were chosen and linked to the PAMAM G3 dendrimer
targeted to cancer cells by attached biotin and R-glycidol. In vitro studies performed with human
glioblastoma (U-118 MG) and squamous cell carcinoma (SCC-15) cells revealed that dendrimer
conjugate containing both celecoxib and simvastatin was 20-50 times more potent than either drug
administered alone or in combination. Thus, the obtained combined conjugate can be considered as a
potential candidate for a new therapy of malignant glioblastoma.

Abstract: Recent achievement in anticancer therapy considers the application of repurposed drugs in
optimal combinations with the use of specific carriers for their targeted delivery. As a result, new
optimized medications with reduced side effects can be obtained. In this study, two known anticancer
drugs, celecoxib and/or simvastatin, were conjugated covalently with PAMAM G3 dendrimer
and tested in vitro against human squamous carcinoma (SCC-15-15) and glioblastoma (U-118 MG)
cells, as well as normal human fibroblasts (BJ). The obtained conjugates were also substituted with
biotin and R-glycidol to increase their affinity for cancer cells and were characterized with NMR
spectroscopy and dynamic light scattering technique. Conjugates furnished with two celecoxib
and four simvastatin residues revealed the very high effectiveness and dramatically decreased the
SCC-15 and U-118 MG cell viability at very low concentrations with ICsj equal to about 3 pM. Its
action was 20-50-fold stronger than that of either drug alone or as a mixture. Combined conjugate
revealed also additive action since it was 2-8-fold more effective than conjugates with either single
drug. The combined conjugate revealed rather low specificity since it was also highly cytotoxic for BJ
cells. Despite this, it may be concluded that biotinylated and R-glycidylated PAMAM G3 dendrimers
substituted with both celecoxib and simvastatin can be considered as a new perspective anticancer
agent, effective in therapy of malignant, incurable glioblastomas.

Keywords: drug delivery system; biotinylated; R-glycidylated PAMAM G3 dendrimers; celecoxib;
simvastatin; molecular size; cytotoxicity; human squamous carcinoma (SCC-15-15); human glioblas-
toma (U-118 MG); normal human fibroblasts (BJ)
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1. Introduction

The new approach in the search for effective cancer therapy is the use of repurposed
drugs in various combinations together with their targeted delivery for optimization of
therapeutic effects with concomitant decrease of side effects. Well-characterized carriers of
drugs targeted into cancer, the biotinylated PAMAM G3 dendrimers, were chosen. Their
ability for introduction of cargo to cancer cells has been well documented [1]. Among many
possible candidates used in clinics in cancer treatment, we selected two well-recognized
and characterized drugs, namely, celecoxib and simvastatin. There is a plethora of pub-
lications concerning the antineoplastic effects of both substances and their molecular
mechanisms of action. Celecoxib (C) as an inhibitor of cyclooxygenase-2 (COX-2) exhibits
anti-inflammatory properties reducing the promotion of the cancer-induced microenviron-
ment [2]. The anticancer effect of C attached to the biotinylated PAMAM G3 dendrimers
was documented for U-118 MG glioma and squamous carcinoma (SCC-15) cancer cell
lines [3-7]. Statins are also well characterized as anticancer agents. Statins upregulate or
inhibit diverse signaling pathways, resulting in the cytotoxicity and apoptosis of cancer
cells. Affected signaling pathways lead to differentiation of cancer cells; induction of oxida-
tive stress; cell cycle arrest; autophagy; and suppression of cancer stemness, proliferation,
metastasis, and angiogenesis [8]. Statins inhibit the 3-hydroxy-3-methyl-glutaryl-CoA
(HMG-CoA) reductase that is the rate-limiting enzyme in the cholesterol biosynthesis
pathway [9]. They reduce mevalonate synthesis, and, consequently, farnesylation and
geranylgeranylation processes are suppressed. As an elevated activity of mevalonate
(MVA)/cholesterol biosynthetic pathway is linked to the initiation and progression of many
types of cancers, statins have been extensively used in cancer therapy [10]. One of the
often applied statins is the lipophilic substance simvastatin (S) [11]. The antitumor effects
of S involves overlapping molecular pathways and different subcellular structures. Be-
yond the inhibitory effect on cholesterol production, S has the pleiotropic effects including
anti-proliferation, anti-apoptosis, anti-angiogenesis, and prevention of metastasis due to
the activation of certain proteins that interfere with important signaling pathways. It has
been documented that S significantly suppresses the expression of the tumor-promoting
cytokines and mediators, including the transforming growth factor (TGF)-B1, vascular
endothelial growth factor (VEGF), and interleukins (IL-8 and IL-6), inhibiting ovarian
cancer cell growth [12]. In prostate cancer cells, S has been shown to enhance the intrinsic
apoptosis by activation of pro-apoptotic and inhibition of anti-apoptotic proteins and simul-
taneously to stimulate extrinsic apoptosis by increasing of the TNF-alpha, Fas-L, Traf, and
caspase 8 [8]. It has to be noticed that during statin monotherapy, patients suffer from many
side effects, including liver toxicity, myopathy, proteinuria, or hematuria and increased
diabetes risk [9]. However, many investigations in vitro and in vivo documented effects
of S against various diseases including cancer [11] and revealed that S can enhance the
response to conventional anticancer therapies when administered in combination with
other drugs or in combination with various nanostructures. This includes encapsulation
S in the poly (lactic-co-glycolic acid) microspheres [13] or G4 PAMAM dendrimers with
three different functionalities (NH;, OH, and PEG) [14,15] (as well as G4 PAMAM-OH
dendrimers with glycosylated surface) [16]. Nanoparticles for simvastatin delivery has
been recently reviewed [17]. Investigations of S in combination revealed that S and temo-
zolomide used simultaneously significantly increased apoptosis in glioblastoma cells [18].
Studies on the combination of S and C performed by Gehrke et al., 2017 on head and neck
squamous cell carcinoma cells (HNSCC) revealed only small additive and no synergistic
effect with the combination of 50 uM S and 40 uM C [19]. Thus, it was reasonable to
construct the targeted carrier that will introduce both S and C into cancer cells, expecting
that it will cause significant decrease of cytotoxic concentrations of both drugs and promote
elimination of side effects. Therefore the one-macromolecule-two drugs conjugate, based
on PAMAM G3 was constructed (Scheme 1) and tested against cancer and normal cell lines
in vitro. Additionally the conjugate was equipped with biotin in order to increase the affin-
ity of a conjugate to cancer cell membrane according to formerly determined strategy [20].
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Furthermore, the remaining primary amine groups of PAMAM G3 core were substituted
with R-glycidol. Recently, we have found that G2 and G3 PAMAM dendrimers covered
with R-glycidol entered cells faster and showed higher toxicity for cancer than normal cells
than S-glicidol-covered analogues [21].

Scheme 1. Schematic formula of PAMAM G3 (G3) conjugates with biotin (B), celecoxib (C), simvas-
tatin (), and R-glycidol (gl). The following conjugates were tested: G328l (a =2;b=6,¢c =0,
d=8),G325M8l (3 =2, b =0, c=4,d =14), G321l (3 =2: b =2, c = 4, d = 12), and G328l
(a=2%b=0,c=0,d=14).

2. Materials and Methods
2.1. Reagents

Simvastatin, ethylenediamine, methyl acrylate, succinic anhydride, x-D-glucoheptono-
1,4-lactone (GHL), carbonyl diimidazole (CDI), 2-chloro-1-methylpyridinium iodide,
4-dimethylaminopyridine (DMAP), triethylamine (TEA), R-glycidol, dimethyl sulfoxide
(DMSO), and other reagents used in syntheses were obtained from Merck KGaA (Darm-
stadt, Germany). Celecoxib was purchased from Abcam GmbH (Karlsruhe, Germany),
while biotin N-hydroxysuccinimide ester (NHS-Biotin) was obtained from AmBeed (Ar-
lington Hts, IL, USA). Spectra/Por® 3 RC dialysis membrane (cellulose, MW_yo—3.5 kD)
was provided by Carl Roth GmbH and Co. KG (Karlsruhe, Germany).
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2.2. Biochemical Reagents, Cell Lines and Materials

Human glioblastoma (U-118 MG, ATCC® HTB-15), human squamous cell carcinoma
(SCC-15, ATCC® CRL-1623), and human normal fibroblast (BJ, ATCC® CRL-2522) cell lines
were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Dulbecco’s modified Eagle’s media (DMEM and DMEM/F-12), Eagle’s minimum essential
medium (EMEM), and fetal bovine serum (FBS) were obtained from Corning Inc. (New
York, NY, USA). Penicillin and streptomycin solution, phosphate-buffered saline (PBS) with
and without magnesium, and calcium ions were provided by Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Trypsin-EDTA solution, hydrocortisone, 0.33% neutral red
solution (3-amino-N-dimethylamino-2-methyl-phenazine hydrochloride), XTT sodium salt
(2,3-bis[2 -methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt), and
phenazinemethosulfate (PMS) were purchased from Merck KGaA (Darmstadt, Germany).
Cell cultures dishes and materials were from Corning Incorporated (Corning, NY, USA),
Greiner (Kremsmiinster, Austria), or Nunc (Roskilde, Denmark).

2.3. Syntheses

PAMAM G3 dendrimer (G3) was obtained according to the original procedure of
Tomalia et al. [22]. G3 was converted into biotin attached conjugate, G3%®, using two
equivalents of NHS-biotin in DMSO at 130 pumoles scale and purified by dialysis according
to the protocol described before [23,24].

2.3.1. Preparation of G3255C88! Conjugate with Succinyl-Celecoxib

The G3?8 conjugate was substituted with celecoxib according to previously published
method [25] with some modifications as follows: celecoxib (318.0 mg, 834 pmoles) was
converted into succinate-celecoxib (SC) by reaction with succinic anhydride (93.6 mg,
935 umoles) in acetonitrile (8 mL) in the presence of 1 mL TEA under reflux for 6 h.
Then, solvents were evaporated under reduced pressure, a solid residue was dissolved in
dimethylsulfoxide (DMSO, 11 mL), and SC in 2 mL of DMSO (151 umoles) was activated
with Mukaiyama reagent. Thus, solid 4-(dimethylamino)pyrimidine (DMAP, 185 mg,
1.51 mmoles) and then 2-chloro- N-methyl pyridinium iodide (193 mg, 755 umoles) were
added, and the mixture was stirred vigorously for 4 h at room temperature and then added
into G3%® in 5 mL DMSO (158 mg, 21.5 umoles). The mixture was heated at 50 °C for 12 h,
then transferred into cellulose dialytic bag (MW 0 = 3.5 kDa) and dialyzed for 3 days
against water (7 times 5 L). Water was removed on a rotary evaporator under reduced
pressure (20 mbar), the solid residue was dried overnight in vacuo (<2 mbar), and 136 mg of
product was obtained and characterized by the 'H NMR as conjugate of PAMAM G3 with
average 2 amide-attached biotin residues and 6 amide-linked SC residues, G3?B°C. Overall
yield was 13.4 pmoles (62.3%), considering the theoretical MW equal 10,129 Da. Then,
G3%56C (13.4 pmoles) was dissolved in 3 mL DMSO and 5 mL methanol. To this solution, we
added R-glycidol (40 uL, 44.6 mg, 600 umoles) stepwise, and the mixture was left at room
temperature for 12 h. Afterwards, the mixture was dialyzed against water, and the solid
residue was isolated as before. The product was identified as conjugate with additional
eight 2(R),3-dihydroxypropyl residues attached to 8 amine groups out of 24 available in
G32BC substrate. Yield of G32B¢C88l: 115 mg, 10.7 umoles, 80% considering the average
MW equal 10,722 Da. The stoichiometry of macromolecular product was identified by the
'H NMR spectroscopy (Figure 1).
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Figure 1. The TH NMR spectra of simvastatin (A), G32B4S14gl (B), G32B2C4512gl (), G32B6CBEl (D), and
celecoxib (E) in DMSO-dg. Residual HD,CS(O)CDj3; and HDO peaks are labeled with asterisks *. The
PAMAM CH), resonances centered at 2.63 ppm or 2.20 were used as internal integration reference
(the integral intensity of both resonances corresponds to [120H]).

2.3.2. Conjugation of Simvastatin to G3 PAMAM
Simvastatin (53.5 mg, 128 pmoles) was dissolved in 2 mL methanol. To this solution,

we added 38.5 mg of CDI (237 umoles). The formation of white precipitate was observed,
which disappeared within 15 min of stirring at room temperature. Then, the mixture
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was heated at 42 °C for 3 h. This solution was then added dropwise into a methanolic
solution of G3 containing 69.8 mg (10.1 umoles). The mixture was heated at 42 °C for 12 h.
Afterwards, the mixture was transferred into dialytic bag, dialyzed against water for 3 days,
and isolated as described above. Water was removed under reduced pressure, and the
solid residue was dried in vacuo. Although the product was well soluble in water, special
care was taken at the isolation step due to vast foaming of the aqueous solution of the
product, which was isolated at the yield 45.6 mg (38% recalculated for average theoretical
MW = 11,931 Da). The product was identified by "H NMR spectroscopy as G312 (for
detailed analysis of 1-D 'H and 2-D 'H-'H COSY spectrum, see Figure S1). The 'H and C
resonances were assigned on the basis of HSQC and HMBC spectra and chemical shifts of
the resonances are collected in Table S1.

2.3.3. Preparation of G3?B45148! Conjugate with Simvastatin

Simvastatin (S, 62.9 mg, 150 umoles) was dissolved in 3 mL methanol. To this solution
100 puL TEA was added, followed by stepwise addition of carbonyl diimidazole (CDI,
48.5 mg, 300 umoles), while vigorous stirring and allowed for a reaction for 1 h at room tem-
perature. This solution was added dropwise to G328 (179.7 mg, 24.4 umoles) in methanol.
The mixture became turbulent, and after 30 min stirring, all materials dissolved. The
mixture was kept at room temperature for 4 h, then R-glycidol (80 uL, 89 mg, 1200 umoles)
was added dropwise; following this, the mixture was stored for 12 h and then dialyzed
against water as before. The solid product was isolated and identified as G3?245148l by the
'H NMR spectroscopy (Figure 1B). The isolated yield was 107.5 mg, 10.7 umoles, and 43.8%
for theoretical molecular weight equal to 10,001 Da.

2.3.4. Preparation of G3?B24512¢] Conjugate with Celecoxib and Simvastatin

The ternary conjugate of G3%® with SC and simvastatin was obtained in the two-step
strategy. First, the 75 pmoles SC in 2 mL DMSO was activated with 0.225 mmole of 2-chloro-
N-methyl pyridinium iodide (57 mg) in the presence of 0.450 mmole DMAP (55 mg). This
solution was added into 220 mg G328 (30 umoles) in 2 mL DMSO, and the mixture was
heated at 50 °C for 12 h. After dialytic purification and removal of solvents, the isolated
solid product (207.1 mg, 25 pmoles, 83.3% yield) was identified as G32%C by 'H NMR
spectroscopy.

Then, 207.1 mg of G3?B2C (25 pmoles) was dissolved in methanol (7 mL), and to this
solution, we dropwise added simvastatin (52.3 mg, 125 umoles), preliminarily activated
with 40.5 mg CDI (250 umoles in 2 mL methanol and 100 uL. TEA). The mixture was kept
at 60 °C for 4 h. Then, R-glycidol (80 uL, 89 mg, 1200 pmoles) was added dropwise, and
the mixture was stored for 12 h at ambient temperature and then dialyzed against water
as before. Solvents were removed under reduced pressure and the solid residue analyzed
by the 'H NMR spectroscopy. The average stoichiometry of the product was determined
as (G32B2C4512g] (Figure 1C). Yield: 189 mg, 17.5 umoles, 70 % calculated for theoretical
molecular weight of the product equal to 10,776 Da.

2.3.5. Synthesis of G3?5148! Conjugate

R-glycidol (12.2 mg; 165 umoles in 0.5 mL methanol) was added dropwise to 75 mg
G3?8 (10.2 pmoles) in 1 mL methanol with vigorous stirring and left at ambient temperature
for 2 days. Then, the mixture was transferred to dialytic tube and dialyzed against water
for 3 days. The product was dried and identified by "H NMR spectroscopy as G325148!,
as described previously [12]. The molecular size and zeta potential for the carrier and
conjugates were determined by DLS (Table 1).

2.4. Methods
2.4.1. NMR Spectroscopy

The 1-D 'H and '*C NMR spectra and 2-D "H-'H correlations spectroscopy (COSY),
IH-13C heteronuclear single quantum correlation (HSQC), and heteronuclear multiple

96



Cancers 2022, 14, 714

7 of 14

bond correlation (HMBC) spectra were recorded in DMSO-d¢ using a Bruker 300 MHz
instrument (Rheinstetten, Germany) at College of Natural Sciences, University of Rzeszow.

2.4.2. Conjugate Size and ( Potential Measurements

Size and ( potential of G32B148l, G3125, G32B6C8gl| 532845148l and G32B2C45128! conju-
gates were measured using dynamic light scattering technique at pH 5 (0.05 M acetate
buffer) and in water using Zetasizer Nano instrument (Malvern, UK) for 1 mg/mL samples
(0.7-1.0 mM solutions). The size of conjugates at pH 7 and 5 and values of zeta potential
for conjugates and G3?B148! are collected in Table 1.

Table 1. Size of conjugates averaged by volume (d(V)) and by number of molecules (d(N)) and zeta
potential values + standard deviation determined by DLS analysis.

Size (nm) Zeta Potential (mV)

Compound pH7 pH5
d(v) d(N) dv) d(N)

G32Bl4gl 214049 18+042 50+£09 33+£085 96+089 7.8+251
G32B6C8gl 78+356 57+235 58+159 40+146 18.6+370 3464252
G32BS14gl 103 +167 86+144 95+1.97 65+1.92 3774382 365+£411

(G321l 155 + 577 867 +£6.83 854219 69+214 3034073 325+3.14
G312 8584183 5724296 442+199 253+7.07 424+177 329+284

pH7 pHS5

2.4.3. Cell Culture

Human glioblastoma cells U-118 MG (HTB-15, ATCC) were cultured in DMEM, human
squamous carcinoma cells SCC-15 (CRL-1623 ATCC) were grown in DMEM/F-12 supple-
mented with hydrocortisone (400 ng/mL), and normal human skin fibroblasts BJ (CRL-
2522 ATCC) were cultured in EMEM. All culture media were supplemented with 10%
FBS and 100 U/mL penicillin 100 pg/mL streptomycin solution. All cell lines were in-
cubated at 37 °C in humidified 95% air/5% CO, with media changed every 2-3 days.
Cells were passaged at 70-85% confluence after trypsinization with 0.25% trypsin-EDTA in
PBS (calcium and magnesium free). Cell morphology was evaluated with Nikon TE2000S
Inverted Microscope with phase contrast (Tokyo, Japan). Number and viability of cells
were estimated by trypan blue exclusion test using Automatic Cell Counter TC20 (BioRad
Laboratories, Hercules, CA, USA) or Neubauer chamber. All assays were performed in
triplicate in three independent experiments.

2.4.4. Cytotoxicity Assays

BJ, SCC-15, and U-118 MG cells were seeded in flat-bottom 96-well culture plates in
triplicate (100 L cell suspension per well) at a density of 1 x 10 cells per well and allowed
to attach for 24 h. The stock solution of 200 mM celecoxib and simvastatin or 5.9 mM
G3?B6C8gl 8 1 mM G32B45148! or 8.9 mM G32B2C45128! jn DMSO were used to make working
solutions in appropriate media with a range of increasing concentrations: celecoxib and
simvastatin from 0 to 200 pM (100 pL/well), PAMAM conjugates with drugs from 0 to
12 1M (100 uL/well). The 9.7 mM stock solution of dendrimer vehicle G325148! in distilled
water was filtered with sterile syringe filters (0.22 pm) and used to 0-200 uM working
solutions (100 uL/well). All cell lines were incubated with working solutions for 24 h
in 37 °C. After that, the neutral red (NR) and XTT assays were performed as described
earlier [26].

2.4.5. Statistical Analysis

To estimate the differences between treated and non-treated control samples, we
performed statistical analysis using the non-parametric Kruskal-Wallis test due to the lack
of a normal distribution of data in the studied groups. p < 0.05 was considered statistically
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significant. Calculations were performed with Statistica 13.3 software (StatSoft, Tulsa, OK,
USA).

3. Results and Discussion
3.1. Syntheses and Characterization of Conjugates

Third-generation poly(amidoamine) dendrimer substituted with two equivalents of
amide-attached biotin was used as macromolecular substrate (G32P) to obtain celecoxib
and simvastatin conjugates (Scheme 1). Celecoxib was converted into succinyl-celecoxib
(SC) as it was described in [25] and attached through amide-succinyl linker to G3?B using
Mukaiyama reagent [27] to obtain highly substituted (G3%2°C) and low-substituted (G3?52C)
derivatives as was elaborated previously (Scheme 2) [3,28].

OH

. o}
Simvastatin (S) °I§ >—(
o 0,
— .

-
&

H o
t ﬁi HO He
63 [N ﬁ: v
\ / HO'

I §

Scheme 2. Functionalization of celecoxib and simvastatin: (i) succinic anhydride in acetonitrile and
triethylamine, (ii) 2-chloro-N-methylpyridine iodide in the presence of 4-(dimethylamino)pyridine in
DMSO, (iii) carbonyl diimidazole in methanol.

Simvastatin (S) was covalently attached via amide bond to both G328 and G32B2C o
obtain equally substituted conjugates G325 and G3282C45, respectively. This conversion
was elaborated from the beginning. Namely, we monitored a reaction between S and
ethylenediamine (en) by the 'H NMR spectroscopy in deuterated methanol (Figure S1). We
found that S lactone ring opening occurred within 4 h of refluxing 20 mM S and 23 mM en in
methanol with formation of amide linkage between S and amine group of en. The addition
of carbonyl diimidazole, which is a known carboxylate group-activating agent [25], sped
up the reaction twice. Therefore, we applied this reagent to test the S addition into PAMAM
G3 dendrimer (Scheme 1) in methanol. We obtained highly substituted G3'?° derivative
and characterized it by the "H NMR and 2-D "H-"H COSY spectroscopy in DMSO-d,
(Figure S1). The most dramatic changes in the 'H NMR spectra were observed for 3s and
5s protons. These resonances shifted upfield from 4.20 ppm and 4.05 ppm in S (for spectral
assignment, see Figure S3 and previously performed assignments [29]) into 3.65 ppm and
4.17 ppm in G3'%, respectively. All the 'H resonances assigned to lactone ring in S (except
5s) shifted upfield in the G3'%5. Moreover, the '>*C NMR resonances of lactone form of S
shifted considerably in the 1*C NMR spectrum of G3!25, The '3C resonances were assigned
on the basis of HSQC and HMBC experiments (Table S1).

Using the same reaction conditions, we added four equivalents of S into the G328 and
G32B2C g obtain G32B45 and G32B2°4S which were not isolated from methanol. Further, we
blocked the remaining amine groups in G32%6C, G3282¢45 | and G3254S by reaction of the
conjugates with excess of R-glycidol in comparable conditions in methanol. Surprisingly,
the remaining free amine groups of the starting conjugates were only partially substituted,
as was observed before in the case of G3-fluorescein and G3-rhodamine conjugates [21]. On
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the basis of the integral intensity of the 3g resonance centered at around 3.32 ppm related
to internal reference PAMAM resonance of [120H] intensity, we found that glycidylated
conjugates were: G3286C881 G32B2C45128] and G32B4514gl, a5 determined by the 'H NMR
spectra (Figure 1B-D, respectively, Table S1).

The resonances in the 'H NMR spectrum of S (Figure 1A) in DMSO-ds were assigned
on the basis of COSY experiment (Figure S3). Amide conjugation of S into G32B451481
resulted in a considerable upfield shift of 5s and 3s protons, which are hidden under
high-intensity residual HDO resonance (Figures 1B and S4), whereas 10s, 11s, 14s, and 17s
remained almost unchanged in the 'H NMR spectrum of G3?545148! related to S. However,
the 3s and 5s were undoubtedly identified in the spectrum of G3'? (Figure S2). The
integral intensities of 10s, 11s, 14s, and 17s resonances corresponded to four S substituents
in the G32B4514gl conjugate in relation to [120H] integral intensity of PAMAM G3 resonance
centered at 2.20 ppm (Figure 1B).

Analogously, the positions and intensities of the S resonances in ternary conjugate
G32B2C45128] enabled the determination of the stoichiometry of the conjugate, containing
average 4S substituents. In this "H NMR spectral quantitation, another 'H internal reference,
PAMAM resonance, was used, the one centered at 2.60, because the resonance at 2.20 ppm
was overlapped with celecoxib-derived methyl 12¢ resonance (Figure 1C). The 'H NMR
spectrum of G32B245128! conjugate showed very broad residual HDO resonance, which
precluded a detailed spectrum analysis within 3.5-4.5 ppm region.

Celecoxib (C) resonances in the '"H NMR spectrum in DMSO-d, (Figure 1E) were
identified on the basis of C resonances integral intensity and COSY spectrum (not shown).
All the aromatic proton resonances, except 15¢ and 17c of C in the 'H NMR spectrum
of both G3256C88! and G32B2C451281) were grouped within 7.3-7.4 ppm. The integration of
these resonances originated from seven protons of C enabled to determine the number of C
substituents equal to six and two in G3%BC88l and G32B2C45128], respectively (Figure 1D,C,
respectively).

In conclusion, we obtained the binary conjugates G3%8*5148l and G3286C88! as well
as the ternary G3282C45128! with remaining amine groups mono- or di-substituted with
R-glycidol or unsubstituted at around 12, 16, and 12, respectively (Scheme 1). Glycidylation
of conjugates was performed in order to increase a solubility of the conjugates in water
but also to eradicate free amine groups, which are responsible for a systemic toxicity of
PAMAM dendrimers, which increases considerably with PAMAM generation and amount
of amine groups [30].

Although non-glycidylated analogues are well soluble in DMSO, they precipitate upon
dilution with water. Surprisingly, the glycidylated conjugates obtained eventually were
found to be better soluble in water and kept their molecular size at the molecular level, as
determined by DLS method for 0.1 mM solution (Table 1).

We chose R-glycidol to derivatize the binary and ternary conjugates because we
noticed more effective internalization of G3 and G2 PAMAM dendrimers covered with
R-glycidol in comparison with those covered with S-glycidol into keratinocyte (HaCaT)
and especially squamous carcinoma (SCC-15) cells in vitro [21].

The molecular size of conjugates, d(N), depends on primary amine groups available
for protonation, which is achieved already at pH 5. The molecular size of the carrier,
G32B148l, was 3.3 nm (Table 1, Figure S5). The binary G328C88! and G32B45148l sizes were
4.0 and 6.5, respectively, while a diameter of ternary G3282°451281 molecule was 6.9 nm
at pH 5 measured as d(N) at 0.05 mM concentration. In all cases, the volume-averaged
diameter, d(V), was slightly larger than d(N), which is a regular feature of the conjugates.
However, the ternary (G32B2C4512¢l showed substantial association at pH 7, with d(N) 97 nm
and d(V) around 150 nm as measured for 0.1 mM solution. The obtained results were
important for further biological tests; the solutions used there were 10 times and more
diluted. Thus, we assumed that all the conjugates were dispersed into the monomolecular
level and the concentrations of all the conjugates were actual. In the case of G3'%, the
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molecules remained associated both in pH 7 and pH 5 with particles sized at least 25 nm
(Figure S5, Table 1).

Consistently, the zeta potential values for all conjugates, except G3125, fell into 8-38 mV,
which are the numbers suggesting that high affinity of the conjugate molecules into nega-
tively charged cell membranes is achievable (Figure S6, Table 1).

3.2. Conjugates Cytotoxicity

Dendrimer G3%%148! revealed rather low cytotoxicity for both cancer lines as estimated
with neutral red (NR) assay: IC5q in order of 200 uM and 70 uM in SCC-15 and U-118 MG,
respectively, and much higher cytotoxicity in B cells with ICs fourfold lower in both assays
(Table 2, Figure S7). This may indicate that under applied conditions, the G3%8148! pene-
trated the cell membrane without significant damage, whereas it entered the mitochondria
and disrupted their transmembrane potential since the XTT assay indicated significantly
lower ICsq values (Table 2, Figure S7).

Table 2. Cytotoxicity of investigated repurposed drugs alone and their conjugates with G32514g!
estimated for the normal BJ and cancer SCC-15 and U-118 MG cells, expressed as half maximal
inhibitory concentration (ICsp) in micromolar concentration (medians). Data were estimated with
NR and XTT assay after 24 h incubation and calculated with AAT Bioquest IC5j calculator [31].
a—concentration of introduced C, b—concentration of introduced S.

Conjugate/Carrier Alone/Drug Alone (ICsp M)

Adsi Cell
Y oL C+S
Line G32B6C8gl (332B4S14gl  (332B2C4S12gl  (332B14gl C S .
0.5:1 Ratio
1.90 9.99 1.10 53.60 88.68 90.14 63.40
BJ 11.40° 39.96 7 220°
440"
6.65 >12.00 6.69 >200.00 4748 56.54 56.45
NR  gcc15 3997 >4800° 13384
26.76 7
5.86 16.90 2.73 >200.00 6557 26.19 37.65
U8~ 35160 67600 546%
MG
10.92°
2.40 8.75 1.28 23.45 100.13 100.86  66.00
BJ 14407 35.00 ¢ 2.56%
5.12°%
XTT 6.98 >12.00 2.98 64.58 97.13 84.38 60.14
SCC-15  41.88%  >48.00° 5.96 7
11.92°
6.49 12.27 291 62.65 93.74 11233 70.67
U—118 a b a
s 38.94 49.08 5.82
11.64°

The cytotoxicity of investigated repurposed drugs alone evaluated in all investigated
cell lines revealed that their activities estimated with XTT assay as being in the order of
100 uM for both drugs and were higher than data published by the others for different
cancer cell lines (Table 2). Gehrke et al. estimated the ICs for C and S in the head and neck
squamous carcinoma cell lines PE/CA-PJ 41 and HLaC78 using the MTT assay as 40 uM
and 50 uM, respectively [19]. Comparable with those results are our data obtained with NR
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assay for C in both investigated cancer lines (ICsp = 48 uM for SCC-15) and (ICso = 60 pM for
U-118 MG) and with S (IC5y = 57 uM) in SCC-15 cells. Interestingly, the higher cytotoxicity
of S (ICs0 = 26 tM) was observed in glioma U-118MG cells. This may be explained by the
observation including the breast (MCF-7 and SKBr-3), prostate (LNCaP and PC-3), colon
(Caco-2 and HCT-116), skin (SCC-M7 and SCC-P9), and the lung cancer cell lines (Calu-3
and Calu6) that S inhibited the cell growth more efficiently in less differentiated tumors that
spread faster, as in case of glioblastoma. The observed cytotoxicity for investigated cells
was measured after treatment with 1 to 20 pM S for a prolonged period of 72 h [32]. The
combination of treatment with both drugs by Gehrke et al. decreased tumor cell viability
significantly more as compared to C and S alone, wherein a small additive effect and no
synergistic effect were observed [19]. Our data revealed a higher additive effect of both
drugs with XTT assay, but almost no effect with NR assay (Table 2). This may be explained
by the data of Fujiwara et al., who reported that statins promote cell death by increasing
the activation of caspases-3/-9, inducing pro-apoptotic protein (Bim) expression, arresting
the cell cycle at the G1 phase, and decreasing the mitochondrial membrane potential
(Apm) [33]. Results obtained with either drug alone or both provided two interesting
observations. The first is the higher resistance of fibroblasts to C and S as estimated by both
assays as compared to cancer lines. The second is the highest cytotoxicity of S alone and in
the combination with C in U-118 MG cells (ICsy = 26 uM and 38 uM, respectively; Figure 2).

N Ruo 140 40— - -
& Celecoxd = % Cekecoxib X % Celecoxib
120 BJ + Simvastatn | 120 Scc-15 + Simvastatin 120] U-118 MG + Smvastatin
4 Celecoxi + Simvastatin 0.5:1 . + Celecoxib + Simwvastatin 0.5:1 + Celecoxib + Simvastatin 0.5:1
100, ees—* % " | 100/ ws4 100 ses—s
£ w0 B¢ 80 b + ek 80/ s
z . . ¢ 6 =k
H 4 . & .
5 60 Nz 60 60 3t
® * . M . .
40 R 40 . 40/
.
20 . 20 20 =
. e * . et e LAl
0 e i © 48 2 o ' veos
0 625 125 25 50 100 200 0 625 125 25 50 100 200 0 625 125 25 S0 100 200
Concentration [uM] Concentration [M] Concentration [M]
140 140 —— - - - 140
& Celecoxb X # Celecoxb i
LY g NEZT |, U118MG :
4 Celecoxib + Simvastatin 0.5:1 » . 4 & Celecoxib + Simvastatin0.5:1
‘ i .
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Figure 2. Effect of single drugs celecoxib, simvastatin, and 0.5:1 mixture of celecoxib and simvastatin
on normal BJ and cancer SCC-15 and U-118 MG cell viability, estimated with NR and XTT assays
after 24 h incubation. Cell viability is presented as medians of a percent against non-treated control
(control expressed as 100%). The whiskers are lower (25%) and upper (75%) quartile ranges. * p < 0.05;
Kruskal-Wallis test (against non-treated control).

Menter et al., 2017 [32] observed a time-dependent two-phased response in tumor cells
to simvastatin. The first phase within the 6 h to 24 h involved changes in cell morphology,
whereas the second phase between 24 and 72 h involved the loss of plasma membrane
integrity as an effect of the cholesterol depletion. This is connected with disruption of the
lipid rafts and expression of the caveolin-1 responsible for cellular transport and signaling,
leading to the induction of apoptosis [32]. Thus, as was mentioned earlier, the NR assay
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showed higher sensitivity of U-118 MG to S for disintegration of the cellular membrane
than SCC-15 and BJ cells.

Conjugation of the G3?B148! with either drug alone or both dramatically increased
their cytotoxicity as compared with drugs alone with much lower differences depending
on used assays and investigated cancer cell lines (Figure 3). Estimated IC5p were in the
order of 6-12 uM with lower values for G328°C88l in BJ cells (about 2 uM). This result
was 10- to 50-fold lower as compared to both drugs alone (Table 2). A comparison of the
ICsp values of the conjugates and the equivalent of the drugs (calculated concentration
of introduced drugs) showed that the toxicity of the conjugates was not as impressively
higher than that of the drugs themselves, but still the conjugates showed about 2-8-fold
higher activity than the drug equivalents (Table 2). Conjugate with both drugs G3?52¢4512g!
further increased the cytotoxicity of constructs as compared with conjugates of a single

drug by 2-8-fold, with ICs in the order of 1 uM for BJ and 3 uM for both cancer cell lines.

This amounted to a 35-50-fold increase of cytotoxicity as compared to both drugs alone
(Table 2). The negative finding is the lack of selectivity of obtained conjugate that is more
toxic (threefold) for normal fibroblasts than for both cancer lines. However, this may have
meaning for cancer-associated fibroblasts (CAF) constituting the tumor extracellular matrix
(TEM) now recognized as a substantial factor for cancer progression and considered as a
potential therapeutic and diagnostic target [34]. The interaction between tumor cells and
the TEM plays a crucial role in tumor initiation, progression, metastasis, and response to
therapy. The S has been shown to induce metabolic reprogramming in TEM and to target
the immune microenvironment through cytokines or chemokines [35].

NR ™ paan |2 gamas |1 o™
BJ - SCC-15 - U-118 MG -
P B mscane | 100 Beamcnise | 109 : By mcusize
* .
_ 80 80 N 80 .
£ o .
60 60 60 .
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.
20 | | 20 3 I 20 . a
1. . .
" i i alz 0 I flo I I a
o 075 15 12 o 075 15 3 6 12 o 075 15 3 6 12
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Figure 3. Cytotoxicity of single conjugates G3?P6C88l, G32B45148] and combined conjugate G32B2¢4512g1

for normal (B]) and cancer (SCC-15) and (U-118 MG) cells after 24 h treatment, estimated with neutral
red (NR) or XTT assay. Cell viability is presented as medians of a percent against non-treated control
(control expressed as 100%). The whiskers are lower (25%) and upper (75%) quartile ranges. * p < 0.05;
Kruskal-Wallis test (against non-treated control).

4. Conclusions

The presented results documented the very high effectiveness of obtained biotinylated
and R-glycidylated PAMAM dendrimer conjugated with both C and S (G3?B2C45128) a5
dramatically decreasing the squamous carcinoma SCC-15 and glioblastoma U-118 MG
cell viability at very low concentrations with ICsy equal to about 3 uM. This makes it a
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prospective targeted drug carrier in malignant cancer, including glioblastoma therapy with
decreased side effects of both drugs observed at concentrations applied in the clinics.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ cancers14030714/s1, Figure S1: Progress of reaction between S
and en monitored by the "H NMR spectroscopy. Figure $2: COSY spectrum of G3'2% in DMSO-d,.
Figure $3: COSY spectrum of simvastatin in DMSO-dg. Figure S4: COSY spectrum of G32545128l in
DMSO-dg. Figure S5: Size of conjugates by DLS. Figure S6: Zeta potential of conjugates. Figure S7:
Cytotoxicity of G32B148! carrier for BJ, SCC-15, and U-118 MG cells. Table S1: The !H and 13C NMR
chemical shifts of simvastatin (S); celecoxib (C); and G312, G32B4514gl (532B2C4S1281 4 (G32B6CSgl
conjugates in DMSO-d.
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Abstract: Fulvestrant (F), lapatinib (L), and paclitaxel (P) are hydrophobic, anticancer drugs used
in the treatment of estrogen receptor (ER) and epidermal growth factor receptor (EGFR)-positive
breast cancer. In this study, glycidylated PAMAM G4 dendrimers, substituted with F, L, and /or P
and targeting tumor cells, were synthesized and characterized, and their antitumor activity against
glioma U-118 MG and non-small cell lung cancer A549 cells was tested comparatively with human
non-tumorogenic keratinocytes (HaCaT). All cell lines were ER+ and EGFR+. In addition, the
described drugs were tested in the context of antinematode therapy on C. elegans. The results show
that the water-soluble conjugates of G4P, G4F, G4L, and G4PFL actively entered the tested cells via
endocytosis due to the positive zeta potential (between 13.57-40.29 mV) and the nanoparticle diameter
of 99-138 nm. The conjugates of G4P and G4PFL at nanomolar concentrations were the most active,
and the least active conjugate was G4F. The tested conjugates inhibited the proliferation of HaCaT and
A549 cells; in glioma cells, cytotoxicity was associated mainly with cell damage (mitochondria and
membrane transport). The toxicity of the conjugates was proportional to the number of drug residues
attached, with the exception of G4L; its action was two- and eight-fold stronger against glioma and
keratinocytes, respectively, than the equivalent of lapatinib alone. Unfortunately, non-cancer HaCaT
cells were the most sensitive to the tested constructs, which forced a change in the approach to the
use of ER and EGFR receptors as a goal in cancer therapy. In vivo studies on C. elegans have shown
that all compounds, most notably G4PFL, may be potentially useful in anthelmintic therapy.

Keywords: paclitaxel; fulvestrant; lapatinib; glycidylated PAMAM G4 dendrimer; U-118 MG glioma;
A549 NSCLC; HaCaT keratinocytes; Caenorhabditis elegans; proliferation and viability assays; cellu-
lar uptake

1. Introduction

Today, cancer is a very serious problem in the world. According to statistics from the
American Cancer Society (ACS), in 2023, lung and bronchus cancer will be the third most
frequently diagnosed and the most deadly type of cancer in the USA [1]. Patients with stage
I'lung cancer have a five-year survival of 68.4%, whereas patients with stage IV lung cancer
have a five-year survival of only 5.8%. Standard therapies for stages I—IIIA include surgical
resection and then adjuvant systemic therapy, e.g., with cisplatin [2]. Despite the use of
post-resection chemotherapy, about half of patients with stage IB cancer and roughly three-
quarters of patients with stage ITTA lung cancer suffer from a metastatic disease [3]. Despite
the lower incidence, glioblastoma multiforme is also characterized by high mortality.
Glioblastoma multiforme (GBM) is a highly aggressive grade IV astrocytoma, according
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to the World Health Organization, representing 15 to 20% of all primary intracranial
neoplasms in adults [4]. Statistically, patients usually die within 15-16 months of being
diagnosed, and treatment with available methods (surgical resection, radiotherapy and
chemotherapy) allows 5% of patients to survive for 5 years from diagnosis [5]. Currently,
the only widely available chemotherapeutic agent is temozolomide, but its effectiveness is
far from satisfactory, with numerous side effects [6]. Therefore, the development of new
therapies and drugs against these cancers remains an extremely important issue.

Glioblastoma multiforme is approximately 1.6 times more common in males than females
and is therefore suspected to be related to sex hormone levels, particularly 17 3-estradiol (E2) [7].
Moreover, women have a better response to treatment than men, indicating that estrogen could
possibly have a protective function [8]. It has been shown that cell proliferation, migration,
and invasion are promoted by E2 in human glioma cells, with a concentration-dependent
effect [9,10]. Estrogen acts on cells via estrogen receptors (ERs). The type of ER is also important.
ER« signaling has been found to be associated with glioma progression, but ER has anti-cancer
effects [11]. Glia cells exhibit lower expression of ERx than that of low-grade gliomas, but
high-grade gliomas decrease such expression. On the contrary, the expression of ER is higher
in glia cells than that in gliomas [8].

Some studies have proven that estrogen, interacting with its receptor, can stimulate
the proliferation, apoptosis resistance, angiogenesis, migration and metastasis of lung
cancer cells. ERs are widely expressed in the lung epithelium [12]. Estrogen causes the
overexpression of pro-inflammatory proteins and ligands that promote tumor resistance.
It is now recognized that non-small-cell lung cancer (NSCLC) is an ER-positive cancer.
Estrogen receptor alpha (ERa) and beta (ER() have been identified in both NSCLC cell
lines and tissues. ERf3 is the predominant type of ER in NSCLC and is overexpressed in
60-80% of lung cancer tissues. The ER(3 protein has been presented at higher levels in
lung cancer cells than in normal lung tissue from the same patients [13]. Estrogen receptor
3 might also impact the progression and invasion of NSCLC, although the mechanism
still requires elucidation [14]. Therefore, it seems right to investigate the effectiveness of
inhibitors of ERs in glioma and non-small-cell lung cancer therapy. One of the candidates
for a potential anticancer agent is fulvestrant, which is commonly used in the treatment
of metastatic hormone receptor-positive breast cancer. After binding to an ER, it blocks
and degrades it and, as a consequence, inhibits estrogen signaling through the ER [15].
About 80% of breast cancers express ERs, with their survival and proliferation driven by
estrogen acting as a ligand and binding to the ER, which is then translocated to the cancer
cell’s nucleus [16]. Unlike other selective estrogen receptor degraders (such as tamoxifen),
fulvestrant almost completely inhibits estrogen signaling through the ER [17]. Hamilton
et al. proved that fulvestrant reduces the mesenchymal features of lung cancer cells and
sensitizes the cells to chemotherapy [18].

Another factor that is specific to many types of cancer, including GBM and NSCLC, is
the epidermal growth factor receptor (EGFR). The EGFR is a member of the ERBB family of
tyrosine kinase receptors (EGFR/ErbB-1, HER2/ErbB-2, HER3/ErbB-3, and HER4/ErbB-4)
and is a trans-membrane glycoprotein, consisting of an extracellular ligand-binding domain
and a cytoplasmatic tyrosine kinase domain. The EGEFR signaling cascade is a key regulating
factor in cell proliferation, apoptosis, metastasis and angiogenesis, differentiation, division,
survival, and cancer development [19,20]. The over-activation of EGFR is observed in
many types of cancers, including head, neck, breast, lung, colorectal, prostate, kidney,
pancreas, ovary, and brain cancers [21]. This phenomenon was also described in GBM
and NSCLC [22,23]. The therapy of tumors with EGFR overexpression is disappointing;
therefore, anti-EGFR agents are recommended in the first-line treatment [20] because
EGER activity may be controlled by binding to the tyrosine kinase domain [24]. EGFR is
most amplified in GBM, among all receptor tyrosine kinases (57% of patients) [25]. This
leads to overexpression of EGFR protein and increased tumorigenesis and progression of
glioma [26]. However, in some cases, overexpression of EGFR was present without EGFR
gene amplification [27].

106



Molecules 2023, 28, 6334

30f24

Lapatinib is a reversible, first-generation inhibitor of EGFR type 1 (HER1) and type 2
(HER?2), administered orally and approved for the treatment of breast cancer overexpressing
HER?2 in combination with capecitabine [28]. Some studies indicated that lapatinib enhances
5-aminolevulinic acid-mediated protoporphyrin IX fluorescence and photodynamic therapy
response in human glioma cell lines [29]. Moreover, the addition of pulse high-dose
lapatinib to standard therapy for newly diagnosed GBM was largely well tolerated and
safe [30]. Satisfactory results in glioma therapy were also observed after the conjugation
of lapatinib with nanoparticles. Lapatinib-incorporated lipoprotein-like nanoparticles
significantly inhibit the growth of glioma U87 xenografts and were effectively taken up by
glioma cells. The required cumulative dose of LTNPs was only 5% compared to lapatinib
alone [31]. Unfortunately, there is a report that lapatinib did not show significant activity
in GBM patients in phase II/III clinical trials [32]. Human HER2 has emerged also as a
therapeutic target of interest for non-small-cell lung cancer in recent years. HER2 alterations
are present in 7-27% of de novo NSCLC and may serve as a resistance mechanism in up to
10% of EGFR-mutated NSCLC [33]. However, lapatinib as a single agent or combined with
pemetrexed did not result in a sufficient antitumor response in NSCLC [34], but it is worth
mentioning that lapatinib had a similar response rate to pemetrexed monotherapy [35].

Recent studies have shown an interaction between the EGER pathway and ER signaling
in lung adenocarcinoma; therefore, combined therapy with tyrosine kinase inhibitors and
antiestrogen therapy is a promising solution. A combination of the ER antagonist and
the EGEFR tyrosine kinase inhibitor caused a decrease in cell proliferation and lung tumor
growth in both in vitro and in vivo studies [36-39]. Thus, it is speculated that a similar
effect may be achieved with combined therapy against glioblastoma multiforme since it is
known that cells of this malignant tumor manifest changes in the ER and EGFR.

Another drug used in the treatment of NSCLC is paclitaxel, which facilitates micro-
tubule polymerization and disturbs cellular functions, especially normal cell division, and
causes cell apoptosis [40]. Paclitaxel is administered alone or with platinum compound in
advanced NSCLC [41,42]. Moreover, this drug has clinically relevant activity in heavily
pretreated small-cell lung cancer [43]. Low-dose weekly paclitaxel was active and well
tolerated as second-line chemotherapy in a non-selected patient population with advanced
NSCLC [44]. Furthermore, it is known, that paclitaxel shows anticancer effects against
NSCLC by activating apoptosis through enhancing ROS generation, inducing cell cycle
arrest, and suppressing EGFR/PI3K/AKT/mTOR signaling pathway [45]. Paclitaxel is also
a potential candidate for anti-glioma therapy with 1400-fold lower IC5g than the most used
temozolomide in in vitro studies. Several clinical trials evidenced that paclitaxel caused
minimal responses in glioma treatment, due to the presence of a protective structure in the
brain—the blood-brain barrier (BBB) [46-50]. Moreover, the multidrug resistance limits the
clinical applications of paclitaxel drug, due to the presence of P-glycoprotein in NSCLC
cell membrane and BBB [40]. One possible approach is to use a vehicle like PAMAM
dendrimers that deliver paclitaxel, fulvestrant, and lapatinib across BBB. PAMAM den-
drimers are symmetric, hyperbranched, polymeric macromolecules with polyvalent cores
and dendritic branches, with well-defined nano-sized globular structures. PAMAMSs are
promising vehicles for efficient anticancer drug delivery. Due to the high-density surface
functionalities, PAMAMs allow for the attachment of suitable ligands for cancer targeting,
imaging, and therapy. Moreover, they enhance the solubility and bioavailability of carried
drugs. The nano-size and ability of PAMAMs to interact with plasma proteins drive the
passive targeting through the enhanced permeability and retention effect (see review [51]).
In the case of brain tumors or metastases, anticancer therapeutics often fail, mainly due
to the inability to cross the BBB. As a result, cancer cell drug uptake and drug resistance
occur [52]. In order to eliminate the toxicity of PAMAM dendrimers and increase their
permeability, their amino surface groups are hydroxylated with PEG or glycidol [53,54].

In this study, we used non-toxic, glycidylated fourth-generation (G4) PAMAM den-
drimers as the carrier for paclitaxel (P), fulvestrant (F), and/or lapatinib (L). We have
synthesized four PAMAM conjugates, G4P, G4F, G4L, and G4PFL, and studied their effi-
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ciency in anticancer therapy against ER-positive and EGFR-positive A549 non-small-cell
lung cancer and U-118 MG glioma cells, and comparatively with ER-positive and EGFR-
positive immortalized, non-cancerous human keratinocytes (HaCaT). We hypothesized
that the G4PFL conjugate components would have an additive or even synergistic effect.

Potential anticancer therapeutics require also characterization of toxicity and mu-
tagenicity in vivo. The use of vertebrate-based models should be preceded by tests on
invertebrate animals. The nematode Caenorhabditis elegans is a very attractive animal model
to characterize the properties of anticancer therapeutics. The small size, ease of handling,
and possibility of genetic modification of C. elegans provide a sophisticated in vivo platform
that combines the technical advantages of a microorganism with the greater biological
complexity of a multicellular organism [55,56]. C. elegans has been used successfully to test
the activity of EGFR tyrosine kinase inhibitors [57], selective estrogen receptor degraders
(SERDs) [58], and microtubule-stabilizing drugs [59]; therefore, the biological activity of the
synthesized constructs was studied also in vivo on C. elegans. Additionally, its usefulness
as a model for mixture toxicity testing was confirmed [60].

2. Results and Discussion
2.1. Syntheses and Characterization of Dendrimer Conjugates

The conjugates of three anticancer drugs, paclitaxel (P), fulvestrant (F), and lapatinib
(L), were obtained by attachment of functionalized drugs by amide bonds into primary
amine groups of PAMAM G4 (Figures 1 and S1A-C).

c

Figure 1. The schematic illustration of FITC single labeled PAMAM G4 conjugates with P (c), F (b),
and L (a), covered with R-glycidol (d,e). The formula of fluorescein attached to G4 core is omitted for
clarity. G4P:a,b=0;c=4;d =50;e=9; G4F:a=0;b=13;c=0;d =14;e=36; G4L:a =13;b,c = 0;
d=35,e=15G4PL:a=10;b=0;c=4;d =49;e=0; G4PF: a=0;b=10; c = 4; d = 49; e = 0; G4PFL:
a=11;b=11; c=4; d = 37; e = 0. For details on synthetic pathways, see also Figure SIA-C.

Thus, P was converted into 2’-O-succinate (P-suc) as described in [61] and the latter
was activated with 1-methyl-2-chloropyridin iodide and linked into PAMAM G4 by an
amide bond to get G4 substituted with average four P-suc residues (G4*T) as described
before [61] (Figure S1A). The conjugate was labeled with one FITC and the remaining
primary amine groups were converted by the addition of R-glycidol to obtain G4*4P10%,
This conjugate was characterized by the 'H NMR spectroscopy (Figure 2A).
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Figure 2. The 'H NMR spectra of the conjugates in DMSO-dg: (A)—G4*P10%! (B)—G4*13185],
(C)—G4r13F6dgl (D) Ga#PHIFLIP74gl Eor atom numbering see Figure 1. The residual CD;SOCD,H
resonance is labeled with asterisk.

The conjugates of L and F with PAMAM G4 were obtained from
L-N(7)-(p-nitrophenylcarbonate) and F-O(17)-(p-nitrophenylcarbonate), which were adequate
to react quantitatively with primary amine groups of single FITC-labeled PAMAM G4 (G4*), as
described previously for PAMAM G3 [62] (Figure S1B,C). Thus, high-substituted conjugates
were obtained, which were further converted by R-glycidylation into G4*13858! and G4#15F64l
derivatives. The stoichiometry of conjugates was determined by the "H NMR spectroscopy
(Figure 2B,C, respectively) by comparing the intensity of the PAMAM G4 resonance at 2.2 ppm
(corresponding to [248H] internal reference) and resonances of 3’ P_H ([4H]) in the case of
G4+P10%l 3L_H ([13H]) in the case of G4*135%8!, and 1F-H ([13H]) in the case of G4*13F6%!. The
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number of 2,3-dihydroxypropyl substituents (gl) was determined by the integration of 28! and
38! resonances in the 3.3-3.6 ppm region.

The ternary conjugate, containing 4P, 111, and 11F residues was obtained from G4*4
conjugate by reaction with NPCF-activated equimolar mixture of L and F followed by
R-glycidylation. The stoichiometry of the product, G4*P11F11F74gl yas determined by the
IH NMR spectroscopy, while spectral assignment was performed with corresponding
1H-13C heteronuclear HMQC and HMBC NMR experiments (Figure 2D and Figure S2D).

For further discussion the abbreviations for primary, secondary, and tertiary conjugates
were simplified as follows: G4P—(G4*4"1098l) GAF—~(G4*1318%8l), GAL~(G4*1315%8!), G4PF-
(G4**P10F98gly | GAPL—(G4**P101988]y and G4PFL—-(G4**"11F11P748l) 55 described in the first
column of Table 1.

Table 1. The composition and some properties of the conjugates of PAMAM G4 with lapatinib (L),
fulvestrant (F), paclitaxel (P), and glycidol (gl). Solutions in dmso-dg. * means one equivalent of FITC
attached through thiourea bond. Size and zeta potential were determined by DLS method. SD stands
for standard deviation.

% MW Size (SD) Polydispersity ¢ (SD)
Sanjugate [kDal [nm] Index PDI (SD) [mV]
Ga126g]
ca 19.1 5.12 (0.25) 0.080 (0.002) 4.35 (0.28)
G4*4P109gl
4P 26.4 99.20 (7.28) 0.134 (0.016) 13.57 (0.43)
G4*13F64gl
GAF 27.6 138.23 (6.24) 0.155 (0.022) 38.02 (0.54)
G4+13L85gl
i 288 113.13 (4.64) 0112 (0.014) 40.29 (0.74)
G4P10L98g]
G4PL 31.7 95.20 (4.46) 0.125 (0.010) 19.92 (0.53)
G4+4P10F98g]
e 32,0 113.41 (5.48) 0.128 (0.015) 29.29 (0.72)
G4+4P11FI1L74g]
oy 375 105.47 (5.39) 0.159 (0.018) 34.33 (0.65)

The primary, secondary, and tertiary conjugates were well soluble in DMSO-dg (up to
5 mM concentration). The hydrodynamic diameter of obtained materials was determined
for 1 uM aqueous solutions in water and in phosphate buffer pH 5. The diameter of single-
FITC labeled perglycidylated carrier (G4*'268!, Table 1) without attached hydrophobic drug
molecules was found ca 5 nm in water, which is ca 0.5 nm larger than for commercially
available PAMAM G4. We found that all conjugates were associated with water (Table 1).

The size of nanoparticles was at least one order of magnitude larger than expected for
mono-molecular dispersion (about 5 nm diameter). The number-averaged diameters of
conjugates (d(N)) are listed in Table 1. The volume-averaged diameters were significantly
larger due to relatively high polydispersion (PDI > 0.1) (Table S1). Furthermore, the size
of nanoparticles in phosphate-buffered dispersion pH 5 was different, presumably due to
the protonation of PAMAM G4 internal tertiary amine groups. Eventually, all associates of
conjugates indicated highly positive zeta potential at pH 7 (Tables1 and S1), which grew
even higher at pH 5 (Table S1). The change of nanoparticle size in pH 5 was observed
particularly in the case of G4L and G4F, which showed PDI > 0.23 and complicated pattern
of d(V) ranging from 40 to 1000 nm particles (Table Sla,b). Generally, d(V) diameters were
considerably higher than d(N) diameters for all conjugates (Figure S3). Another parameter
showed regular behavior, namely zeta potential, which was considerably higher in acidic
(pH 5) conditions than in neutral water (Table S1, Figure S4). This was attributed not only
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to the protonation of macromolecules in nanoparticles, but also to different nanoparticle
sizes. The size of associates was stable (Figure S5A-C) in water. However, in the case of
GA4F further association of macromolecules upon pH decrease from 7 to 5 was striking
(Figure S5D).

2.2. Cellular Accumulation

Three cell lines were selected as a therapeutic target for the glycidylated PAMAM
G4 conjugates with paclitaxel, fulvestrant, and/or lapatinib: A549 non-small-cell lung
cancer, U-118 MG glioma cells, and comparatively non-cancerous, immortalized human
keratinocytes. It was reported that A549 and HaCaT cells express estrogen receptors: ERx
and ERp [63,64]. EGFR is overexpressed in A549 cells [65] and expressed in HaCaTs [66].
Although there is a lack of information concerning ER expression in U-118 MG glioma cells,
in cytogenetically similar U-138 MG glioma, ER expression was identified [67]. U-118 MG
glioma cells express EGFR (about 85% of cells) and HER2 (about 20% of cells) [68]. Therefore,
these cell lines were proper models of cancerous or non-cancerous cells for testing.

One of the most important properties of a drug carrier is its ability to effectively
penetrate cells. As we showed earlier, PAMAM dendrimers flanked with R-glycidol
residues were non-toxic up to 300 uM concentration and efficiently penetrating carriers,
with selectivity to cancer cells (SCC-15) against HaCaTs [53]. Physicochemical properties,
such as particle size, shape, and surface charge, play a key role in the cellular uptake of
nanoparticles [69]. Fluorescently labeled G4P, G4F, G4L, and G4PFL were taken up and
accumulated inside all tested cell lines in the cytoplasmatic area, but not in nuclei already
at low, nanomolar concentrations (Figures 3 and 4).

10,000
G4P G4L
& Asdg z
B U-118 MG Q|2 80007 ;e
B HaCaT 7 § B U-118 MG
8 6000 - M HaCaT
/ 3 /
/ g
/
3 4000 “
2 w /‘
// g / ?
/ = £ 2000
5 3 /_m/ /
g B9 | | S
20 80 320 0 6.25 25 100 400 1600
G4F 2400
£ 2200 G4PFL
S 2000t
O A549 0 A549
B U-118 MG | 8 1800f gmumsme
W HaCaT P S 1600 MHaCaT
- @ 1400
/] $ 1200
/ 7
/ . 3 1000 /
" B 'S 800
T 3
4 g } 2 600
=2 1 S 400 &
&F R
e i 2 200 P ey
g e 0 s.t*ﬂ'n"s”l" ’. '
0 625 1250 2500 5000 10,000 0 156 6.25 25 100 400

Concentration [nM] Concentration [nM]

Figure 3. Cellular accumulation of G4P, G4F, G4L, and G4PFL FITC-labeled PAMAM dendrimer
conjugates in A549, U-118 MG, and HaCaT cells after 48 h of incubation. Results were expressed as
relative fluorescence units for the same number of cells. Bars indicate medians, whiskers first and
third quartile.
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G4F

G4L

Figure 4. Images from fluorescence microscopy presenting cellular accumulation of fluorescently
labeled G4P, G4F, G4L, and G4PFL conjugates after 48 h of incubation with similar values of nanomolar
concentrations (described in parentheses). Green signal indicates FITC-labeled conjugates. Scale bar

is equal to 50 um.

An important factor affecting the ability of nanoparticles to penetrate cells is the value
of their zeta potential [69]. Nanoparticles should have a positive zeta potential to penetrate
the negatively charged cells efficiently [70]. DLS measurements showed that the tested
nanoparticles had positive zeta potentials in the range of 13.57-40.29, which is proper for
active penetration into the cells. It is worth mentioning that the glycidylated PAMAM G4
dendrimer average diameter is equal to 6.21 nm. All studied conjugates had a diameter
in the range of 99.20-138.23 nm; therefore, we concluded that they were associated with
water, which was probably a factor limiting their uptake.

Among all cell lines, HaCaT cells showed the highest uptake and accumulation of all
conjugates (Figure 3). A slightly weaker degree of absorption was observed in cells from
lines A549 (G4P and G4PFL) and U-118 MG (G4F and G4L). Due to the use of different

concentrations of drugs, it is difficult to compare the absorption of individual conjugates.

However, if we focus on the analysis of the fluorescence intensity of conjugates in the range

of 320-625 nM concentrations (about 400 nM) (Figure 3), we can notice some patterns.

Keratinocyte cells accumulated similar amounts of all conjugates used. G4F conjugate
was stronger absorbed in glioblastoma than G4P and G4PFL, which may be related to
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drug resistance and efflux, due to the presence of paclitaxel, since glioma cells express
P-glycoprotein responsible for this phenomenon [71,72]. Similarly, non-small-cell lung
cancer absorbed mainly G4F and least G4P.

In this study, we have used a glycidylated dendrimer, which was supposed to reduce
the uptake of conjugates by HaCaT cells, compared to the tumor cells [53]. Differences in the
degree of absorption of individual conjugates are difficult to explain, as they may be related
to ER-mediated endocytosis [73] or EGFR-mediated endocytosis (mainly clathrin-mediated
endocytosis) [74,75] and the processes of regurgitation by P-glycoprotein, which are present
in the tested cell lines [72,76]. The possibility of penetration of the studied nanoparticles by
clathrin-mediated endocytosis is confirmed by the fact that it concerns nanoparticles with a
diameter of approx. 100-150 nm. This was the diameter of the aggregates of all studied
conjugates (Table 1). Additionally, fast endophilin-mediated endocytosis (FEME) was
recently discovered, which is a non-constitutive process that is triggered upon activation
of specific receptors including EGFR, and the conjugate of paclitaxel to human albumin is
internalized by the cells through caveolae-mediated endocytosis [77].

2.3. Cytotoxicity

Cytotoxicity of studied compounds was estimated with two different tests—neutral
red assay (NR) and tetrazolium salt assay (XTT). The more sensitive NR assay indicated
that among drugs alone the most effective in cell killing was paclitaxel with the ICsy equal
to 50.35, 55.56, and 2.53 nM for A549, U118 MG, and HaCaT cells, respectively (Figure 5).
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Figure 5. Cytotoxicity of paclitaxel (P), fulvestrant (F), lapatinib (L), and their conjugates with
glycidylated PAMAM dendrimers G4P, G4F, G4L, and G4PFL against human cells: non-small-cell
lung carcinoma (A549), glioma cells (U-118 MG), and immortalized keratinocytes (HaCaT) after 48 h
incubation, estimated with an NR assay. Cell viability is expressed as median of a percent against
non-treated control (control expressed as 100%). The whiskers are the lower (25%) and upper (75%)
quartile ranges. * p < 0.05; Kruskal-Wallis test (against non-treated control).
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Lapatinib showed a weaker effect with meaningly higher values of IC5) coefficients
equal to 1.67, 14.9, and 6.2 uM (Table 2). Fulvestrant was not toxic to any of the tested
cell lines up to 100 micromolar concentration, which was described by others for A549
cells [78].

Table 2. The half maximal inhibitory concentration (ICs5) values determined following 48 h of
treatment of A549, U-118 MG, or HaCaT cells with paclitaxel, fulvestrant, lapatinib, and their
conjugates with glycidylated PAMAM G4 dendrimers G4P, G4F, G4L, and G4PFL: p—concentration
of introduced P; f—concentration of introduced F; I—concentration of introduced L. The values of
ICsy were calculated with AAT Bioquest ICs calculator [79].

IC50 [nM] NR Assay

A549 U-118 MG HaCaT
Paclitaxel 50.35 55.56 2.53
Fulvestrant >>100,00 * >>100,000 * >>100,000 *
Lapatinib 16,701.61 14,878.63 6150.48
G4P >320* 25.28 1.63
>1280* p 10112 p 6.52p
C4F >1000 * >10,000 * 2927.15
>130,000 * f 130,000 * f 38,052.97 f
G4l 1324.05 54,395 57.87
17,212.751 6527.41 765311
=400 * 78.70 9.53
G4PFL >400* p 314.80 p 38.12p
>4400 * f1 865.70 f1 104.83 f1
IC50 [nM] XTT Assay
>320 3.14 0.99
GiE >1280*p 1256 p 3.96
CAF >20,000 6062.64 1282.15
>260,000 f 78,814.32 f 16,667.95 f
car 3885.91 1147.86 76.90
B 50,516.83 1 14,922.18 1 999.70
>1600 945 2.00
G4PFL >6400 p 37.80 p 8.00 p
>17,600 fI 103.95 f1 22.0011

* cell viability was over 50% in tested range concentration. Lower IC50 values of appropriate conjugates are
marked in red (comparison of NR and XTT assay).

Obtained results of toxicity are rather consistent with those reported by others. ICs
of paclitaxel for A549 and U-118 MG cells after 48 h incubation was equal to 11.0 and
21.1 nM, respectively [80,81]. ICsp of fulvestrant for A549 after 48 h incubation was over
10,000 nM [78]. In the case of lapatinib, IC5y was in the range of 5000-10,000 nM for A549
(48 h incubation), 8000 nM for U-118 MG, and 200 nM for HaCaT (72 h incubation) [82-84].

The degree of absorption of the tested conjugates was reflected in the toxicity induced
by them in particular cell types. The most sensitive HaCaT cells accumulated the highest
level of all dendrimer conjugates. Glioma cells took mainly G4L and G4F conjugates,
which caused a stronger effect than in lung cancer. A549 cells were more destroyed than
glioma cells due to the highest uptake of G4P and G4PFL conjugates. One of the desired
effects of dendrimers is to enhance the action of drugs attached to them. In our study,
the binding of 13 residues of F to the glycidylated PAMAM G4 dendrimer resulted in an
approximately 2-fold decrease in ICsp values for HaCaT dermal keratinocytes (comparing
the concentration of introduced drugs). Such an effect was not observed in the A549 cell
line, where a decrease in cell viability under 50% was not noticed. The paclitaxel-containing
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conjugate did not induce a decrease in cell viability with increasing concentrations in
HaCaT and A549 cells. This phenomenon was described previously as characteristic of
paclitaxel [85].

In the case of lapatinib conjugate, its action was 2- and 8-fold stronger against glioma
and keratinocyte cells, respectively, than the equivalent of lapatinib alone (Figure 5 and
Table 2). Substitution of modified G4 PAMAM dendrimer vehicle with 4 residues of P
resulted in about 2-fold lower attenuation of the conjugate effect compared to the drug
alone for HaCaT and U-118 MG cell lines, and even 25 fold for A549 cells (Figure 4). In
the remaining cases, the effect of conjugates was proportional to the concentration of the
introduced drugs.

We also assumed that G4PFL conjugate containing all three tested drugs would en-
hance the therapeutic effect. The G4PFL compound was more efficient in killing the tested
cells than the G4F and G4L conjugates, but less than G4P. It can therefore be presumed that
its effectiveness came mainly from the attached paclitaxel residues.

The lower activity of G4PFL than G4P may be caused by the differences in diam-
eter and physico-chemical properties of both conjugates. G4PFL contains as many as
26 molecules of drugs with highly hydrophobic properties on the surface, which signifi-
cantly cover glycidol residues, which are responsible for the effect of selectivity to cancer
cells, and have a high nanoparticle diameter of 105.47 nm. The nanoparticles of G4P are
smaller (99.20 nm in diameter) and can penetrate more easily than those of G4PFL. The
GA4F with the largest diameter (138.23 nm) penetrated weakest. However, the G4L conju-
gate with a diameter of about 113.13 nm was not more potent than G4PFL. It is therefore
necessary to conclude that the activity of the tested conjugates is related to the combined
effect of their nanoparticle size and the activity of the drugs attached to them.

The more sensitive NR assay measures lysosomal integrity, which is the indicator of cell
health [86]. The second assay used, the reduction of tetrazolium salts (XTT), evaluates the
reducing properties of trans-plasma membrane electron transport including the activities
of mitochondrial oxidoreductases; therefore, it is a good indicator of the mitochondria
condition [87]. The results obtained with the XTT assay revealed a similar toxicity pattern
as the NR assay (Figure 6).

Comparing the ICs5) values, it can be observed that the conjugate with lapatinib
(G4L) more strongly disturbed the condition of lysosomes and cell membranes, while the
conjugates with paclitaxel and fulvestrant affected the dysfunction of mitochondria mainly
by changing the activity of mitochondrial oxidoreductases (Table 2).

2.4. Proliferation

Microscopic observations during NR assay indicated that studied conjugates not only
destroyed and killed cells, but also inhibited their proliferation. In order to confirm the
anti-proliferative effect of the conjugates used, a proliferation test consisting of measuring
the amount of DNA, which is proportional to cell number, was performed [88]. Paclitaxel,
fulvestrant, and lapatinib are well-established anti-proliferative agents [45,89,90]. All
studied cell lines were incubated for 72 h with G4P, G4F, G4L, and G4PFL solutions to test
their anti-proliferative effects, since doubling time of A549, U-118 MG, and HaCaT was
equal 20, 35, and 24 h, respectively.

The greatest reduction in proliferation was observed in HaCaT cells, where G4P was
most active, causing an 80% decrease in cell number from 1.25 nM concentration compared
to the untreated control. The G4PFL and G4L performed lower activity, and G4F was the
weakest one (Figure 7).
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Figure 6. The influence of G4P, G4F, G4L, and G4PFL on A549, U-118 MG, and HaCaT on cell viability
after 48 h treatment, estimated with an XTT assay. Cell viability is expressed as medians of a percent
against non-treated control (control expressed as 100%). The boxes are the lower (25%) and upper
(75%) quartile ranges, whiskers indicate minimum and maximum. * p < 0.05; Kruskal-Wallis test
(against non-treated control).
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Figure 7. Anti-proliferative action of G4P, G4F, G4L, and G4PFL against A549, U-118 MG, and HaCaT
cell lines after 72 h of incubation. Results are presented as medians (percentage of non-treated control).
Whiskers indicate the lower (25%) and upper (75%) quartile ranges. * p < 0.05, Kruskal-Wallis test
(against non-treated control).
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Lung adenocarcinoma A549 cells were significantly less inhibited, with G4P showing
the highest activity, followed by G4PFL, G4L, and G4F, respectively. The G4L conjugate even
increased the proliferation up to 20% at 100 and 400 nM concentrations. The phenomenon
of proliferation promotion induced by lapatinib was described before for breast cancer
cells [91]. The U-118 MG glioma cells did not respond to either G4P or G4F in the tested
concentration range. G4PFL inhibited slight proliferation only at 25 nM concentration by
20%. G4L stopped cell growth to nearly zero already from a high 1600 nM concentration,
and a similar pattern of activity to that of A549 cells was seen (Figure 7).

In conclusion, the toxicity profile of all tested conjugates against HaCaT and A549
cells was connected rather with the anti-proliferative action of the studied compound.
Meanwhile, in glioblastoma, cytotoxicity was associated with cell damage via impaired
mitochondrial activity and ATP levels as demonstrated in the NR and XTT assays. Only
the cytotoxic effect of G4L was anti-proliferative (compare Figures 5-7).

2.5. Effect on the Worm Survival

Today, anthelmintic drugs are considered to be potentially repurposed anticancer
drugs. For example, it was indicated that flubendazole inhibits tubule polymerization
and angiogenesis stimulate apoptosis, ferroptosis, autophagy, and cancer stem-like cell
killing and tumor degeneration [92]. The opposite effect is also possible—anticancer
drugs (especially those without too strong side effects) may become anthelmintic agents in
lower doses. Caenorhabditis elegans responds to estrogenic hormones and possess estrogen
receptor [93,94]. Also, EGER receptors were found in C. elegans [95,96]. Therefore, it
seems that PAMAM G4 conjugates with estrogen receptor degrader (fulvestrant) and
epidermal growth factor receptor inhibitor (lapatinib) may potentially be a way to create
the anthelmintic drugs.

Caenorhabditis elegans viability was assessed after seven days of incubation with G4P,
G4F, G4L, and G4PFL. Results indicated that all used conjugates were highly toxic at
studied concentrations. The lower toxic effect was observed after G4P treatment with LCsg
over 24 uM concentration (Table 3).

Table 3. The half maximal lethal concentration (LCsp) values determined following 7 days treatment
of Caenorhabditis elegans with G4P, G4F, G4L, and G4PFL. Presented values were calculated with AAT
Bioquest LCs calculator [79].

Compound LCsg [uM]
Mebendazole 4.00
G4P >24.00
G4F 12.50
G4L 14.80
G4PFL 6.75

Seven days of incubation caused a statistical decrease of nematode viability of over 40%
at 6 and 12 uM concentrations. The number of viable individuals did not differ drastically
between used concentrations of G4P, with the exception of 12 and 6 uM concentrations,
where sharp decreases in viability occurring on the second and third day of incubation
were observed, respectively (Figure 8).
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Figure 8. The Kaplan-Meier survival curves of C. elegans after 7 days of incubation with G4P, G4F,
G4L, and G4PFL. Results are presented as cumulative proportion surviving. Statistically significant
differences against DMSO-treated control obtained in Gehan’s Wilcoxon test are marked with asterisks
*(p < 0.05) in the colors corresponding to the tested concentrations.

The G4F and G4L decreased the C. elegans viability stronger, with LCsy equal to
12.50 and 14.80 pM, respectively. The most toxic concentration of fulvestrant was 15 uM
during six days of observation, with the highest mortality at 30 uM concentration of
GA4F on the last day of the experiment. G4L induced lowering of nematode viability
with increasing drug concentrations. The highest drug concentration (30 uM) caused a
decrease in viability to 37.5% after 7 days of incubation. The G4PFL was the most toxic
conjugate with 6.75 uM LCsy after seven days of incubation, and its toxicity was only
slightly weaker than a common anthelmintic drug, mebendazole (LCsy = 4.0 uM). The
highest, 10 uM concentration of conjugate containing all three used drugs caused a lowering
of the C. elegans viability to below 20% (Figure 8). Thus, an additive effect of the drugs
attached to the G4PFL multi-component conjugate can be seen.

Morphological and behavioral changes during observation were also noticed in the
case of all used conjugates, which were the most visible in the group treated with G4F, and
the least for G4F. Most often, the degradation and deformation of internal organs, as well
as a reduction of nematode motility sometimes similar to convulsions were observed. In
the G4P group, degradation occurred mainly on the side of the head and the nerve ring.
In G4F degradation, it was more frequent from the tail side. G4L (at 7.5 uM and 30 uM
concentrations) deformed cuticle and internal organs. These changes are visible for the
most part throughout the body of the nematodes. In addition, the nematode body seemed
to shrink inside the cuticle, and a molting process was also observed (Figure 9).
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Figure 9. Morphology of C. elegans incubated for 7 days with glycidylated G4 PAMAM dendrimers.
Red arrows show shrinked and molting individuals (cuticular molt). A decrease in body length of ap-
proximately 30% in the conjugate-treated groups in comparison to non-treated control is also visible.

It can also be assumed that shrinking was part of molting. This was proven by
observing the same individual for two consecutive days. On the first day, shrinkage was
visible, but on the next day, there was no cuticle, which had already separated from the
nematode’s body. This process should not take place at this stage of a nematode’s life and
probably was caused by conjugates since adult nematodes do not molt [97].

All studied conjugates caused a significant reduction of nematode length for about
1.3-1.7 fold. The body size of nematodes depends on genetic and environmental factors [98].
Post-larval C. elegans size is related to the process of endoreduplication that occurs in the
hypodermis [99]. Mature C. elegans continues to grow in the absence of cell divisions [100].
It can be concluded that the tested drugs impact the pathway associated with cell growth,
by degrading the epidermis and affecting the hypodermis. Nematode cuticles mostly
consist of collagen (more than 80%) [101]. It has been shown that epidermal collagen genes
can act as positive regulators, dose-dependent regulators, and negative regulators of body
size [102]. In connection with the damage to the cuticle, which was observed, disruption of
epidermal gene expression may caused inhibition of C. elegans growth.

Conclusions: Obtained conjugates efficiently penetrated all tested cells at relatively
low concentrations, despite the fact that they formed associates. Due to their properties
and presence of glycidol, they have the potential to become drugs in the treatment of
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brain tumors, not only such as glioblastoma, but also lung cancer, which has the ability to
metastasize to the area of the central nervous system.

The activity of the tested G4P, G4L, and G4PFL conjugates was high already at nanomo-
lar concentrations, but targeting them to the tumors expressing ER or EGFR destroyed not
only tumor cells, but also non-tumorogenic ones, showing the presence of these receptors.
Therefore, not only the desired effects, but also the side effects of such therapy should
be considered.

The most promising seems to be the G4L conjugate, which showed 2- and 8-fold higher
toxicity against glioma and HaCaT cells, respectively, than the equivalent of lapatinib alone.
The tested conjugates (especially G4PFL) could be also considered for anthelmintic therapy
since they caused significant damage and mortality to C. elegans—model nematodes for
these diseases.

3. Materials and Methods
3.1. Dendrimer Synthesis and Characterization

All the chemicals used during the synthesis of PAMAM G4 dendrimer and its conjugates
were purchased from Merck KGaA (Darmstadt, Germany). PAMAM G4 dendrimer was
obtained at a 2 millimolar scale according to the procedure published by Tomalia et al. [103]
and stored as a 15 mM solution in methanol to obtain conjugates with fulvestrant, paclitaxel,
and lapatinib (AmBeed, Arlington Hts, IL 60004, USA). Further, 4-nitrophenyl chloroformate
(NPCEF), 2-fluorescein isothiocyanate (FITC), 4-dimethylaminopyridin (DMAP), and 1-methyl-
2-chloropyridinium iodide (pyl) were purchased from Merck KGaA (Darmstadt, Germany).
Spectra/Por® 3 RC dialysis membrane (cellulose, MW og—3.5 kDa) was provided by Carl
Roth GmbH & Co., KG (Karlsruhe, Germany).

3.1.1. Spectroscopy

The 'H, 13C NMR 1D, and 2D spectra (‘*H-'H COSY and 'H-*C HSQC and HMBC)
were recorded with Bruker 300 MHz instrument (Rheinstetten, Germany).

3.1.2. Conjugate Size and ¢ Potential

Dynamic light scattering (DLS) and ¢ potential of PAMAM conjugates were measured
atpH 5 (in 0.05 M acetate buffer) and in water using Zetasizer Nano ZS instrument (Malvern,
UK) at the concentration of 1 mg/mL (ca 0.05 mM solutions), as previously described [62].

3.2. Syntheses of Conjugates
3.2.1. Conjugates of Paclitaxel (P), Lapatinib (L), and Fulvestrant (F) (Primary Conjugates)

Inorder to covalently attach P, L, and F the drugs were converted as follows: (a) 68.3 mg
P (80 umoles) was dissolved in 2 mL DMSO followed by the addition of 9.6 mg succinic
anhydride (96 pmoles) in 100 pL pyridine. The mixture was heated at 60 °C for 12 h. Then,
to this solution, 29.3 mg DMAP (240 pmoles) and 30.6 mg 2-chloro-1-methylpyridynium
iodide (120 pmoles) were added while vigorously stirring and left for 4 h in darkness.

Then, activated paclitaxel succinate was added dropwise into 284.3 mg PAMAM G4
in 1 mL methanol. The mixture was left overnight at room temperature, transferred into a
dialytic tube (cellulose; MW ot = 3.5 kDa), and dialyzed for 3 days against water. The
solution from the dialytic bag was transferred into the round bottom flask, water and
other volatiles were removed on a rotary evaporator (pressure 10 mbar), and the solid
residue was then dried for 12 h under 0.1 mbar pressure and characterized by the 'H NMR
spectroscopy. The macromolecular product was identified as G4 substituted with four P
equivalents attached by an amide bond through a succinate linker, G4*". This product was
further labeled with one equivalent of FITC (attached through thiourea bond) in methanol
(5 mL) and then the remaining amine groups were reacted with R-glycidol (200 uL) at
ambient temperature for 36 h. The final product was dialyzed and dried as before. Based
on the 'H NMR spectroscopy, the primary paclitaxel conjugate average stoichiometry
corresponded to 4 succinate paclitaxel, 1 fluorescein, and 104 2,3-dihydroxypropyl residues,
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G4*#P104gl - The theoretical molecular weight for the G4*4"1%48! was 17.47 kDa. Yield:
151.8 mg (8.68 umoles); 43.4% calculated for starting G4.

PAMAM G4 dendrimer was single labeled with FITC (G4*) at 100 umolar scale and
stored in methanol solution for further syntheses of primary and ternary conjugates.

Lapatinib and fulvestrant were both functionalized by condensation with acid chloride,
NPCE, as described elsewhere [56]. Briefly, 116.2 mg L (200 umoles) was dissolved in 4 mL
CHCl3 and 50 pL pyridine. After dissolution of L 45.0 mg NPCF was added and the mixture
was refluxed for 1 hr. Then, volatiles were removed under reduced pressure and the solid
residue was dissolved in 1 mL DMSO. The N-7 functionalized L was added dropwise into
141.9 mg G4* (10 umoles) in methanol (1 mL). The reaction mixture was left at 45 °C in
darkness for 12 h and the product was worked up by dialysis followed by evaporation
of volatiles. Then, the conjugate was dissolved in methanol (255.7 mg in 5 mL), 170 uL
of R-glycidol was added and the mixture was left at room temperature for 30 h. After
dialytic purification and drying 247.8 mg of solid product was collected and identified as
G4*13L608l by the TH NMR spectroscopy. The theoretical molecular weight for the G4*13L85!
is 25.26 kDa. Yield: 247.8 mg (9.8 umoles); 98% calculated per starting dendrimer.

Fulvestrant (121.4 mg; 200 umoles) was dissolved in 2 mL CHCl3 and 50 uL pyridine;
44.3 mg NPCF (220 umoles) was added into the solution and refluxed for 1.5 h. Afterward,
volatiles were removed and the solid residue dissolved in 1 mL DMSO. This solution was
added dropwise into the solution of 252 mg G4* (17 pmoles) and the mixture was left
at 45 °C overnight. The conjugate was purified by dialysis, then dried and dissolved in
methanol. To this solution, 170 uL of R-glycidol was added and the mixture was left at
room temperature for 30 h. Then, the mixture was dialyzed against water as previously,
the solid residue was dried under reduced pressure and the product was characterized
by the 'H NMR spectroscopy as G4*137648! (theoretical MW = 30.0 kDa). Yield: 279.2 mg
9.32 umoles; 54.8%.

3.2.2. Binary and Ternary Conjugates of G4* with Paclitaxel, Lapatinib and Fulvestrant

The G4**" was a substrate for further syntheses to obtain binary and ternary conjugates
with L and E. Other substrates, namely L and F (200 umoles both; 116.2 mg and 121.3 mg, re-
spectively) were activated with NPCF (20% molarexcess) as described above and dissolved
in DMSO (20 mM solutions). The binary conjugates were obtained by addition of 2.1 mL
solution of activated F (or L) into 70 mg of G4*#" (3.8 umoles; MW = 18.3 kDa) in 1 mL
DMSO, while the ternary conjugate was obtained by addition of 2.1 mL of both F and L into
70 mg of G4**" in 1 mL DMSO. Three separate mixtures reacted for 24 h at 45 °C, then trans-
ferred into dialytic tubes, purified as before, and then dissolved in methanol. Next, 200 uL
of R-glycidol was added to these semi-products, and the mixtures were left for 2 days at
room temperature. Further solvents and excess of R-glycidol were evaporated, and solid
products dissolved in methanol and dialyzed against water as before. The solid products
were isolated and characterized by the 'H NMR spectroscopy. Thus, the following bina
and ternary conjugates were identified as G4*4P10L98gl G4*4P10F8gl 51y G4#4PTILIIF74gl,
Theoretical molecular weights were 31 713 Da, 31 971 Da, and 37 529 Da, respectively. The
products were isolated with the following yields: 88.9 mg G4*4T10L9%8gl (2.8 imoles; 73.7%),
95.7 mg G4*4P105988l (3.0 pmoles; 78.9%), and G4*4P1ILF74gl (3.1 ymoles; 81.6%).

3.3. Biological Studies
3.3.1. Biochemical Reagents, Cell Lines and Materials

Human cell lines: lung carcinoma epithelial cells (A549) and glioblastoma (U-118
MG) were purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Human immortalized keratinocytes (HaCaT) were provided by Cell Lines Service
(Eppelheim, Germany). Dulbecco’s Modified Eagle’s Media (DMEM) and fetal bovine
serum (FBS) were purchased from Corning Inc. (New York, NY, USA). Penicillin and
streptomycin solution, phosphate-buffered saline (PBS) with and without magnesium
and calcium ions, and Hoechst 33342 were provided by Thermo Fisher Scientific Inc.
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(Waltham, MA, USA). Trypsin-EDTA solution, hydrocortisone and 0.33% neutral red
solution, phenazinemethosulfate (PMS), 0.4% trypan blue solution, dimethylsulfoxide
(DMSO) for molecular biology, 5-Fluoro-2'-deoxy-uridine (FUdR), and other chemicals and
buffers were purchased from Merck KGaA (Darmstadt, Germany). The XTT sodium salt
was provided by Cayman (Ann Arbor, MI, USA). Cell culture dishes and materials were
from Nunc (Roskilde, Denmark) or Corning Inc. (New York, NY, USA). Reagents used to
culture C. elegans nematode were supplied by Sigma-Aldrich (Saint Louis, MO, USA) or
Carl Roth GmbH & Co., KG (Karlsruhe, Germany).

3.3.2. Cell Cultures

Three human cell lines: A549 (non-small-cell lung cancer cells), U-118 MG (glioblas-
toma multiforme, grade IV), and HaCaT (immortalized keratinocytes) were grown in
DMEM supplemented with heat-inactivated 10% FBS and 100 U/mL penicillin and 1%
streptomycin solution. Cells were cultured at 37 °C in a humidified 95% air, 5% CO, with
growth media changed every 2-3 days. Cells were passaged at 70-85% confluence with
0.25% trypsin—-0.03% EDTA in PBS without calcium and magnesium ions. The morphology
of cells was checked under a Nikon TE2000S Inverted Microscope with phase contrast
(Tokyo, Japan). The number and viability of cells were estimated by a trypan blue exclusion
test using an Automatic Cell Counter TC20 (BioRad Laboratories, Hercules, CA, USA).
The working solutions of the synthesized dendrimer conjugates and the drugs alone were
prepared in cell culture media with an adjusted concentration of DMSO (not higher than
0.1%). Control samples with non-treated cells in a complete culture medium with adjusted
DMSO concentration were included in all biological assays.

3.3.3. Toxicity Assays

Neutral red (NR) and XTT assay, A549, U-118 Mg, and HaCaT cells, were seeded in
flat-bottom 96-well culture plates at a density of 1 x 10* cells/well (100 L cell suspension
per well) and allowed to attach for 24 h. After cell culture removal, the studied conjugates
of dendrimers or drugs alone were added in the range of increasing concentrations (100 pL
cell per well) and cells were treated for 48 h at 37 °C. Then, the neutral red assay or XTT
assay was performed as described earlier [104].

3.3.4. Proliferation Assay

The impact of studied compounds on cell proliferation was estimated with DAPI
staining. The 4 x 10° cells per well were seeded into flat, clear bottom 96-well plates and
stored in an incubator for 24 h at 37 °C to attach. After growth media removal, cells were
treated with working solutions of studied dendrimer conjugates for 72 h at increasing
concentrations. After plate centrifugation (5 min, 700 x g), the medium was gently removed.
The assay was performed as described [88].

3.3.5. Cellular Accumulation of Labeled Conjugates

Dose-dependent cellular accumulation of studied dendrimer conjugates labeled with
one molecule of fluorescein isothiocyanate (FITC) was performed using a microplate reader.
All the studied cells (A549, U-118 MG, and HaCaT) were cultured as described in the
proliferation protocol. Next, FITC-labeled conjugates were diluted in a complete culture
medium with 10% FBS. Cells were treated in a range of increasing concentrations of
dendrimers for 48 h. After centrifugation and washing with 1x PBS, cells were fixed in
a 3,7% formalin solution, and nuclei were stained with 600 nM 33342 DAPI solution for
1 h. Then, plates were read with the Infinite M200 PRO Multimode Microplate Reader
(TECAN Group Ltd., Ménnedorf, Switzerland) at 485/535 nm (FITC) and 360/460 nm
(DAPI) against blank (wells with cells without conjugates). The fluorescence was expressed
per the same number of cells by DAPI staining. Additionally, images from a fluorescence
microscope (Delta Optical IB-100) were collected.
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3.3.6. Toxicity to Caenorhabditis Elegans

The Caenorhabditis elegans nematode was used to estimate the in vivo activity of the
synthesized dendrimer conjugates with paclitaxel, fulvestrant, and /or lapatinib. Nema-
todes wild-type culture (strain N2, variety Bristol) was maintained at 20 °C on NGM agar
plates with Escherichia coli OP50 strain as a food source. C. elegans culture was synchro-
nized by treatment with hypochlorite. Obtained eggs were left in M9 buffer at 21 °C to
hatch until the next day. Then, L1 worms were placed on NGM plates with E. coli OP50 and
left at 21 °C until reaching the L4 stage (approximately 44 h). L4 worms were transferred to
15 mL falcons by washing NGM plates twice with 5 mL water and centrifuged at 1500 rpm
for 4 min. After supernatant aspiration, the pellet was re-suspended with 5 mL of com-
plete S medium [105] followed by centrifugation. Subsequently, the density of nematode
suspension was assessed according to Scanlan et al. [106]. Worms were suspended in
complete S medium with E. coli OP50 (1:1000), 0.08% cholesterol (5 mg/mL in Et-OH), 1%
penicillin-streptomycin, 1% nystatin, and 100 mM FUdR (at final concentration 200 uM) to
obtain about 20 nematodes in 50 uL. FUdAR was added to sterilize nematodes.

After the transfer of nematodes to a 96-well plate (about 20 individuals in 50 uL), the
solutions of the studied conjugates in a complete S medium were added (50 uL/well). The
maximal DMSO final concentration was equal to 0.5% and had no significant influence on
nematode viability. Five replicates were made for each concentration. The plate was incu-
bated at 21 °C for seven days. During this time, live and dead worms were counted under
the inverted microscope (Delta Optical IB-100). Microscopic images of some morphological
changes were collected and analyzed in Image] 1.49v software to estimate nematodes’
body length.

3.3.7. Statistical Analysis

For the cell culture assays, to estimate the differences between treated and non-treated
control samples, a statistical analysis was performed using the nonparametric Kruskal-
Wallis test.

To analyze differences in nematode viability between the control, the non-treated
group, and the nematodes incubated with conjugates, the Kaplan-Meier estimator was
used. Statistically significant differences between the control and treated groups were
determined with Gehan’s Wilcoxon test. p < 0.05 was considered statistically significant.
All analyses and calculations were performed using Statistica 13.3 software (StatSoft, Tulsa,
OK, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28176334/s1, Figure S1A: scheme of synthesis of PAMAM
G4-paclitaxel conjugate; Figure S1B: scheme of synthesis of PAMAM G4-lapatinib conjugate; Figure
S1C: scheme of synthesis of PAMAM G4-fulvestrant conjugate; Figure S2A: combined HSQC/HMBC
map of PAMAM G4*4"19%8! jn DMSO-dg; Figure S2B: combined HSQC/HMBC map of PAMAM
G4*131858! in DMSO-dg; Figure S2C: combined HSQC/HMBC map of PAMAM G4*13%648! jn DMSO-
dg; Figure $2D: combined HSQC/HMBC map of PAMAM G4*4P11F11P74gl i DMSO-dg; Table S1: the
values of { potential and number- and volume-averaged diameter of conjugate molecules (d(N) and
d(V), respectively, in water and in 0.05 M acetate buffer pH 5 (measured within 1 h after dissolving);
SD, standard deviation; Figure S3: hydrodynamic diameter averaged by volume (d(V)) and by number
(d(N)) of obtained conjugates in water; Figure S4: zeta potential of obtained conjugates measured
in water and phosphate buffer pH 5; Figure S5: the raw data of size distribution measurements of
conjugates in water and in pH 5.
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Lapatinib (L) and fulvestrant (F) are used in targeted anticancer therapies, in particular, against phenotypically
different breast cancer cells. L, a dual inhibitor of EGFR and HER2 tyrosine kinases, is active against HER2-
positive breast cancer cells, while F, a selective estrogen receptor degrader (SERD), is active against ER-
positive breast cancer cells. However, the action of L. and F can be limited due to their relatively low water
solubility and bioavailability. In the present study, poly(amidoamine) (PAMAM) dendrimer G3 was function-
alized with L or F or L and F to compare their effects with free L or F against breast cancer cells with different
receptor status (ER-positive MCF-7, triple negative MDA-MB-231 and HER2-positive SK-BR-3 cells). L-PAMAM
and F-PAMAM conjugates potentiated cytostatic and cytotoxic action of L and F that was accompanied by
elevated levels of autophagy. TRDMT1, RNA methyltransferase, was also involved in this response as judged by
TRDMT1 nuclear translocation and nano-drug resistance of TRDMTI gene knockout cells. Nano-drugs also
promoted elimination of doxorubicin-induced senescent breast cancer cells by apoptosis-mediated senolysis
regardless of receptor status. In conclusion, we propose a novel anticancer approach based on L-PAMAM and F-
PAMAM nanoplatforms being effective, at least, against breast cancer cells with different phenotypic features.

1. Introduction

Chemotherapy and combination therapy are widely used to treat
many types of cancer, however, their anticancer efficiency may be
partially limited due to relatively low water solubility and poor stability
of a plethora of chemotherapeutic agents, as well as their non-targeted
biodistribution in vivo and adverse side effects against normal cells
and tissues [1,2]. To overcome these obstacles, several nano-based drug
delivery systems (DDS) were proposed [2-9]. For example, polymeric,
solid lipid and gold nanoparticles, micelles and liposomes, nanotubes,
nanocrystals, nanocages, and dendrimers were designed for the delivery
and co-delivery of anticancer drugs and/or genes [2-9]. Dendrimers,
tree-like structures, are a class of nano-sized, synthetic, highly branched,
and radially symmetric polymers with well-defined and easily modifi-
able surfaces [2,4,10-13]. Dendrimers are considered promising de-
livery vehicles as they are relatively biocompatible, non-immunogenic,

biodegradable, and unable to bind blood proteins in a non-specific
fashion [2]. Unique physicochemical characteristics of dendrimers
allow their functionalization, hydrophobic drug encapsulation and/or
conjugation that can improve drug therapeutic efficiency and solubility,
decrease dose-limiting toxicity, and maintain controlled release profile
[2,4,10-13]. Dendrimers are composed of the core, peripheral/end-
groups (polyvalent recognition sites), and subunits that link the two
molecules [4]. Moreover, in the dendrimer structure, internal voids can
be distinguished that are potential sites of complexation [4]. Among the
different types of dendrimers such as peptide (PPI), poly(i-lysine), poly
(amidoamine) (PAMAM), PAMAM-organosilicon (PAMAMOS) den-
drimers, PAMAM dendrimers are the most studied as nanocarriers for
efficient delivery of anticancer agents and genetic material [2,10]. The
core of PAMAM dendrimer is typically ethylenediamine, to which
methyl acrylate and ethylenediamine are sy ically added to design
and obtain a defined number of generations, such as G0, G1, G2, G3, G4,
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and more [2,4]. Furthermore, in order to increase the functionality of
PAMAM dendrimers, chemical groups such as amine, hydroxy, carbonyl,
methoxycarbonyl, tert-butyloxycarbonyl, sodium carboxy, and methyl
groups can be provided to the peripheral surface of these synthetic
polymers [2]. For example, the amine group is used for PAMAM
dendrimer-mediated delivery of nucleic acids to host cells [2]. More-
over, different generations of PAMAM dendrimers with attached cancer-
specific ligands were successfully used for targeted drug delivery (for
example, gemcitabine, paclitaxel, doxorubicin, and methotrexate) to
numerous cancer cells [14-19].

Lapatinib (L), a dual inhibitor of epidermal growth factor receptor
(EGFR) and human epidermal growth factor receptor 2 (HER2) tyrosine
kinases, was approved by the U. S. Food and Drug Administration (FDA)
for the treatment of patients with advanced and metastatic breast cancer
positive for HER2 with previous history of anthracycline, taxane, and
trastuzumab-based therapy [20,21]. Fulvestrant (F), FDA-approved se-
lective estrogen receptor degrader (SERD), is used for the treatment of
hormone receptor-positive metastatic breast cancer in postmenopausal
women with disease progression after antiestrogen therapy [22,23]. L
and F can be also active against triple negative breast cancer cells with
no estrogen alpha, progesterone and HER2 receptors by receptor-
independent mechanisms [24,25]. However, the clinical use of L. and F
may be restricted due to their limited bioavailability and water solubi-
lity [21-23]. Thus, novel approaches for more efficient administration of
L and F are needed.

In the present study, PAMAM dendrimer-based nano-delivery sys-
tems for L and F were designed and their usefulness was evaluated for
the improvement of the anticancer effects of L and F against three
cellular models of breast cancer with different receptor status, namely
ER-positive, triple negative and HER2-positive cells [26]. The use of L-
PAMAM and F- PAMAM nanoplatforms potentiated the anticancer ef-
fects of free drugs that were mediated by apoptotic cell death and
cytotoxic autophagy. Nano-drugs also promoted senolysis, i.e. the
elimination of doxorubicin-induced senescent breast cancer cells. Thus,
novel nano-senolytics are proposed to be used as a part of a sequential
anticancer approach involving pro-senescence therapy followed by
senolytic therapy.

2. Materials and methods
2.1. Synthesis, functionalization and characterization of nano-drugs

2.1.1. Chemicals

The chemicals used in the synthesis of poly(amidoamine) PAMAM
G3 dendrimer, a-D-glucoheptono-1,4-lactone (GHL), 4-nitrophenyl
chloroformate (NPCF), 2-chloro-1-methylpyridinium iodide
(Mukaiyama reagent), 4-dimethylaminopyridine (DMAP), fluorescein
isothiocyanate (FITC), 6-[fluorescein-5(6)-carboxamido]hexanoic acid
(FCH), and fulvestrant were purchased from Merck KGaA (Darmstadt,
Germany). Lapatinib was obtained from Ambeed (Arlington Heights, IL,
USA). Spectra/Por® 3 RC dialysis membrane (cellulose, molecular
weight cut-off, MWCO = 3.5 kDa) was provided by Carl Roth GmbH &
Co. KG (Karlsruhe, Germany).

2.1.2. NMR spectroscopy

The NMR spectra were recorded using a Bruker 300 MHz instrument
(Rheinstetten, Germany). Spectral assignments were performed based
on 2-D 'H-'H COSY and 'H-'>C HSQC and HMBC experiments.

2.1.3. Conjugate size and { potential

Dynamic light scattering (DLS) and ¢ potential for glucoheptoami-
dated G3 conjugates were measured at pH 5 (0.04 M acetate buffer) and
in water using the Zetasizer Nano instrument (Malvern, UK) for ca. 1
mg/mL samples (0.1 mM solutions).

Biomaterials Advances 140 (2022) 213047

2.1.4. Synthesis of conjugates

2.1.4.1. Glucoheptoamidated PAMAM G3. The G3 was substituted with
wa-D-glucoheptono-1,4-lactone (GHL) by adding solid GHL (343 mg,
1650 pmoles) into 815 mg of G3 (118 pmoles) in 15 mL of DMSO. When
GHL was dissolved, the mixture was heated at 50 °C for 24 h. The
mixture was then transferred to a dialytic tube (cellulose, MWCO = 3.5
kDa) and dialyzed against water for three days (seven times, 3 L). Water
was evaporated under reduced pressure, and product was identified
using 'H NMR spectroscopy as G3 substituted with average twelve
glucoheptoamide residues. Yield: 1020 mg (108 pmoles, theoretical MW
= 9406 Da), 91 %. 50 mg of isolated glucoheptoamidated G3 (5.3
pmoles) were then dissolved in 1 mL of DMSO and labeled with one
equivalent of FITC (1.1 mg, 5.3 pmoles) dissolved in 0.67 mL of ethanol.
The product, glucoheptoamidated G3* was purified by extensive dialysis
and isolated at 65 % yield (46.6 mg).

2.1.4.2. Lapatinib conjugation with glucoh idated G3. Lapatinib (L,
123.6 mg, 212 pmoles) was dissolved in 5 mL of DMSO-dg and 100 pL of
pyridine-ds. N-(para-nitrophenyl)chloroformate (NPCF) was then added
in two portions (in total 54 mg, 268 pmoles). The acylation reaction was
monitored using 'H NMR spectroscopy. The substitution of L with NPCF
into 7-N-acyl derivative (L-NPF) was completed within 2 h at room
temperature. 41.5 mM activated L was used to attach the drug to pri-
mary amine groups of G3 thorough one-carbon linker as follows: 2.37
mL of activated L solution (100 pmoles of L-NPF) was added dropwise
into glucoheptoamidated G3 (157.9 mg, 16.7 pmoles) in 2 mL of DMSO.
The mixture was heated at 50 °C for 16 h. Part of the mixture (1.4 mL
containing 5.35 pmoles of glucoheptoamidated G3) was taken for la-
beling with fluorochromes and the rest (11.34 pmoles) was dialyzed as
described above. The water was then removed under reduced pressure,
the solid dried at 2 mbar pressure for 12 h, and the 'H NMR spectrum
was recorded to characterize the conjugate G3%". Yield: 116.3 mg (8.9
pmoles; calculated MW = 13,061 Da), 53.3 %. In addition, the
remaining 5.35 pmoles of G3% in 1.4 mL of DMSO were used for labeling
with FCH, namely 5.35 pmoles pre-activated with Mukaiyama reagent:
2-chloro-1-methylpyridine iodide (10 pmoles) in the presence of DMAP
(20 pmoles) in DMSO. The product G3°* was isolated as described
above (the yield 56.5 mg (4.3 pmoles); 80 %). In separate synthesis, the
G3*" was obtained using 5:1 M ratio of L: glucoheptoamidated G3 at 10
pmole scale according to the procedure described above.

7 7

2.1.4.3. Fulvestrant c with gluc d G3. Fulvestrant
(F, 45.5 mg, 75 pmoles) was dissolved in 5 mL of CDCl3 and 500 pL of
pyridine-ds. The mixture was refluxed for 12 h, while the progress of the
reaction was monitored using "H NMR spectroscopy. The conversion of
F into 17-O-(p-nitrophenyl)formate (L-NPF) was completed after 8 h
reaction. Solvents were removed under reduced pressure, solid residue
was dissolved in 0.5 mL of DMSO and added to 141 mg of gluco-
heptoamidated G3 (15 pmoles) in 1 mL of DMSO. The mixture was
heated at 50 °C for 4 h, although immediate release of the p-nitrophenol
side product of the reaction was already observed within initial 15 min.
The product was processed as before to yield 122.4 mg of G3*F and
identified using NMR spectroscopy (10.2 pmoles, calculated MW =
11,946 Da); 69 %. 60 mg of isolated G3¥ (5 pmoles) were fluorescently
labeled with an equivalent of FITC in DMSO. The product G3*F* was
isolated after extensive dialytic purification at 45 % yield (32 mg).

2.1.4.4. Lapatinib and fulvestrant with glucohep idated
G3. Fulvestrant (F, 36.4 mg, 60 pmoles) was dissolved in 3 mL of CHCl3
and 0.1 mL of pyridine-ds. 66 pmoles of NPCF were then added and the
mixture was refluxed for 3 h. Solvents were removed under reduced
pressure and solid residue was dissolved in 1 mL of DMSO. 60 pmoles of
lapatinib (L, 34.8 mg) were dissolved in 1.5 mL of DMSO and 0.1 mL of
pyridine-ds and activated by adding 13.3 mg of NPCF (61 pmoles). The

130



A. Lewinska et al

solutions of L-NPF and F-NPF were then combined and added dropwise
into 188.1 mg of glucoheptoamidated G3 (20 pmoles) in 5 mL of DMSO
with vigorous stirring. The mixture was heated at 50 °C for 12 h,
transferred into dialytic tube and dialyzed for 4 days against water
(seven times, 5 L). The water was then evaporated under reduced
pressure and solid product was dried overnight at 2 mbar pressure. The
product was identified using 'H NMR spectroscopy as an equally
substituted conjugate with the 3 L and 3 F residues G3%%Fisolated at
76.5 % (202 mg; 15.3 pmoles). 50 mg of G3°F (3.8 pmoles) were
labeled with FHC (3.9 pmoles) and 3% was isolated as described
before at 40 % yield (26 mg).

2.2. Cancer cell lines and treatment with nano-drugs

Three breast cancer cell lines with different receptor status, namely
MCF-7 (ER-positive, HTB-22™), MDA-MB-231 (triple negative, HTB-
26™) and SK-BR-3 (HER2-positive, HTB-30™) were obtained from
ATCC (Manassas, VA, USA) and cultured as comprehensively described
elsewhere [27]. Briefly, cell culture conditions were: DMEM medium
supplemented with 10 % FBS, 100 U/mL penicillin, 0.1 mg/mL strep-
tomycin, and 0.25 pg/mL amphotericin B (Corning, Tewksbury, MA,
USA), temperature of 37 °C and atmosphere containing 5 % CO2. MDA-
MB-231 cells with TRDMT1 gene knockout were obtained using double
nickase-based genetic engineering as previously reported (D-NIC cells
transfected with TRDMT1/DNMT2 Double Nickase Plasmids (h, sc-
402709-NIC and h2, sc-402709-NIC-2, Santa Cruz Biotechnology, Dal-
las, TX, USA) [28]. Plasmid-related effects were considered using cells
with Control Double Nickase Plasmid (C-NIC cells, sc-437281, Santa
Cruz Biotechnology, Dallas, TX, USA). The initial screening for the se-
lection of the tested concentration was performed using the MTT test.
The effects of PAMAM dendrimer G3, free drugs, nano-drugs and nano-
drugs with attached fluorochromes were analyzed in the concentrations
ranging from 0.1 to 10 pM and 24 h and 48 h treatment. The lowest
concentration (2.5 pM) that promoted statistically significant differ-
ences in metabolic activity of cancer cells treated with free drugs versus
nano-drugs for 24 h was selected for further analysis.

2.3. Uptake of nanoplatforms

To analyze the uptake of nano-drugs by breast cancer cells, treatment
with nanoplatforms with attached fluorochromes (G3*, G34"“, G3*»
and G3%'*'*) and imaging flow cytometry (Amnis® FlowSight® imaging
flow cytometer and IDEAS software version 6.2.187.0, Luminex Cor-
poration, Austin, TX, USA) were used. Briefly, cells were fixed with 70 %
ethanol and 4000 events per sample were considered. G3*-, G34L“-,
G3*«. and G3%*F*-mediated fluorescence (intensity and spot analysis)
was assayed and data were compared to the untreated control. Repre-
sentative microphotographs are also shown.

2.4. Cell cycle analysis

To investigate nanoplatform-mediated changes in the phases of the
cell cycle, DNA content-based cell cycle analysis and flow cytometry
were considered as previously reported [28]. Briefly, Muse® Cell
Analyzer and Muse® Cell Cycle Assay Kit (Luminex Corporation, Austin,
TX, USA) were used according to the manufacturer's instructions.

2.5. Apoptotic and necrotic parameters

To study nanoplatform-mediated apoptosis, two biomarkers of
apoptotic cell death were considered, namely phosphatidylserine
externalization and pan-caspase activity (Muse® Annexin V and Dead
Cell Assay Kit and Muse® Multi-caspase Assay Kit, Luminex Corpora-
tion, Austin, TX, USA), respectively. Moreover, to discriminate between
apoptosis and necrosis, 7-aminoactinomycin (7-AAD) staining was per-
formed. The early and late subpopulations of apoptotic cells were
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revealed and analyzed using flow cytometry and dedicated software as
described elsewhere [29].

2.6. Immunofluorescence and GFP-based assays

Cells treated with nanoplatforms were fixed and immunostained as
previously reported [27]. The following primary and secondary anti-
bodies were used anti-LC3B (1:200, ab51520), anti-NF-kB (p65) (1:100,
PA5-16545), anti-IL-8 (1:500, ab154390), anti-TRDMT1/DNMT2
(1:500, MA5-16197), and secondary antibodies conjugated to Texas
Red (1:1000, T2767) or Alexa Fluor Plus 488 (1:1000, A32723) (Thermo
Fisher Scientific, Waltham, MA, USA, Abcam, Cambridge, UK). The
nuclei were revealed using Hoechst 33342 staining. Immunosignals
were acquired and analyzed using a laser-based confocal imaging and
high content analysis (HCA) system IN Cell Analyzer 6500 HS and
dedicated IN Carta software (Cytiva, Marlborough, MA, USA). Total
protein levels, or if applicable cytosolic (cyto) and nuclear (nuc) pools,
are presented as relative fluorescence units (RFU). To analyze the con-
tent of LAMP1, a lysosomal marker, and p62, an autophagy marker,
GFP-based imaging was considered as described elsewhere [29]. Briefly,
CellLight™ Lysosomes-GFP, BacMam 2.0 (C10596, Thermo Fisher Sci-
entific, Waltham, MA, USA) and Premo™ Autophagy Sensor GFP-p62
Kit (P36240, Thermo Fisher Scientific, Waltham, MA, USA) were used,
respectively. GFP-LAMP1 or GFP-p62 signals were investigated using a
laser-based confocal imaging system IN Cell Analyzer 6500 HS (Cytiva,
Marlborough, MA, USA). Quantitative analysis was performed using
dedicated software, and the levels of LAMP1 and p62 are presented as
relative fluorescence units (RFU).

2.7. Intracellular pH homeostasis

Fluorescence-based assay for the analysis of intracellular pH was
used, namely pHrodo™ Green AM Intracellular pH Indicator (P35373,
Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer's instructions as previously reported [30]. Nanoplatform-
mediated changes in intracellular pH are presented as relative fluores-
cence units (RFU). According to the supplier's protocol, a decrease in
RFU reflects intracellular alkalization.

2.8. Senolysis protocol

To activate the chemotherapy-induced senescence program in breast
cancer cells, 24 h treatment with 35 nM doxorubicin hydrochloride
(DOX, 44583, Merck KGaA, Darmstadt, Germany) was used as previ-
ously reported [28]. Cells were cultured for seven days after DOX
removal by changing a medium every 48 h and then free L and F and G*",
G* and G3°% at the concentration of 2.5 pM were added for 24 h.
Apoptosis-based senolytic activity of drugs and nano-drugs was inves-
tigated using Annexin V staining and flow cytometry analysis as
described in the subsection about apoptotic and necrotic parameters.

2.9. Statistical analysis

The results are calculated as the mean + SD from three biological
replicates. If applicable, box and whisker plots with median, lowest, and
highest values were also used. Statistically significant differences be-
tween untreated controls and treated samples were revealed using one-
way ANOVA and Dunnett's multiple comparison test (GraphPad Prism
5), whereas differences between free drug stimulation and nano-drug
stimulation were analyzed using one-way ANOVA and Tukey's multi-
ple comparison test (GraphPad Prism 5). P-values of <0.05 were
assumed as significant.

3. Results and discussion

The efficiency of L- and F-mediated targeted breast cancer therapies
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Fig. 1. The molecular scheme of PAMAM dendrimer G3
conjugates with lapatinib (L) and/or fulvestrant (F) attached
through a short linker provided by NPCF (panel I). Twelve of
initially 32 amine groups were blocked by the amidation with
«-D-glucoheptono-1,4-lactone (gh). The averaged formulae of
conjugates are as follows: G3** (a = 4, b~ 0); G3% (a = 0, b
= 4); 63" (a = 3, b = 3). G3*" and G3°*" were also fluo-
rescently labeled with fluorescein-hexanoate attached through
ester bond to the gh residues and G3* was labeled with FITC
attached to remaining amine groups through thiourea bond.
The drug-free carrier partially glucoheptoamidated G3 was
also labeled with an equivalent of FITC as a reference material
(named as G3*). (Panel IT) The ‘H NMR spectra of: (A) lapa-
tinib (L); (B) G3°; (C) G3*"*; (D) G3* (E) fulvestrant (F) in
DMSO-dg. The residual HD,S(0O)CD; resonance is labeled with
an asterisk.
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can be limited due to poor aqueous solubility and low bioavailability of
free drugs [21,23]. Thus, some nano-based drug delivery systems such as
nanoparticles, micelles, nanocapsules, nanochannels, and liposomes
were proposed [21]. For example, selected polymer-based DDS ap-
proaches were tested against breast cancer cells, namely complexation
with cyclodextrins, polylactide-co-poly(ethylene glycol) micelle-based
co-delivery system for paclitaxel and L and 2,3-dimethylmaleic-anhy-
dride-poly(ethylene glycol)-e-poly-L-lysine-doxorubicin/L  polymeric
nanoplatform (DMMA-P-DOX/L) [31-33]. As no data were reported on
PAMAM dendrimers as delivery vehicles for L and F and their intensi-
fying effects on free drug anticancer action, we designed and tested L-
PAMAM and F-PAMAM conjugates using three breast cancer cell lines
reflecting three distinct models of breast cancer, namely ER-positive,
triple negative and HER2-positive breast cancer [26]. The third gener-
ation dendrimer (G3) was selected in order to functionalize it by cova-
lent attachment of L and F, which otherwise are highly hydrophobic and
sparingly soluble in water. Low-substituted conjugates were obtained
with remaining primary amine groups of G3 converted by the addition
of a-D-glucoheptono-1,4-lactone (Fig. 1, panel I). The latter conversion
was reported to reduce the cytotoxicity of naked G3 dendrimer [34,35].

3.1. Synthesis and characterization of nano-drug conjugates by NMR
spectroscopy

L and F drugs were converted by the addition of 4-nitrophenyl
chloroformate (NPCF), which is a convenient reagent to functionalize
hydroxyl groups of a substrate [36] and sulfonamide nitrogen atom of
nimesulide [37,38]. Therefore, L or F were attached to the partially
glucoheptoamidated PAMAM dendrimer G3 by a short linker provided
by NPCF (Fig. 1, panel I). The conversion of L into L-NPF was monitored
using TH NMR spectroscopy (Fig. S1). The resonances of L in DMSO-dg
were assigned by 2-D COSY (Fig. S2) and heteronuclear 1y.13¢ HSQC
and HMBC spectroscopy (Table S1). A substantial shift of H-8 and H-9
triplet and H-6 singlet resonances was observed upon conversion from
3.28, 2.99, and 3.84 for L into 3.73, 3.44 (both overlapped multiplets of
two forms) and 4.43 (major) and 4.68 (minor), respectively. The reso-
nances of hydrogen nuclei far from N-7 atom shifted only slightly,
although also showed two sets of resonances. We concluded that the
attachment of p-nitrophenylformate into N-7 occurred. The COSY
spectra of L and L-NPF enabled to assign the 'H resonances (Fig. $2 and
Fig. 8§3). Two sets of resonances were observed in post-reaction mixture
due to the presence of cis-trans isomers around newly formed amide
bond in L-NPF. Similarly, F was converted by reaction with NPCF. The
progress of the reaction was monitored using H NMR spectroscopy
(Fig. S4). The resonances of F were assigned according to reported
studies [39] and 2-D COSY as well as heteronuclear 'H—'3C spectra
(Fig. S5 and Fig. S6). Based on the 'H NMR spectral changes, i.e.
disappearance of 17-OH resonance with concomitant downfield shift of
17-H proton resonance, one can conclude that the derivatization of F
into F-170-(p-nitrophenyl)formate was performed. NPCF-activated F
and L were used to obtain a number of conjugates with partially glu-
coheptoamidated PAMAM dendrimer G3. In mild conditions, F-NPF and
L-NPF were reacted with glucoheptoamidated G3 in DMSO. During the
reaction, a yellow side-product, p-nitrophenol was released, which was
later removed together with DMSO by extensive dialysis of post-reaction
mixture against water. The isolated products were characterized using
TH NMR spectroscopy (Fig. 1, panel II). The 'H NMR spectrum of G3°"
(Fig. 1, panel II, B) is dominated by PAMAM G3 core methylene reso-
nances of total intensity [484H] within 2.02-3.30 ppm. One of these
broad signals (centered at 2.20 ppm) was used as integral intensity in-
ternal reference of [120H] intensity. The resonances of gh proton are
located downfield, within 3.29-4.00 ppm and a total intensity of [84H]
corresponds to 12 gh residues. The resonances of amide-attached L are
not shifted considerably in comparison with unconjugated L (Fig. 1,
panel I1, A), although two sets of L resonances in the conjugate G3°" are
present, as well as in the case of L-NPF spectrum (Fig. S1). The integral
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intensity of L resonances in G3L spectrum enabled to conclude that
average number of L residues was six. Similar 'H NMR spectrum was
obtained for the less substituted G3*, except the broad resonance from
water and gh hydroxyl groups (at 4.3 ppm), which are separated from
lapatinib 33" resonance at 5.26 ppm, overlapped at the spectrum of G3*
(data not shown). The latter conjugate was further fluorescently labeled
and used in biological studies. The 'H NMR spectrum of G3* (rig. 1,
panel II, D) compared to the spectrum of F in DMSO-dg (Fig. 1, panel II,
E) was slightly different. The aromatic proton resonances 1, 2, and 47
remained unshifted, while the 17" resonance was identified by HSQC/
HMBC spectra (Fig. S6 and Fig. S7) at 5.32 ppm, overlapped with the gh
resonances. The integral intensity of F resonances in comparison with
the internal reference led to the identification of four residues of F in the
conjugate. The synthesis of the ternary conjugate with both L and F
aimed at the equimolar derivative G3°'*F, which was identified by its 'H
NMR spectrum (Fig. 1, panel II, C).

3.2. Molecular size and association of drug conjugates measured by
dynamic light scattering (DLS)

The molecular size of the PAMAM dendrimers G3 substituted with
increasing numbers of gh residues falls to a diameter of 1.7-2.7 nm in
water [34]. Protonation of the primary and tertiary amine groups of G3
at pH 5 resulted in an increase in diameter of 3.6-4.0 nm size (Table S2).
The same behavior was observed for partially glucoheptoamidated D3*,
which additionally had fluorescein linked via thiourea bond into pri-
mary amine group of G3. The molecular diameter averaged by number
of D3*, d(N) increased from 1.6 into 6.0 nm upon pH decrease from 7 to
5. The conjugate of L, G3*" showed considerably larger diameter in
water (11.4 nm), which was still in the range of monomolecular
dispersion. Both particles of conjugates containing F: the G3* and
G3%%F had one order of magnitude larger diameter than that for
monomolecular dispersion, which was rather expected due to the pres-
ence of long polyhydrocarbon chain in F ended with -CF2CF3 groups.
The prevailing hydrophobic inter-chain association resulted in forma-
tion of particles of 60 nm size in the case of G3**F and even larger
particles in the case of G3%" (Table $2). The effects of G3*", gluco-
heptoamidated PAMAM dendrimer G3 conjugated with four L mole-
cules; G3%, glucoheptoamidated PAMAM dendrimer G3 conjugated
with four F molecules and G3*%F, glucoheptoamidated PAMAM den-
drimer conjugated with three L and three F molecules were then studied
against three breast cancer cell lines with different receptor status,
namely MCF-7 (ER-positive), MDA-MB-231 (triple negative) and SK-BR-
3 (HER2-positive) cells.

3.3. L and F conjugation with PAMAM dendrimer G3 potentiates
cytostatic and/or cytotoxic effects against breast cancer cells compared to

free drugs

For the preliminary screening of anticancer effects of L and F con-
jugates with 3rd generation PAMAM dendrimer (G3*",63*" and G33"3F),
MTT-based changes in metabolic activity of three breast cancer cell lines
were considered (Fig. S8). Concentrations ranging from 0.1 to 10 uM
and two time points, namely 24 (Fig. S8A) and 48 h (Fig. S8B) stimu-
lation with anticancer drugs and their corresponding conjugates, were
used. As expected, limited effects of free drugs were observed (Fig. S8).
Except for 2.5 pM F-treated MCF-7 cells for 48 h, the effects of the
anticancer drugs were mild to moderate (Fig. $8). Surprisingly, L and F
conjugation with PAMAM dendrimer G3, when nanoplatforms were
used at the concentration as low as 2.5 pM, intensified anticancer effects
compared to free drug action against three breast cancer cell lines
(Fig. $8). The most potent action of G3* was documented in MDA-MB-
231 and SK-BR-3 cells, whereas G3* was more effective against MCF-7
cells (Fig. $8). Time-dependent effects were also observed (Fig. $S8). The
PAMAM dendrimer G3 alone and conjugates with attached fluoro-
chromes (G3, G3‘”‘*, G3*+ and G3%°F+) did not affect the metabolic
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is and necrosis in three breast cancer cell lines, namely MCF-7, MDA-MB-231 and SK-BR-3 cells. The modes of cell death were

evaluated using flow cytometry and Annexin V staining (A) and pan-caspase activity assay (B). Annexin V-positive cells or pan-caspase activity-positive cells were
classified as early apoptotic cells and Annexin V-positive and 7-AAD-positive cells or pan-caspase activity-positive and 7-AAD-positive cells were assessed as late

apoptotic cells. Representative dot plots are shown (top). Bars indicate SD, n

3, ***p < 0.001, **p < 0.01, *p < 0.05 compared to the untreated control CTR

(ANOVA and Dunnett's a posteriori test); “*#p < 0.001, “*p < 0.01, *p < 0.05 compared to the treatment with a free drug (ANOVA and Tukey's a posteriori test)
(bottom). CTR, untreated control; L, lapatinib treatment; GB“", treatment with lapatinib- PAMAM nanoplatform; F, fulvestrant treatment; G3*, treatment with

lves PAMAM m; G3%5F, ¢

with lapatinib- PAMAM and fulvestrant-PAMAM nanoplatform.

activity of breast cancer cells compared to untreated cells and cells
treated with non-fluorescent conjugates, respectively (Fig. $8). Thus, the
lowest concentration of nanoplatforms (2.5 pM) that potentiated
changes in metabolic activity compared to treatment with free drugs in
three breast cancer cell lines (Fig. S8, denoted as red bars) was selected
for further analysis.

We have then investigated the uptake of nanoplatforms using L-
PAMAM and F-PAMAM conjugates with attached fluorochromes (G3*-#,
G3*F* and G33L3Fx) (Fig. S9). Indeed, nanoplatforms were efficiently
taken up by three breast cancer cells as judged by imaging flow
cytometry analysis (Fig. S9). The uptake efficiency of F-based nano-
drugs was more pronounced than the uptake efficiency of L-based
nano-drugs (Fig. S9).

As, in general, MTT test does not discriminate between cytostatic and
cytotoxic effects promoted by test agents, we have then considered
selected parameters of cell proliferation and cytotoxicity, here apoptotic
and necrotic biomarkers (Fig. 2 and Fig. 3). G3* but not G3** potenti-
ated the cell cycle arrest at the Go/G cell cycle phase compared to free
drug treatments in MCF-7 and MDA-MB-231 cells (Fig. 2). Similar trends
were also documented in treated SK-BR-3 cells, but differences were
insignificant (Fig. 2). As expected, cytotoxic effects of 24 h stimulation
with 2.5 pM L and 2.5 pM F were mild to moderate and ER-positive MCF-
7 cells were the most susceptible to F-induced apoptotic cell death,
whereas F-mediated apoptosis was the most pronounced in HER2-
positive SK-BR-3 cells (Fig. 3A). L, a dual tyrosine kinase inhibitor of
HER2 and EGFR, is particularly active against HER2-positive breast
cancer cells [20] and F, a selective estrogen receptor degrader, is
particularly active against ER-positive breast cancer cells [22]. How-
ever, there are also reports on anticancer action of L and F against triple
negative breast cancer (TNBC) cells [24,25]. L inhibited CIP2A/PP2A/p-
Akt signaling and induced significant apoptosis in three TNBC cell lines
[24]. However, the most pronounced cytotoxic effects were observed in
MDA-MB-231 TNBC cells when L was used at the concentration of 10 pM
for 48 h [24] that is four-times higher concertation than used in the
present study (Fig. 3A). This was also highlighted by the authors as they
stated that higher concentrations of L are needed for L-mediated CIP2A
inhibition and apoptosis in TNBC cells [24]. L-mediated cytotoxicity
against MDA-MB-231 cells was also evaluated in the other study and the
authors claimed that ICsq value was 32.5 pM L after 24 h [40]. 1 pM F
also inhibited growth of triple negative ERp" breast cancers (ERa /
ERP™ MDA-MB-231 cells) by up-regulation of ERp [25]. The authors
demonstrated that F-mediated inhibition of DNA methyltransferase ac-
tivity resulted in the elevation in the levels of ERp and its isoforms [25].
However, 1 pM F did not promote apoptotic cell death in ERa /ERp'
MDA-MB-231 cells as judged by the absence of PARP-1 cleavage frag-
ments [25]. G3* and G3% potentiated apoptotic (Annexin V staining)
and necrotic (7-AAD staining) cell death compared to drug treatment
alone (Fig. 3A). G3* was also more cytotoxic than G3* against three
breast cancer cell lines (Fig. 3). The most sensitive to G3" treatment
were MDA-MB-231 cells (Fig. 3). G3°"F, a dual conjugate of L-PAMAM
and F-PAMAM dendrimers, also promoted a massive apoptosis and ne-
crosis in MDA-MB-231 and SK-BR-3 cells, but these cytotoxic effects
were probably mediated by L-PAMAM dendrimer partner of the nano-
platform. When the concentration of F-PAMAM nanoplatform was
increased to 10 pM, a similar pattern of cytotoxicity was revealed,
namely free drug effects were limited and MDA-MB-231 cells were the
most susceptible to 10 uM G3*F treatment (Fig. $10). We have also
considered other biomarker of apoptotic cell death, namely pan-caspase

activity (Fig. 3B). Multi-caspase activity was potentiated upon G3*"
treatment compared to L treatment alone in three breast cancer cell lines
(Fig. 3B). G3* also slightly stimulated the pan-casp activity
compared to F action alone, but the effects were not statistically sig-
nificant (Fig. 3B). The elevation in pan-caspase activity was the most
pronounced in MDA-MB-231 cells that is in agreement with G3.
mediated apoptosis induction in these cells as judged by Annexin V
staining (Fig. 3). The magnitude of increase in the pan-caspase activity
also correlated with the phosphatidylserine externalization upon G3°-F
stimulation in MDA-MB-231 and SK-BR-3 cells (Fig. 3). Thus, we have
indeed confirmed that the conjugation of anticancer drugs with PAMAM
dendrimer G3 can sensitize breast cancer cell to apoptotic cell death.
Moreover, we have also shown that the phosphatidylserine external-
ization correlated with the pan-caspase activity in treated MCF-7 cells
that are caspase 3 deficient cells [41]. Thus, the lack of caspase 3 activity
in MCF-7 cells did not interfere with the pan-caspase activity and this
biomarker along with other biomarkers can be used to document
nanoplatform-induced apoptosis (Fig. 3).

3.4. g3* promotes cytotoxic autophagy in breast cancer cells

As cancer cell response to chemotherapeutic treatment is rather
complex [42] and may provoke the induction of autophagy with
different implications for cancer therapy [43], we have then studied if
also autophagic pathway can be affected upon nanoplatform treatment
(Fig. 4A and B). Two biomarkers of autophagy were considered, namely
the levels of LC3B and p62 (Fig. 4A and B). G3* promoted an increase in
the pools of LC3B and decreased the levels of p62 compared to L stim-
ulation that suggested that G3*-mediated apoptosis is associated with
cytotoxic autophagy in three breast cancer cell lines (Fig. 4A and B). As
no similar effect was observed in the case of G3* treatment compared to
F treatment (Fig. 4A and B), one can conclude that more pronounced
G3*-mediated cell death compared to G3*-related effects is due to
G3*-induced cytotoxic autophagy in breast cancer cells (Fig. 4A and B).
It was postulated that chemotherapy-associated autophagy may stimu-
late different cellular responses, for example, protective autophagy may
limit drug-induced apoptosis, and cytotoxic autophagy may promote
cell death when induced [43]. In our experimental conditions, Gatk
mediated cytotoxic effects were based on G34"-provoked apoptosis and
accompanying cytotoxic autophagy. G3" also enhanced lysosomal
disruption as judged by decreased signals of the lysosomal marker
LAMP1 compared to free drug treatment in three breast cancer cell lines
(Fig. 4C). This effect was accompanied by disequilibrium in the intra-
cellular pH homeostasis, but only in the case of G3*--treated MCF-7
cells, statistically significant changes between L and G3* stimulation
were observed (Fig. 4D).

3.5. G3" modulates pro-inflammatory response in breast cancer cells

We have then asked the question if nano-drugs can affect NF-kB-
mediated immune responses of breast cancer cells stimulating proin-
flammatory conditions (Fig. 4E, F and G). NF-kB (nuclear factor kappa-
light-chain-enhancer of activated B cells) is a group of transcription
factors that modulate immune responses and inflammation, and pro-
moting inflammation-associated tumorigenesis of many types of cancer
[44,45]. The cytosolic and nuclear pools of NF-kB were analyzed (Fig. 4E
and F). In MCF-7 and MDA-MB-231 cells, G3*" treatment resulted in the
accumulation of cytosolic NF-kB compared to L stimulation (Fig. 4E). On
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the contrary, elevated levels of nuclear NF-kB, a sign of NF-xB activa-
tion, were documented in G3*'-treated SK-BR-3 cells compared to the
untreated control (Fig. 4F). However, except of G3*-treated MCF-7

effects were not associated with the activation of NF-kB (Fig. 4F and G).
It was reported that L, when used at the concentration of 1 pM, activated
NF-kB in TNBC cells [46]. The effect was independent of EGFR/HER2

cells, changes in the levels of NF-kB were not correlated with
increased production of proinflammatory cytokine IL-8 (Fig. 4G). Thus,
L- and F-PAMAM nanoplatforms did not substantially potentiate the
secretory profile of breast cancer cells. In contrast, L, as a free drug,
promoted IL-8 production in MCF-7 and MDA-MB-231 cells, but these

inhibition [46]. The authors concluded that L may potentiate oncogene
addiction to NF-kB and sensitize TNBC cells to proteasome inhibitors
[46]. In contrast, L suppressed the activation of NF-xB in HER2-positive
breast cancer cells such as SK-BR-3 cells [47] that was achieved by
decreased phosphorylation of IxB-« via inhibiting the PI3K/Akt pathway
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Fig. 6. Nanoplatform-mediated senolytic activity in doxorubicin-induced senescent MCF-7, MDA-MB-231 and SK-BR-3 breast cancer cells. (A) The senescence
program in breast cancer cells was activated using 24 h treatment with 35 nM doxorubicin and 7 days after doxorubicin removal, senescent cells were subjected to the
treatment with nano-drugs. Apoptosis-based senolysis was revealed using Annexin V staining and flow cytometry. Representative dot plots are shown (top). Bars
indicate SD, n — 3, ***p < 0.001, **p < 0.01 compared to DOX treatment (ANOVA and Dunnett's a posteriori test); **#p < 0.001 compared to the treatment with a
free drug (ANOVA and Tukey's a posteriori test) (bottom). DOX, doxorubicin treatment; L, lapatinib treatment in DOX-induced senescent cells; G34", treatment with
lapatinib-PAMAM nanoplatform in DOX-induced senescent cells; F, fulvestrant treatment; G3*, , treatment with fulvestrant-PAMAM nanoplatform in DOX-induced
senescent cells; G3°**, treatment with lapatinib-PAMAM and fulvestrant-PAMAM nanoplatform in DOX-induced senescent cells. (B) A summarizing scheme. A model
of chemotherapy-induced senescence in breast cancer cells was used to study apoptosis-based senolysis of lapatinib- PAMAM and fulvestrant-PAMAM nanoplatforms
(G3*, G3*F and G3°"*). Doxorubicin was considered as a pro-senescent agent. DOX-induced senescent breast cancer cells are eliminated using the treatment with
G3*, G3*F and G3°***. Nanoplatform-mediated senolysis is based on apoptotic cell death as judged by the analysis of phosphatidylserine externalization. L-PAMAM
and F-PAMAM forms can be considered as novel olytics as a part of one-two punch anticancer strategy.

[47]. Diminished NF-kB activity was also observed in L-resistant SK-BR- local inflammation, cell proliferation and migration and neo-

3 cells [47]. Thus, L-mediated changes in the activity of NF-xB may be
modulated in breast cancer cells with different receptor status [46,47].
IL-8 is overproduced in breast cancer cells and associated with poor
prognosis of breast cancer patients [48,49]. IL-8 secreted by tumor
associated macrophages (TAMs) may contribute to L resistance in HER2-
positive breast cancer cells by the activation of Src/STAT3/ERK1/2-
mediated EGFR cascade [50]. L blocked the mammosphere-promoting
effect of IL-8 in both HER2-positive and negative patient-derived can-
cers [51]. In our experimental conditions, only treatment with G3* and
G3°F resulted in a decrease in IL-8 pools in HER2-positive SK-BR-3
cells (Fig. 4G).

3.6. TRDMT1 gene knockout promotes G3*" resistance in MDA-MB-231
cells

RNA methyltransferase TRDMT1/DNMT2 [52] is implicated in
cellular stress responses as its levels and localization are affected during
a number of treatments [53-56]. TRDMT1 is a regulator of adaptive
responses during oxidative stress-induced senescence in normal cells
[57] and chemotherapy-induced senescence in cancer cells [28].
TRDMT1, a part of DNA repair machinery, may also confer resistance to
anticancer drug treatment [58]. Thus, we have then investigated the
cytoplasmic and nuclear pools of TRDMT1 upon stimulation with nano-
drugs. G3%*F treatment resulted in increased fraction of nuclear
TRDMT1 in three breast cancer cell lines compared to corresponding
untreated controls (Fig. 5A). In G3*-treated MCF-7 and SK-BR-3 cells,
elevated pools of nuclear TRDMT1 were also observed (Fig. 5A). How-
ever, the effects of nano-drugs on cytoplasmic fraction of TRDMT1 were
limited (Fig. 5A). The levels of cytosolic TRDMT1 were increased only in
G3*- and G3%'*"-treated MCF-7 cells ( Fig. 5A). More recently, we have
documented that TRDMTI gene knockout differentially modulated
cancer cell responses during chemotherapy-induced senescence in four
cellular models of cancer [28). The lack of active TRDMT1 gene resulted
in doxorubicin resistance in osteosarcoma and glioblastoma cells,
whereas in cervical and breast cancer cells increased drug sensitivity
was noticed [28]. The loss of the TRDMT1 gene also attenuated osteo-
sarcoma resistance to PARP inhibitors in vitro and in vivo [58]. Thus, we
decided then to analyze the effect of TRDMT1 gene knockout in MDA-
MB-231 cells that are the most sensitive to G3*" stimulation (Fig. 3).
The lack of functional TRDMT1 gene promoted G3*" and G3°*F resis-
tance in MDA-MB-231 cells, whereas G3*"-based response was unaf-
fected (Fig. 5B and Fig. §11). Therefore, in our experimental settings,
TRDMTT1 gene knockout promoted adverse effects as judged by limited
L-PAMAM nanoplatform-induced cytotoxicity in MDA-MB-231 TNBC
cells (Fig. 5B).

3.7. 63" and G3"" promote the elimination of doxorubicin-induced
senescent breast cancer cells

The accumulation of stress-induced senescent normal and cancer
cells with affected secretory profiles can be considered as a side-effect of
chemotherapy [59-61]. Senescent cells can modulate their microenvi-
ronment by the induction of secondary senescence in neighboring cells,

vascularization [59-61]. Thus, senescent cells, when accumulated, can
accelerate tumorigenesis [59-61]. There is a growing body of evidence
that the elimination of senescent cells may have beneficial effects during
age-related conditions and chemotherapeutic treatment [61,62]. A
number of pharmacological agents that can selectively kill senescent
cells (senolytics) is now described and available [63-65]. Furthermore,
to eradicate drug-resistant cancer cells, one-two punch strategy was
proposed [61,66,67]. Cancer cells are forced to activate the senescence
program using selected agents with pro-senescent activity and then se-
nescent cancer cells are subjected to senolytics to induce death pathways
only in senescent cells (senolysis) [61,67]. As the effectiveness of G3%
and, to a lesser extent, G3* in the killing of breast cancer cells by the
induction of apoptosis and cytotoxic autophagy (this study) was docu-
mented, we have then asked a question of whether G3*" and G3*" may
also have senolytic activity against senescent breast cancer cells. To do
50, a common model of chemotherapy-induced senescence was used
[28], namely doxorubicin-induced senescence in three breast cancer cell
lines. As previously reported, breast cancer cells were stimulated with
35 nM doxorubicin for 24 h and then the anticancer drug was removed
[28]. Cells were allowed to activate the senescence program and 7 days
after doxorubicin removal, senescent breast cancer cells were treated
with G3* and G3* for 24 h. Indeed, G3" and G3* potentiated
apoptotic cell death in three senescent breast cancer cell lines compared
to treatment with L and F, respectively (Fig. 6A). G3*-based senolytic
potential was the most pronounced in doxorubicin-induced senescent
SK-BR-3 and MDA-MB-231 cells (Fig. 6A). A massive apoptosis was also
observed in G3°*F-treated senescent SK-BR-3 and MDA-MB-231 cells
(Fig. 6A). Surprisingly, senescent breast cancer cells were much more
sensitive to G3*F treatment than ‘normal’ non-senescent breast cancer
cells, especially MCF-7 cells (Fig. 3 and Fig. 6A). This suggests that the
induction of the senescence program in doxorubicin-treated MCF-7
breast cancer cells may improve the elimination of cancer cells upon
stimulation with G3*, a novel senolytic agent. Thus, G3*" may be
considered as a part of new one-two punch anticancer strategy, espe-
cially against relatively resistant G3*-treated MCF-7 cells (Fig. 3 and
Fig. 6A).

In conclusion, we have shown for the first time that the anticancer
action of L. and F can be potentiated by conjugation with PAMAM den-
drimer G3. G3* nanoplatform was more effective in the elimination of
breast cancer cells with different receptor status compared to G3*F
nanoplatform that was based on the induction of apoptosis and cytotoxic
autophagy. The RNA methyltransferase TRDMT1 can also be involved in
adaptive response to G3*" stimulation, as TRDMTI gene knockout
resulted in resistance to G3*" in MDA-MB-231 cells. Finally, senolytic
activity of 63", G3%F and G3%'3F against doxorubicin-induced senescent
breast cancer cells with different receptor status was revealed (Fig. 6B).
Therefore, G3**, G3* and G3%'*F are proposed as novel nano-senolytics
to be used as a part of sequential treatment of breast cancer with pro-
senescence therapy followed by senolytic therapy (Fig. 6B). However,
such assumption needs to be also confirmed using in vivo systems in
future studies.
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ABSTRACT
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Polyamidoamine (PAMAM) dendrimers are widely used as a part of drug delivery systems (DDS) to improve
anticancer drug bioavailability. In the present study, hosph of nucleosides, anti-nucleosides (cytar-
abine, C and fludarabine, F) and synthetic glucocorticoid d h (D) were hed to the third gen-
eration (G3) PAMAM dendrimer via phosphamide pH-sensitive linker. Conjugates were found to be stable at
neutral pH, whereas acid-triggered hydrolysis of phosphamide bond was observed at pH 5. The anticancer action
of selected biotinylated mono- and di-conjugates, namely CP-, FP-, DP-CP- and DP-FP-PAMAM dendrimers was
then compared to cytotoxic activity of free drugs using four cellular models of leukemia in vitro, i.c., K-562,
LAMA-84, THP-1 and HL-60 cells. 10 nM DP-CP-conjugate lowered metabolic activity, caused GO/G1 cell cycle
arrest and induced apoptotic cell death in HL-60 cells compared to non-cytotoxic and non-cytostatic action of
free drugs when used at the same concentration. 10 nM CP-, DP-FP- and FP-conjugates also promoted a decrease
in metabolic activity in K-562, LAMA-84, and THP-1 and HL-60 cells, respectively, however, without a sign of
cytotoxicity. In conclusion, we show that the anticancer potential of CP and FP in leukemia cells may be
enhanced by the conjugation with PAMAM dendrimers, especially in the presence of DP in selected experimental

settings.

1. Introduction

Nucleoside analogues, a group of anti-metabolites, are widely used
for the treatment of hematological malignancies [1]. For example,
cytarabine is used for the treatment of acute myeloid leukemia (AML),
acute lymphocytic leukemia (ALL) and lymphomas, whereas fludar-
abine is active against indolent B-cell malignancies such as B-cell
chronic lymphocytic leukemia (B-CLL) [1-5]. As a relapse due to ac-
quired drug resistance is quite common, more studies are needed to
optimize treatment protocols (doses, combination therapy) for pre-
venting drug resistance and/or sensitizing resistant leukemia cells to
chemotherapy [6]. For example, increased sensitivity to glucocorticoids
was reported in cytarabine resistant AML cells [6]. Glucocorticoids are a
part of almost all treatment regimens for childhood ALL for decades [71,

* Corresponding author.
#* Corresponding author.

however their functions and therapeutic mechanisms are poorly
described in AML. Synthetic glucocorticoids with immunomodulatory
properties may affect a number of biological processes such as cytokine
production, cell cycle, oncogene expression and apoptosis [8,9].
Glucocorticoid-mediated apoptosis in leukemic cells may be executed
through the binding to glucocorticoid receptor and subsequently to two
major transcription factors NF-kB and AP-1, thus, affecting their activity
[8,9]. However, glucocorticoids such as dexamethasone may exert both
synergistic (chemosensitization) and ic (drug re ce and
cyto-protection) effects when used with other chemotherapeutics in
different types of cancer [10-12]. Thus, the action of dexamethasone in
combination therapy may be complex and may depend on cellular
context that deserves further elucidation.

Polyamidoamine (PAMAM) dendrimers are widely tested carriers for
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drug delivery systems (DDS) that is achieved by at least two approaches,
namely drug encapsulation and covalent attachment [13-15]. Full
generation dendrimers provide convenient terminal (surface) primary
amine groups for covalent binding of (pro)drug and targeting molecules.
For example, PAMAM-based DDS for paclitaxel (PTX) delivery were
recently described in a series of papers in which PTX was either
encapsulated in PAMAM G4 modified by PEG-ylation and amide
attached vitamin E-succinate and octa-arginine (R8) as addressing
molecules or conjugated into G4-PEG-R8 carrier [16,17]. Generally,
PAMAM dendrimers can be used to attach covalently carboxyl group
containing a drug straightforward via amide bond and other drugs after
functionalization with succinate linker [18 20]. After amine poly-
hydroxylation, PAMAM dendrimers can be also attached to drugs via
ester bonds [21,22]. Both types of linkers can be slowly hydrolyzed and
after endosomal internalization, free drugs can be released by the action
of hydrolytic enzymes with optimum activity at pH 5 [15,23]. Thus, to
improve drug release in biological systems, selected pH-sensitive and
cleavable linkers, such as hydrazine or hydrazone bond were considered
[24,25]. Furthermore, drugs of hydrophobic nature should be converted
into water-soluble form in order to improve an oral or intravenous
administration. One such example is glucocorticoid dexamethasone (D)
with anti-inflammatory, anti-allergic and immunosuppressive proper-
ties, which is used in biomedical applications in a form of dexametha-
sone monophosphate (DP) with improved water solubility [26,27]. DP
bioavailability can be further improved by the encapsulation in water
soluble dendrimers as it was demonstrated for DP encapsulated in per-
acetylated PAMAM G5 dendrimer [28]. This approach was also applied
for other phosphates, such as nucleotides entrapped in supramolecular

Journal of Drug Delivery Science and Technology 81 (2023) 104242

2-anilinonaphtalene-6-sulfonate dye [29] and in maltose-covered poly
(ethyleneimine) (PEI) dendrimer [30].

In the present study, we have synthesized a series of PAMAM G3
conjugates with nucleotides (AMP and dTMP), DP, and anti-nucleosides
(cytarabine and fludarabine monophosphates, CP and FP, respectively)
attached via phosphamide pH-sensitive linker that allows for controlled
release of a drug at lysosomal compartment at pH 5 (Fig. 1). CP-, FP- and
DP-conjugates (both mono- and di-conjugates) were then tested for
improved anticancer action compared to the activity of free drugs using
four cellular models of leukemia in vitro. In selected experimental set-
tings, dendrimer-based DDS allows for lowering the effective concen-
trations of anticancer drugs of about 10-fold without losing their
anticancer potential, especially in the presence of dexamethasone.

2. Materials and methods
2.1. Dendrimer synthesis and characterization

All the chemicals used during the synthesis of PAMAM G3 dendrimer
and its conjugates were purchased from Merck KGaA (Darmstadt, Ger-
many). PAMAM G3 dendrimer was obtained at 5 mM scale according to
the procedure published by Tomalia et al. [13] and stored as 20.1 mM
solution in methanol to obtain conjugates with adenosine-5-,2'-deoxy-
thymidine-5'-, fludarabine-5'-, cytarabine-5'-, and
dexamethasone-21-monophosphates.  Biotin  N-hydroxysuccinimide
ester (NHS-biotin) was obtained from AmBeed (Arlington Hts, IL, USA).
Spectra/Por® 3 RC dialysis membrane (cellulose, MWyoft — 3.5 kDa)
was provided by Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
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Fig. 1. The synthesis scheme of PAMAM G3 conjugates (general formula is shown in a frame) with covalent attachment of AMP, dTMP, dexamethasone-21-

monophosphate, fludarabine-5'-mc hosph and ¢ bine-5'-monoph

b

The following mono- and di-conjugates were synthesized: G3** (a = 6

(method 1), 5 and 10 (method 2), b = 0), G3°" (a = 6, b = 0), G3°*" (a = 12, b = 0), G3"° (a = 5 and 7, b = 0), G3*7F, G3"7P, G3PP¥ G3P13C G3B1IPIC (b — 1) B,
amide-attached biotin; NHS-B, biotin N-hydroxysuccinimide ester; CDI, carbonyl diimidazole; EDC, N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide; A, 5'-ade-

nosyl-; T, 2'-deoxythymidyl-; D, 21- di

2 1-; F, 5'-fludarabi

yl-; and C, 5'-cytarabinyl- moieties with atom numbering.
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2.1.1. Spectroscopy

IR spectra were recorded with ALPHA FT-IR Bruker instrument in
ATR mode or in KBr pellets. The *H, 3C NMR 1-D and 2-D spectra
(*H-'H COSY and 'H-'3C HSQC and HMBC) were recorded with Bruker
300 MHz instrument, while *'P and '°F NMR spectra were obtained
using Bruker Ultrashield™ Plus 500 MHz instrument (Rheinstetten,
Germany).

2.1.2. Conjugate size and { potential

Dynamic light scattering (DLS) and ¢ potential of PAMAM conjugates
were measured at pH 5 (in 0.05 M acetate buffer) and in water using
Zetasizer Nano ZS instrument (Malvern, UK) at the concentration of 1
mg/ml (ca 0.1 mM solutions) as previously described [31].

2.1.3. AMP and PAMAM G3 conjugates (GB“A)

Method 1 (with N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) activation, Fig. 1): 49.6 mg of AMP x H,0 (140
pmoles) were dissolved in 1.5 ml of water. 100 pl of triethylamine (TEA)
were then added followed by the addition of 54.4 mg of EDC (280
pmoles) and 22.0 mg of imidazole (320 pmoles) and the solution was
mixed using magnetic stirring at room temperature for 30 min. The
solution was then added stepwise into 1 ml of 20.1 mM solution of
PAMAM G3 dendrimer in methanol (20.1 pmoles). After 4 h, the mixture
was transferred into dialytic tube (cellulose, MW yofr = 3.5 kDa) and
dialyzed against water for 2 days (5 times, 3 1). Water was evaporated
under reduced pressure and products were identified by 'H NMR spec-
troscopy as PAMAM G3 dendrimer substituted with average 6 equiva-
lents of AMP per one PAMAM G3 molecule (a = 6). Yield: 92.3 mg (10.4
pmoles of conjugate, 62.7 pmoles of AMP; 45% related to AMP sub-
strate). 31p NMR: 4.77 ppm; IR: »(P-N-C) = 782 cm 1; theoretical
averaged MW = 8.83 kDa.

Method 2 (with carbonyl diimidazole (CDI) activation, Fig. 1): 50.0
mg of AMP x H,0 (140 pmoles) were dissolved in 2 ml of water with 100
pl TEA. Solid CDI (45 mg, 280 pmoles) was added stepwise with
vigorous stirring for 30 min. After ceasing of CO2 evolution, the mixture
was added dropwise into 1 ml of PAMAM G3 dendrimer in methanol
(139 mg, 20 pmoles) and the mixture was left at room temperature for
60 min. The mixture was then dialyzed against water as described above
(vide supra). Water was evaporated under reduced pressure and prod-
ucts were identified by 'H NMR spectroscopy as PAMAM G3 dendrimer
substituted with average 5 equivalents of AMP per one PAMAM G3
molecule (a = 5). Yield: 114.8 mg (13.5 pmoles of conjugate, 67.5
pmoles of AMP; 48% related to AMP substrate). >'P NMR: 4.77 ppm,
theoretical averaged MW = 8.51 kDa.

For larger scale synthesis, starting amount of AMP x H,0 was 93.7
mg (263 pmoles), which were dissolved in 8 ml of water and activated by
the addition of 84.7 mg of CDI (526 pmoles). The mixture was stirred at
50 °C for 30 min. The mixture was then added into 181 mg of PAMAM
G3 dendrimer (26.3 pmoles) in 2 ml of water and reacted for 4 h. Af-
terwards, the mixture was dialyzed against water (5 x 2.5 1) for 3 days.
Water was evaporated and the solid was dried overnight in vacuum (0.2
mbar). The product was identified by the H NMR spectroscopy as
G31%4 yield: 157 mg (15.5 pmoles of conjugate, 155 pmoles of AMP;
59% related to AMP substrate). P NMR: 4.77 ppm, IR: 2(P-N-C) = 782
cm '; theoretical averaged MW = 10.1 kDa. This compound was later
used for AMP release experiment.

2.1.4. dTMP and PAMAM G3 conjugate (G3°T)
2'-Deoxythymidine-5'-monophosphate ~ disodium salt hydrate
(dTMP, 100.6 mg, 274 pmoles) was dissolved in 3 ml of water and
activated with 58.9 mg of CDI (362 pmoles) at room temperature for 30
min dTMP solution was then added dropwise into 18.1 pmoles of
PAMAM G3 dendrimer (125 mg) and allowed to react at ambient tem-
perature for 3 h. The product was worked up by dialysis, isolated as solid
and identified by 'H NMR spectroscopy as PAMAM G3 dendrimer with
attached 6 equivalents of dTMP (a = 6). Yield: 93.3 mg (10.9 pmoles of
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conjugate, 65.4 pmoles of dTMP; 24% related to dTMP substrate). 31p
NMR: 4.73 ppm; IR: £(P-N-C) = 779 em~Y; theoretical averaged MW =
8.55 kDa.

2.1.5. AMP, dTMP and PAMAM G3 conjugate (G3°°")

AMP (64.8 mg, 182 pmoles) and dTMP (66.4 mg, 182 pmoles) sub-
strates were dissolved in 7 ml of water and 728 pmoles of CDI were
added (118 mg) stepwise within 3 min. The mixture was left at room
temperature for 30 min and afterwards added dropwise into the PAMAM
G3 dendrimer (157 mg, 22.7 pmoles) in 2 ml of water. The solution was
stirred at room temperature for 4 h and the mixture was then dialyzed
against water for 3 days. Water was removed under reduced pressure
and solid product was analyzed by the 'HNMR spectroscopy as averaged
G3%T, yield: 161.3 mg (18.1 pmoles of conjugate, 109 pmoles of each
nucleotide; 60% yield). 31p NMR: 4.72 and 4.77 ppm; v(P-N-C) = 786
and 741 cm™; theoretical averaged MW = 8.9 kDa.

2.1.6. De. F 21 )phosph
(©3")

Dexamethasone phosphate disodium salt (NapDP, 43.5 mg, 84
pmoles) was dissolved in 2 ml of water and 23 mg of CDI (142 pmoles)
were added stepwise. After 30 min, this solution was added dropwise
into PAMAM G3 dendrimer (69.1 mg, 10 pmoles) in 1 ml of water and
the mixture was left at room temperature for 8 h. The product was
dialyzed as described above, dried and identified by NMR spectroscopy
(*H, ®c, and *'P) as G3°". Yield: 57.5 mg (6.2 pmoles, 37.6 pmoles of
DP, 44.8% yield related to DP). *'P NMR: 4.75 ppm; IR: (P-N-C) = 744
cm'l; theoretical averaged MW = 9.18 kDa.

For larger scale synthesis, 99.6 mg of Na;DP (193 pmoles) in 4 ml of
water were activated with 62.4 mg of CDI (385 pmoles) for 2 h, and
added to 20 pmoles of PAMAM G3 dendrimer. The mixture was left for
12 h, and the product was isolated and identified as described above.
The yield of G37° was 157.2 mg (15.6 pmoles, 77.8% yield, 109 umoles
of DP, 56.5% yield related to DP); theoretical averaged MW = 10.1 kDa.
This product was later used for hydrolytic drug release experiment (vide
infra).

and PAMAM G3 conjugate

2.1.7. Biotin-attached PAMAM G3 (G3%)

PAMAM G3 dendrimer was converted into single biotin attached
conjugate (G3%) using one equivalent of NHS-biotin in DMSO at 150
pmoles scale and purified by dialysis according to the protocol described
previously [32]. MW(G3®) = 7135 Da.

2.1.8. De. h 21 phosph
conjugate (6387 D)

39.4 mg of CDI (243 pmoles) were added stepwise into stirred so-
lution of 78.8 mg of NayDP (152 pmoles) in 1 ml of water. After evo-
lution of CO2 ceased (1 h), activated DP was added dropwise to the
stirred solution of G3® (135 mg, 18.9 pmoles) in 1 ml of water and the
mixture was left at 46 °C for 2 h. The mixture was then transferred into
cellulose dialytic bag and dialyzed against water for 3 days (7 x 2.51
water was used in receiving flask). The remaining solution in the bag
was removed, water was distilled off on rotary evaporator under
reduced pressure (8 mbars) and the residue was dried overnight under
0.2 mbar pressure. The isolated conjugate contained average 7 equiva-
lents of DP attached to macromolecular carrier as was identified by the
'H NMR spectroscopy, G3%7%; MW(G3%P), = 10.428 kDa. Yield 96.6
mg (9.3 pmoles; 49% calculated for the carrier). >'P NMR: 4.72 ppm; '°F
NMR: ~164.9 ppm (dd); IR: 1(P-N-C) = 782 cm ™.

and biotinylated PAMAM G3

2.1.9. Fludarabine-5' )phosphate and biotinylated PAMAM G3
conjugate (G3%7F)

Fludarabine monophosphate (FP, 38.7 mg, 106 pmoles) was dis-
solved in 1 ml of water. 100 pl of TEA were then added followed by the
addition of CDI (39.2 mg, 241.2 pmoles) with vigorous stirring for 1 h.

The solution of activated FP was added dropwise to 1 ml of aqueous
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solution of G3® (100 mg, 14 pmoles) and the mixture was stored at 46 °C
for 4 h. The mixture was worked up as described above and the solid
residue was identified by 'H NMR spectroscopy as G357F; MW(G3%F),
= 9.691 kDa. Yield 116.7 mg (12.0 pmoles; 85% calculated for the
carrier). *'P NMR: 4.71 ppm; '°F NMR: —53.6 ppm; IR: 2(P-N-C) = 779
em !

2.1.10. Cytarabine-5' phosphate and biotinylated PAMAM G3
conjugate (¢ G381%6)

Cytarabine monophosphate (CP, 49.2 mg, 152 pmoles) was dissolved
in 1 ml of water and 100 pl TEA. CDI (49.6 mg, 305 pmoles) was added
stepwise with vigorous stirring and the solution was stored at ambient
temperature for 1 h. The solution was then added dropwise into G3® (80
mg, 11.2 pmoles) in water, and the mixture was stored at 46 °C for 4 h.
The mixture was worked up as described above and the solid residue was
identified by 1H NMR spectroscopy as G3m3c; MW(G331%%,;, = 11.103
kDa. Yield 66.9 mg (6.0 pmoles; 54% calculated for the carrier). 31p
NMR: 4.70 ppm; IR: »(P-N-C) = 791 cm 3

2.1.11. Fludarabine-5' hosphate, d h
monophosphate and blounyla[ed PAMAM G3 conjugate (G3BSD5F )

FP (39.1 mg, 107 pmoles) and Na,DP (55.7 mg, 107 pmoles) were
dissolved in 1 ml of water and 100 pl TEA. CDI (52.5 mg, 324 pmoles)
was then added. After 2 h, the solution was added dropwise into G3E
(151 mg, 21.2 pmoles) in 1 ml of water and the mixture was heated at
46 °C for 4 h. The product was worked up by dialysis, isolated as solid
and identified by the 'H NMR spectroscopy as G3BSDSF; MW(G3BSPSF)y,
= 11.133 kDa. Yield 123.0 mg (11 pmoles; 52% calculated for the car-

rier). 3'P NMR: 9.02, 4.67 ppm; °F NMR: —165.9 (dd), —53.6 (s); IR:
v(P-N-C) = 780 cm 1
2.1.12. Cytarabine-5' phosphate, de. h 21 )phosph

and biotinylated PAMAM G3 coryugate (G315

CP (35 mg, 108 pmoles) and Na,DP (55.8 mg, 108 pmoles) were
dissolved in 1 ml of water and 100 pl TEA. CDI (52.5 mg, 324 pmoles)
was then added. After 2 h, the solution was added dropwise into G3®
(128 mg, 18 pmoles) in 1 ml of water and the mixture was heated at
46 °C for 4 h. The produnt was worked up by dialysis, |suldted as solid
and identified by the 'H NMR spectroscopy as G3BUDI0C, £y
(G3BHPI0C), — 15,185 kDa. Yield 96.8 mg; 6.4 pmoles (35.4% i
lated for the carrier). *'P NMR: 4.72 ppm; 19F NMR: —165.9 (dd) IR:
UP-N-C) =777 cm !

2.1.13. Labeling of conjugates with fluorescein isothiocyanate (FITC)

The conjugates (GBB", G3%P and GBBSFSD) were labeled with one
equivalent of FITC at the 1 pmolar scale. 10 mM solution of FITC in
ethanol was added stepwise into vigorously stirred ethanolic solutions of
1 pmole of G3¥7P (10.4 mg), G3*7" (9.7 mg), and G3"°"%F (11.1 mg) and
the mixtures were left for 1 h. Ethanol was then evaporated and 1 mM
solutions in D0 of labeled conjugates were examined by the means of
"H NMR spectra. These stock solutions were then used in biological tests
involving leukemia cells. As the conjugates with CP were found to be
insoluble in ethanol, labeling of these conjugates with FITC was not
considered, because this protocol requires ethanolic environment.

2.1.14. Acid-triggered hydrolysis of G3'%* and G3’" conjugates

140 mg of G31%4 (15.7 pmoles) were dissolved in 20 ml of water and
divided into four dialytic bags in equal number of equivalents. The
cellulose dialytic tubes were immersed into 0.1 M acetate buffer (51, pH
5) and incubated for 1, 2, 4 and 8 h in buffer and then for 3 days in water.
Water was then removed and the remaining conjugates were analyzed
by "H NMR spectroscopy in order to determine the stoichiometry of
remained macromolecules (vide infra).

In drug release experiment involving G3”® conjugate, G37° (95.7 mg,
9.4 pmoles) was dissolved in 15 ml of water, divided into three dialytic
tubes, hydrolyzed in 0.1 M acetate buffer for 1, 3, and 6 h and the

37D
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remaining mixture was then dialyzed against water as described above.
The macromolecular products of hydrolysis were identified by *H NMR
spectroscopy (vide infra).

2.2. Cell lines and culture conditions

The following cell lines were used: human chronic myeloid (mye-
logenous) leukemia cell lines, namely K-562 (ATCC, Manassas, VA, USA)
and LAMA-84 cells (DSMZ, Braunschweig, Germany), human acute
monocytic leukemia cell line, THP-1 cells (ECACC, Salisbury, United
Kingdom) and human acute myeloid leukemia cell line, HL-60 cells
(ATCC, Manassas, VA, USA). Cells were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) and antibiotic/anti-
mycotic solution (100 U/ml penicillin, 0.1 mg/ml streptomycin and
0.25 pg/ml amphotericin B) (Thermo Fisher Scientific, Waltham, MA,
USA). Cells were maintained at 37 °C in a humidified atmosphere of 5%
CO2. The number of cells was examined using Cell Counter Analyzer
TC10™ (Bio-Rad Laboratories, Hercules, CA, USA).

2.3. MTT assay

The effects of drugs/dendrimers/dendrimer conjugates on metabolic
activity of the cells were assessed using MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] assay, as described elsewhere
[33]. Briefly, 10* cells per a well of 96-well plate were incubated with
free drugs (DP, FP, CP) at the concentrations of 10, 100 and 1000 nM,
and 1, 5, 10 nM concentrations of dendrimers/dendrimer conjugates for
24 h and 48 h, and metabolic activity was then analyzed. Changes in
metabolic activity can be considered as an indirect measure of cytotoxic
and/or cytostatic activity of tested agents. Metabolic activity at control
conditions (non-treated cells) is considered as 100%.

2.4. Flow cytometry-based analysis of cellular uptake of dendrimers and
dendrimer conjugates

Cells were treated with 10 nM dendrimers and dendrimer conjugates
labeled with FITC for 48 h. Cellular uptake of dendrimers and dendrimer
conjugates was then assayed using imaging flow cytometry (Amnis®
FlowSight® imaging flow cytometer, Luminex Corporation, Austin, TX,
USA) [34]. Briefly, ethanol-fixed cells (10°) were stained using 5 pg/ml
propidium iodide (PI) solution for 10 min. Fluorescence signals were
captured using Amnis® FlowSight® imaging flow cytometer and dedi-
cated software (Luminex Corporation, Austin, TX, USA).

2.5. Cell cycle analysis

After 48 h treatment with drugs/dendrimers/dendrimer conjugates,
DNA content-based analysis of the cell cycle was performed using flow
cytometry (Muse™ Cell Analyzer and Muse™ Cell Cycle Kit) according
to the manufacturer’s recommendations (Luminex Corporation, Austin,
TX, USA) [34].

2.6. Apoptosis and necrosis analysis

After 48 h treatment with selected drugs/dendrimers/dendrimer
conjugates, apoptosis and necrosis modes of death were analyzed. For
the evaluation of conjugate-mediated apoptosis, two apoptotic markers
were considered, namely phosphatidylserine externalization and the
levels of caspase 3. Phosphatidylserine externalization was revealed
using flow cytometry and Muse™ Annexin V Assay Kit (Luminex Cor-
poration, Austin, TX, USA) as previously described [34]. As dual staining
of Annexin V and 7-AAD was performed, four cell subpopulations were
distinguished, namely live cells negative for both staining, early
apoptotic cells positive for Annexin V staining, late apoptotic cells
positive for Annexin V staining and 7-AAD staining and necrotic cells
positive for 7-AAD staining. The levels of caspase 3 were assayed using
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anti-caspase 3 primary antibody (1:100, PAS5-77887, Thermo Fisher
Scientific, Waltham, MA, USA), secondary anti-rabbit antibody conju-
gated with Alexa Fluor™ 488 (A21206, 1:1000, Thermo Fisher Scien-
tific, Waltham, MA, USA) and imaging flow cytometry (Amnis®
FlowSight® imaging flow cytometer, Luminex Corporation, Austin, TX,
USA).

2.7. The analysis of NF-xB levels using imaging flow cytometry

After 48 h treatment with selected dendrimers/dendrimer conju-
gates, the levels of NF-xB were analyzed using Amnis® FlowSight®
imaging flow cytometer (Luminex Corporation, Austin, TX, USA).
Briefly, cells (10°) were incubated with anti-NF-xB primary antibody
(1:100, PA5-16545, Thermo Fisher Scientific, Waltham, MA, USA) and
secondary anti-rabbit antibody conjugated to Texas Red (T2767,
1:1000, Thermo Fisher Scientific, Waltham, MA, USA). Nuclei were
visualized using PI staining. The IDEAS software version 6.2.187.0
(Luminex Corporation, Austin, TX, USA) was used for data acquisition
and analysis.

2.8. In vitro hemolysis assay

To determine the biocompatibility (here hemocompatibility) of
dendrimers/dendrimer conjugates, hemolytic properties of conjugate-
based system were evaluated using hemolysis test. Heparinized human
blood from one healthy donor (lab volunteer, 23-year-old non-smoking
male) was used. Briefly, 100 pl of whole blood samples were incubated
with 10 nM dendrimers/dendrimer conjugates at 37 “C for 24 and 48 h.
The supernatants were then collected and diluted 10-times in DPBS and
absorbance was measured at 541 nm using a Tecan Infinite®M200
absorbance mode microplate reader. Non-treated sample served as a
negative control (NC) and treatment with 37.5 mM KCl was used as a
positive control (PC). Hemolytic properties of PC were considered as
100%.

2.9. Statistical analysis

The results were calculated as the mean + SD from at least three
independent experiments. Statistical significance was assessed by one-
way ANOVA using GraphPad Prism 5 with the Dunnett's multiple
comparison test for comparisons between control conditions (untreated
samples) and treated samples, and with Tukey’'s multiple comparison
test for comparisons between the action of free drugs and drugs attached
to PAMAM dendrimer. *P < 0.05 was considered significant.

3. Results and discussion
3.1. Synthesis and physico-chemical characterization of conjugates

Dendrimer-based drug delivery systems are considered to be a
promising strategy to fight cancer [15,35,36]. The easiest way to deliver
an anticancer drug is by its encapsulation in a macromolecular carrier,
however, the thermodynamic equilibrium between encapsulated drug
and free drug molecule may result in the drug exposition to both tar-
geted and non-targeted cells in the human body. In contrast, the cova-
lent bonding of drug into strictly defined macromolecular carrier and
the modification of such conjugate may promote drug targeting. One
important issue of DDS is controlled drug release in targeted cells that
can be achieved by using pH-sensitive and cleavable linkers. More
recently, 2-carboxybenzyl phosphoramidates were reported as prom-
ising pH-sensitive linkers [37]. Upon pH decrease from 7.4 to 5.5, the
hydrolysis half-time was shown to be diminished from one to two order
of magnitude for series of 2-carboxybenzyl phosphoramidates [37].
Most of the phosphoramidates were cleaved within 1 h depending on the
presence of substituents on carboxybenzyl residue [37]. The results led
the authors to conclusion that phosphor: of amine-cc i
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drugs can be used as pH cleavable DDS [37]. Furthermore, phospha-
mide bond linker was used to synthesize the conjugate of antineoplastic
drug monomethyl auristatin E that resulted in the drug release with 1 h
half-time at pH 5 [38]. Thus, in the present study, we have considered
the formation of  phosphamide bond between the
phosphate-functionalized nucleosides and synthetic glucocorticoid
dexamethasone with amine groups of PAMAM G3 dendrimer (Fig. 1).
We have adopted the synthetic path of phosphamide bond formation
between oligonucleotides and ethylenediamine [39,40] and optimized
the protocol to synthesize the series of PAMAM G3 conjugates with
AMP, dTMP, anti-inflammatory agent dexamethasone phosphate (DP)
and common anti-nucleoside monophosphates (cytarabine-5'- and flu-
darabine-5'-monophosphate, CP and FP, respectively) (Fig. 1).

The use of synthesis protocol of conjugates between G3 and AMP
with EDC or CDI as activators in dimethylsulfoxide (DMSO) or methanol
resulted in the depurination of AMP, although ribose-5'-monophosphate
was attached to primary amine groups of G3. Surprisingly, the same
procedure when performed in water yielded stable conjugates, which
were isolated by dialytic removal of low molecular weight side-products
and evaporation of water under reduced pressure. Furthermore, in
contrast to original Orgel’s procedure, we observed that CDI can be
applied alone (without imidazole) to obtain G3™ products (a = 5 and
10). Using optimized protocol, the series of conjugates containing AMP
and dTMP were synthesized (Fig. 1). All conjugates were characterized
by H, 3¢, *'P NMR spectroscopy using 2-D "H-'3C correlations. The 'H
NMR spectra of the conjugates are presented in Fig. 2.

The average stoichiometry of conjugates was determined based on
the integration of adenosine and 2'-deoxythymidine resonances against
PAMAM G3 resonances that served as an internal reference of [484H]
total intensity (Fig. 2). The chemical shifts of A and T in conjugates
related to AMP and dTMP were considerable for H-2, H-8, and H-5' of A
and relatively small for T. In the 3lp spectra, the single resonance of
monophosphate shifted from 1.13 for AMP (and dTMP) into 4.77 in g3
(a=5and 10, Fig. $1) and 4.72 in G3°T.

The dexamethasone-21-monophosphate was attached to G3 to
obtain G3% (a — 5 and 7). The 'H spectroscopy was used to determine
the average stoichiometry of the conjugates. The assignment of 'H, '*C
and *'P NMR signals in corresponding spectra (COSY, HSQC and HMBC
maps, Figs. S2A and S2B) was in accordance with previously published
results for DP [41] and DP encapsulated in peracetylated PAMAM G5
[28]. In the 'H NMR spectrum of G3”° conjugate, the largest chemical
shift in relation to DP was observed for H-15 (0.07 and 0.09 ppm up-
field), H-12 (0.20 ppm downfield), and H-11 (0.09 ppm upfield), while
H-21 remained as non-shifted AB-type doublets centered at 4.38 and
4.71 ppm. The same pattern was observed for D in biotin-PAMAM
conjugate (Fig. 3C). Neither the 3lp signal was shifted in phosphamide
against DP. Nonetheless, we conclude that in all cases the mono-
phosphates were phosphamide linked into G3 in isolated conjugates.
Additionally, the IR spectra showed the medium intensity band char-
acteristic for other phosphamides [42,43] within 740-780 cm ! and
absent in IR spectrum of G3 either in starting monophosphates. To
ensure that obtained compounds were indeed conjugates and not en-
capsulates of AMP, dTMP or DP, we have obtained the encapsulates of
AMP and DP containing 5 equivalents of monophosphates and dialyzed
them against water for 3 days. The resulting isolated macromolecule was
only the PAMAM G3 dendrimer.

Furthermore, we have considered the synthesis of PAMAM G3 con-
jugates with phosphamide-attached widely used anticancer drugs from
an anti-nucleoside group, namely fludarabine- and cytarabine-5'-
monophosphates (FP and CP) as mono-conjugates as well as di-
conjugates with attached anti-inflammatory and immunosuppressive
agent dexamethasone-21-monophosphate (DP) (Fig. 1). In contrast to
previous synthesis, biotin was conjugated to PAMAM G3 dendrimer via
amide group, because we have previously found that biotin may
potentiate the affinity of such conjugates to the cell membranes of
cancer cells with commonly overexpressed biotin receptors [44]. The
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Fig. 2. The 'H NMR spectra of AMP (A), G3'°* (B), G3°*° (C), G3°" (D), and dTMP (E) in D,0. The residual HDO resonance is marked with an asterisk. For atom

numbering see Fig. 1.

conjugates of G3® with 7 equivalents of FP, 7 equivalents of DP, 13
equivalents of CP, 5 equivalents of FP plus 5 equivalents of DP and with
11 equivalents of DP plus 10 equivalents of CP were obtained. The H
NMR spectra of mono- and di-conjugates are presented in Fig. 3. The
average number of equivalents of CP, FP and DP in conjugates was
determined by integration of characteristic aromatic resonances of C, F,
and D versus internal resonance intensity of G3 core ([484H], traces A
and E) or adjusted intensity of PAMAM core and D resonances (within
2.2-3.4 ppm region) in the case of G3%P, 63" and G3P11P10C (traces
C, B, and D, respectively). The stock solutions of the conjugates at 5 mM
concentration were stable for weeks at room temperature. The 'H NMR

spectra of all conjugates taken from aqueous solutions and stored for two
months at room temperature were identical to the starting ones. None-
theless, main parts of solutions were stored frozen until the evaluation of
potential anticancer activity using cell culture in vitro system. The ab-
breviations of these conjugates were simplified into G3™, ¢ 63,
G3°P¢ and G3®€.

The size and zeta potential for all conjugates were measured by DLS
method in water and in 0.05 M acetate buffer (Table 1). Diameter of
AMP-attached G3 conjugates increased with the number of substituents.
The number-averaged size of AMP conjugates determined in water
increased with number of substituents as follows: G3** (1.47 nm) <
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Fig. 3. The "H NMR spectra of G3*"" (4), G3™"°F (B), G3""" (C), G3*''"'% (D) and G3*'* (E) in D,0. For atom numbering see Fig. 1.

G3° (1.50 nm) < G310a (1.74 nm), and volume-averaged size showed
the same trend, i.e.: 1.79 < 1.92 < 2.38 nm, respectively. This indicated
that no association of conjugates occurs in 0.1 mM aqueous solutions.
The highest substituted G347 showed d(N) and d(V) equal to 1.74 nm
and 2.11 nm, respectively. The size of dexamethasone monophosphate
conjugate G3°P was similar to that of G3%* (d(N) = 1.59 nm and d(V) =
2.02 nm). The size of all conjugates increased upon protonation of ter-
minal primary amine groups of G3 (an average pKj, = 9.23 for primary
amine groups of G3 dendrimer) and internal tertiary amine groups (pKp
~ 6, depending on peripheral substituents more than G3 core itself)
[45]. The diameter (both d(N) and d(V)) increased more than twice for
all conjugates upon pH decrease to 5. The protonation of conjugates also
resulted in an increase of zeta potential ({) from slightly positive in
water into high positive values, similar to G3, which in the same con-
ditions was equal to 16.0 mV, while the highest positive value of { was

found for G3°T (16.6 mV). Interestingly, for the most hydrophobic de-
rivative G3°°, ¢ remained constant in both solutions (5.2 mV in pH 7 and
PH 5). In case of biotin and DP containing conjugates, namely: G372,
GSBsD5F, and G3®'! IDIOC’ the diameters measured both in water and at pH
5 were slightly larger than those of AMP and/or dTMP conjugates. The
volume-averaged size was slightly higher than the number-averaged
ones indicating that limited association of these conjugates took place
in 0.1 mM solutions that can be neglected in more diluted ones used
further in biological tests. The PDI remained low and it can be concluded
that all conjugates are dispersed to monomolecular level and have
slightly positive ¢ potential. The zeta potential for all conjugates was
positive despite exclusion of primary amine groups by substitution and
increased upon pH decrease from 7 to 5. The same behavior of highly
substituted G4 dendrimers was observed previously for PTX-PAMAM G4
conjugates [16,17,31,34].
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Table 1
of ¢

The values of ¢ potential and number- and vol wveraged di;
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molecules (d(N) and d(V), respectively), in water and in 0.05 M acetate buffer pH 5

(measured within 1 h after pH adjustment). SD - standard deviation; PDI — polydispersity index.

Solution — aqueous 0.05 M acetate buffer pH 5

Species | d(N) (SD) [nm] d(V) (SD) [nm)] PDI ¢ (SD)[mV] d(N) (SD) [nm] d(V) (SD) [nm] PDI ¢ (SD)[mV]
G3° 2.74 (0.16) 3.18 (0.14) 0.21 0.23 (0.05) 3.60 (0.15) 4.15 (0.09) 0.21 21.30 (2.3)
G3* 2.75 (0.15) 3.30 (0.15) 022 1.20 (0.06) 3.27 (0.16) 3.27 (0.08) 0.16 16.30 (0.60)
G3%* 1.47 (0.25) 1.79 (0.25) 0.44 13.94 (2.14) 3.20 (0.34) 4.02(0.42) 0.53 15.93 (1.85)
G3%* 1.50 (0.09) 1.92 (0.11) 0.32 8.94 (1.56) 3.62(0.23) 4.28 (0.20) 0.49 9.21 (0.76)
G3'o* 1.74 (0.15) 2.38 (0.13) 0.32 3.90 (0.86) 4.09 (0.23) 5.06 (0.25) 0.54 14.30 (2.49)
G3oAeT 1.79 (0.19) 2.33(0.19) 0.41 11.89 (1.10) 3.92(0.15) 4.69 (0.12) 0.56 16.58 (0.67)
G357 1.74 (0.18) 2.11(0.31) 0.68 8.67 (1.10) 3.69 (0.16) 4.24(0.16) 0.66 10.83 (0.67)
G3% 1.59 (0.13) 2.02(0.15) 0.48 5.18 (0.89) 3.62 (0.45) 4.49 (0.49) 0.32 5.17 (1.18)
G3®7P 1.97 (0.17) 3.15(0.32) 0.31 6.96 (1.21) 3.20 (0.13) 3.95(0.12) 0.28 13.93 (2.65)
G3"* 1.69 (0.06) 213 (0.11) 0.49 15.43 (0.49) 3.03 (0.18) 3.79(0.12) 0.44 22.81 (3.36)
G3"esF 2.00 (0.11) 2.62(0.17) 0.37 8.59 (1.78) 3.46 (0.25) 4.26 (0.25) 0.43 11.77 (2.95)
g3t 2.31 (0.12) 2.42(0.12) 0.25 8.36 (1.30) 3.55 (0.33) 3.62(0.22) 0.28 14.24 (2.13)
GgBliploc 2.42(0.10) 253 (0.12) 0.27 6.21 (1.12) 4.12(0.54) 4.50 (0.42) 0.31 8.08 (2.12)

2 From Ref. [32], presented for comparison.

Isolated conjugates are stable in neutral aqueous solution at least for
2 months as was evidenced by reproducible 'H NMR spectra of stored
solutions in D20. After the addition of acid, the hydrolytic cleavage of
phosphamide bond occurs. We have performed the hydrolysis of G3'%*
and G3”P in mild conditions. The conjugates were dissolved in water,
placed in dialytic tube and immersed in the reservoir containing 5 1 of
acetate buffer. G3'%* was exposed to pH 5 for 1, 2, 4 and 8 h, then the
bag was placed for 3 days in water to recover neutral solvent conditions
inside the bag, and then the solvent was removed. The isolated solids
were examined by TH NMR spectroscopy in D20. We found that the
intensity of adenine H-2 and H-8 resonances decreased over time
(Fig. 4). Estimated hydrolysis half-time for G3'%* was about 4 h. Addi-
tionally, the acetate anion methyl proton resonance was observed at 1.5
ppm. The number of acetate equivalents corresponded to the number of
AMP equivalents released during hydrolysis. The same experiment was
conducted for G37° conjugate. The integration of 18 and 22 methyl
group protons versus internal reference signal of PAMAM G3 methylene
protons at 2.3 ppm ([120H] intensity) allowed to determine the
composition of the products and hydrolysis half-time, which was esti-
mated as 3 h (Fig. 5). In case of B and DC- and DF- containing conjugates,
the half lifetime was near 4 h as estimated by the 1H NMR single mea-
surement after 4 h dialysis of the samples at pH 5. The stability of
conjugates in neutral pH would allow reaching target cells in vitro and
also in case of intravenous delivery. Once the conjugates will enter the
cells by endocytosis, they will release drugs CP of FP and DP in early
lysosomes in which pH is near 5. In such conditions, the conjugate size is
increased (Table 1) and conjugates become more accessible to lysosomal
proteinases. The dialytic experiments demonstrated that release is not
immediate and takes about 4 h to build up the drug levels in targeted cell
corresponding to a cytotoxic dose. Moreover, continuous release for next
12 h should maintain the death-inducing concentration of the drug. To
verify these assumptions on drug release in biological systems, selected
cellular models in vitro were considered (vide infra).

3.2. Comparison between anticancer potential of free drugs and drugs
attached to PAMAM dendrimer using four cellular models of leukemia in
vitro

As anti-nucleosides such as cytarabine and fludarabine are widely
used anticancer drugs to treat different types of leukemia [1-5], in the
present study, four cellular models of leukemia in vitro, namely K-562,
LAMA-84, THP-1 and HL-60 cells were considered to investigate anti-
cancer activity of cytarabine and fludarabine-PAMAM dendrimer
mono-conjugates compared to the action of free drugs (CP and FP) and
in combination with the action of an anti-inflammatory agent DP in the
form of a free drug and as an attachment to cytarabine and
fludarabine-PAMAM dendrimer mono-conjugates. First, we have

focused on conjugate-mediated changes in metabolic activity as judged
by MTT test (Figs. S3A and 24 h treatment and Fig. 6, 48 h treatment,
respectively). To select the concentration of mono- and di-conjugates for
further analysis, the effects of two anticancer drugs, namely CP and FP
were studied using three concentrations of 10, 100 and 1000 nM
reflecting low, medium and high concentrations (Fig. S3A and Fig. 6).
After 48 h stimulation, chronic myeloid (myelogenous) leukemia (CML)
cells, namely LAMA-84 and K-562 cells, were the most sensitive to FP
treatment and AML cells, namely HL-60 cells were the most sensitive to
CP treatment (Fig. 6). THP-1 cells, acute monocytic leukemia cells, were
not susceptible to 48 h treatment with FP and CP even, when high
concentration of 1000 nM was used (Fig. 6). However, the metabolic
activity of THP-1 cells was affected when shorter time of incubation with
anticancer drugs was considered, namely 24 h treatment (Fig. S3A). One
can conclude that the effects of FP and CP in THP-1 are transient
(Fig. S3A and Fig. 6). Although CP is mainly used against AML and ALL
cells and FP is usually applied to treat CLL [1 5], the effects of fludar-
abine were also analyzed in CML cells, however, in most cases as a
combination therapy [46-48]. For example, ICs¢ of fludarabine was
established to be 5.5 and 2.3 pM for 24 and 48 h treatments in K-562
cells [49]. Fludarabine was also active against mouse lymphocytic leu-
kemia cell line (L1210 cells), however, the authors considered very high
concentrations of fludarabine, namely from 5 to 20 pM [50]. The effects
of cytarabine were also previously studied against HL-60 cells [51].
HL-60 cells were insensitive to 0.1 pM cytarabine treatment that is
opposite to our results (this study). These differences may rely on the cell
number considered that may affect drug response. The authors used
4-fold higher number of cells than used in the present study [51].

DP at all concentrations used did not affect the metabolic activity of
four leukemia cell lines when treated for 48 h (Fig. 6). As 10 nM con-
centration of FP and CP was ineffective against four leukemia cell lines
upon 48 h stimulation (Fig. 6), this concentration and this incubation
time were selected for further analysis on the effects of mono- and di-
conjugates (Figs. 6-10). Furthermore, lower concentrations of 1 and 5
nM were also tested using MTT assay (Fig. 6). The rationale was to reveal
the conditions in which the effects of mono- and di-conjugates would be
potentiated compared to the action of free drugs when used at the same
concentration. This approach, if successful, would allow to lower the
effective concentration of the drug in the form of drug-dendrimer. This is
clinically important, because high doses of cytarabine may promote a
number of adverse side effects such as clonal selection and drug resis-
tance [52,53].

The effects of biotin-attached dendrimer (G3®) were limited and, in
most cases, observed differences were not statistically significant
(Fig. S3A and Fig. 6). This suggest that G3P® can be considered as a safe
and biocompatible carrier/vehicle for the delivery of anticancer drugs.
10 nM CP-PAMAM dendrimer conjugate (G35¢) moderately potentiated
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Fig. 4. The *H NMR spectra of G3'%* conjugate at 0 time (A), and after 1 (B), 2 (C), 4 (D), and 6 h (E) of dialysis at pH 5. The resonance assignment was performed

using 1-D COSY, HSQC, and HMBC.

the action of free CP in K-562 cells (p < 0.001), whereas 10 nM FP-
PAMAM dendrimer conjugate (G3™) promoted a decrease in meta-
bolic activity of THP-1 cells (p < 0.01), and to a lesser degree of HL-60
cells (p < 0.05), compared to the effect of free FP (Fig. 6). In contrast, in
LAMA-84 cells, 10 nM DP-FP-PAMAM dendrimer di-conjugate (G3"h,
but not 10 nM FP-PAMAM dendrimer mono-conjugate (G3™, potenti-
ated the effect of free FP (Fig. 6, p < 0.001) that suggests that DP, an
immunomodulator, may exert synergistic anticancer effect during
chemotherapeutic treatment in selected experimental settings. Similar
synergistic effect, but even more pronounced, was observed in the case
of HL-60 cells treated with 10 nM DP-CP-PAMAM dendrimer di-
conjugate (G3"PC) compared to the action of free CP (Fig. 6, p <
0.001). The inhibitory effect of 10 nM G3°P€ was comparable to the

inhibitory effect of 100 nM CP in HL-60 cells (Fig. 6). Thus, DP may act
as a chemosensitizer in G3®*“-treated HL-60 cells reducing the thera-
peutic dose of CP of about 10-fold (Fig. 6). There is limited information
on the synthesis and biomedical applications of dendrimer-based sys-
tems for anti-nucleoside anticancer drug delivery [30,54 56]. Poly
(propyleneimine) dendrimers (PPI, 4th generation) with maltose
modified surface were demonstrated to form the complexes with
cytarabine (ara-C) and cytarabine-5'-triphosphates (ara-CTP) at the
12-15 nucleotide per PPI, depending on the number of surface primary
amine groups that was determined by isothermal titration calorimetry
method [30]. The cytotoxic effects of the nucleoside and nucleotide form
of cytarabine and the drug in the form of drug-dendrimer complex were
tested using 1301 T-cell leukemia cell line and HL-60 cells [54]. 1 pM
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Fig. 5. The TH NMR spectra of DP (A), G37? (B), the conjugate after 3 h (C), and 6 h (D) of dialysis at pH 5. The residual HDO resonance and impurity are marked
with an asterisk. The resonance assignment was performed using 1-D COSY, HSQC, and HMBC. The atom numbering of DP was adapted from Ref. [41].

cytarabine-dendrimer complex did not potentiate the cytotoxicity of a
free drug when used at the same concentration in HL-60 cells [54]. In
contrast, 1301 cells were more susceptible to 1 uM
cytarabine-dendrimer complex treatment compared to 1 pM cytarabine
treatment [54]. However, for comparative analysis, the authors used
100-fold higher concentration of cytarabine-dendrimer complexes and
2-fold higher number of cells than used in the present study. Cytarabine
was also covalently attached via succinate ester bond into PEG-ylated
PAMAM G4 dendrimer to obtain conjugate with ten equivalents of C
in one nanocarrier molecule [56]. C was released from the conjugate
within 14 h in PBS buffer at pH 7.4 and in plasma, half-time of the
conjugate was <5 h [56]. The conjugate was characterized by four-fold
higher efficiency in the growth inhibition of human lung carcinoma
epithelial cells (A549 cell line) in comparison with free C after 72 h
incubation [56]. Non-covalent complexes of maltose-modified poly
(propyleneimine)  dendrimer, fludarabine and/or fludarabine

triphosphate were also tested against three leukemia cell lines, namely
CCRF, THP-1 and U-937 cells [55]. The action of fludarabine triphos-
phate was limited compared to fludarabine treatment, however, flu-
darabine triphosphate complexation with the glycodendrimer
significantly potentiated cytotoxic effects in leukemia cells [55]. The
authors treated the cells with very high concentrations of free drugs and
complexes, namely 5, 10 and 20 pM [55]

Surprisingly, 10 nM G3®” dendrimer conjugate substantially affected
the metabolic activity of THP-1 cells, and to a lesser degree of HL-60
cells, compared to the effect of free DP (Fig. 6, p < 0.01). In general,
diverse responses in AML cells (HL-60 and THP-1 cells) may rely on the
differences in cell differentiation. One should remember that HL-60 cell
line is a model of promyeloid AML, while THP-1 cell line is a subtype of
AML with MLL fusion and more differentiated promonocytes and with a
tendency to differentiation of monocytes to macrophages in vitro [57].

We have then analyzed the uptake of selected conjugates using
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imaging flow cytometry (Fig. 7). As LAMA-84 cells were susceptible to
the treatment with 10 nM G3PF, whereas K-562 cells were relatively
insensitive (Fig. 6), we decided to correlate the uptake of G3°°F labeled
with FITC (G3BPF*) with its anticancer effects in LAMA-84 and K-562
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cells (Fig. 7). Furthermore, as FITC labeling protocol requires ethanolic
environment and G35C is insoluble in ethanol, it was impossible to
provide G3C labeled with FITC for uptake analysis. As we used FITC-
based system, one can easily track the uptake of FITC-labeled
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Fig. 6. Drug- and conjugate-mediated changes in metabolic activity of four leukemia cell lines, namely K-562, LAMA-84, THP-1 and HL-60 cells. Cancer cells were
treated with drugs (DP, FP, CP) at the concentrations of 10, 100 and 1000 nM or conjugates (G3%, G3®, G3®, G3®PF, G3"C, G3®PC) at the concentrations of 1, 5 and
10 nM for 48 h. Metabolic activity was assessed using MTT test. Formazan-related absorbance was read using a microplate reader. Metabolic activity of untreated
cells cultured in standard growth condition was considered as 100% (Ctrl). To emphasize the action of drugs and conjugates, a red dashed line is provided. Based on
MTT results, the concentration of 10 nM of conjugates was selected for further analysis. Bars indicate SD, n = 6 ***p < 0.001, **p < 0.01, *p < 0.05 compared to
control conditions (Ctrl) (ANOVA and Dunnett's a posteriori test); “**p < 0.001, **p < 0A01, p < 0. 05 compared to the treatment with a free drug (ANOVA and
l‘ukey s a posteriori test). Ctrl, control untreated conditions; DP, d i h FP, fludarabi hosphate; CP, cytarabi; phospt

G3®, biotin attached to PAMAM G3 dendrimer; G3°, fludarabine monophosphate attached to blotmy]ated PAMAM G3 dendrimer; G3"°, dexamethasone mono-
phosphate attached to blotmylated PAMAM G3 dendrimer; G3®%, flud and di hosphate attached to biotinylated PAMAM
G3 dendrimer; G3°¢ bine h hed to biotinylated PAMAM G3 dendrimer; G3®°C, cytarabi hosphate and d mono-
phosphate attached m blmjnylatcd PAMAM G3 dendrimer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

conjugates (in green, Fig. 7). We have considered two controls, namely
untreated cells and cells treated with unlabeled biotin-attached PAMAM
dendrimer G3® (Fig. 7). As expected, treatment with G3® did not affect
intracellular FITC-based signals (Fig. 7). In both CML cell lines, FITC-
labeled G3""F was observed (p < 0.001), however, the conjugate up-
take was more efficient in K-562 cells (Fig. 7) with limited effects upon
G3®PF stimulation (Fig. 6). Thus, one can conclude that G3BPFx uptake
does not directly correlate with its anticancer action in CML cells (Figs. 6
and 7). No correlation between cytotoxicity and the uptake of anti-
nucleoside drugs such as cytarabine was previously reported in
selected leukemia cell lines [51].

As MTT test is not able to discriminate between cytotoxic and cyto-
static effects of tested agents, we decided then to evaluate if conjugate-
mediated changes in metabolic activity of leukemia cells (Fig. 6) are
mediated by apoptotic cell death (Fig. 8). Dual staining was considered,
namely Annexin staining and 7-AAD staining to distinguish between
early and late apoptotic populations as well as necrotic population
(Fig. 8A and Fig. S3B). Only in the case of HL-60 cells treated with 10
nM G3"PC, a statistically significant increase in the levels of early and
late apoptotic cells was noticed compared to untreated cells (17% in-
crease in the total apoptotic population compared to control conditions)
(Fig. 8A, p < 0.001) that indicates that indeed G3PPC.mediated changes
in metabolic activity (Fig. 6) may reflect G3 % induced apoptosis in HL-
60 cells. Perhaps in other cases, changes in metabolic activity may be
also associated with cytostatic activity of the conjugates. G3**C-induced
apoptosis in HL-60 cells was also confirmed by the analysis of caspase 3
levels, a major executive caspase during apoptotic cell death. The pools
of caspase 3 were compared upon G3®°F, G3%C and G3®PC stimulations in
four leukemia cell lines and only in the case of G3®"C-treated HL-60
cells, elevated levels of caspase 3 were observed (Fig. 8B). It was sug-
gested that glucocorticoids may act as chemosensitizers during anti-
nucleoside-based antileukemic therapy, mainly against ALL [12].
However, cytarabine resistant AML cells were also found to be sensitive
to glucocorticoids [6]. Dexamethasone improved the outcome of AML
patients receiving intensive chemotherapy [58]. This may be achieved
by dexamethasone-mediated modulation of inflammatory chemo-
resistance pathways [58]. Dexamethasone also enhanced the cytotox-
icity of cytarabine in a co-culture system [58]. It was previously reported
that dexamethasone may induce apoptotic cell death in AML cell lines
such as Kasumi-1 and SKNO-1 cells that was correlated with high
expression of glucocorticoid receptor gene [59]. Indeed,
glucocorticoid-mediated apoptosis may be executed by the binding to
glucocorticoid receptor and then to transcription factors such as NF-xB
and AP-1 thus affecting their activity [8,9]. In contrast, there were no
significant changes in growth rate of HEL, HL-60, ML-1, U-937, K-562
and KU-812 cells at concentrations up to 1 yM dexamethasone [59].
Mechanistically, dexamethasone may sensitize AML cells to cytarabine
by upregulating FKBP51 that inhibits AKT pathway and limits cell
proliferation [60].

As, except of G3" C.treated HL-60 cells, decreased metabolic activity
(MTT assay, Fig. 6) was not correlated with apoptosis induction (a sign
of cytotoxicity) in conjugate-treated leukemia cells (Fig. 8 and Fig. S3B),
we have then focused on conjugate-mediated changes in the cell cycle as

asign of affected cell cycle progression and a cytostatic effect (Fig. 9 and
Fig. 53C). However, conjugate-associated cytostatic effects were limited
(Fig. 9). None of the treatments affected the phases of cell cycles in the
case of K-562 and THP-1 cells (Fig. 9). Except of DP-mediated increase in
the S phase of the cell cycle of LAMA-84 cells, in drug- and conjugate-
treated LAMA-84 cells (p < 0.001), no changes in the phases of the
cell cycle were observed (Fig. 9). The most pronounced effects on cell
cycle were revealed in G3PPC. treated HL-60 cells and, to a lesser extent,
in G3PF-treated HL-60 cells (Fig. 9). In both cases, conjugate treatment
resulted in an increase in the G/G; phase of the cell cycle compared to
untreated control in HL-60 cells (Fig. 9, p < 0.001).

As 10 nM G3®PF treatment in LAMA-84 cells resulted in decreased
metabolic activity compared to 10 nM FP treatment (Fig. 6, p < 0.001),
we have then studied if this observation may be a result of limited
immunocompatibility. Thus, the levels of NF-xB, a transcription factor
that modulates the expression of genes involved in the regulation of
proliferation, apoptotic cell death, and inflammatory responses and
promotes inflammation-mediated tumorigenesis [61,62], were analyzed
using imaging flow cytometry-based detection of NF-kB specific
immuno-signals (Fig. 10). We have considered two controls, namely
untreated cells and cells treated with biotin-attached PAMAM G3 den-
drimer G3® (Fig. 10). As one can observe, except of a very slight increase
in the levels of NF-xB in HL-60 cells, G3® stimulation did not promote an
elevation in the levels of NF-kB (Fig. 10). Thus, it can be concluded that
G3" is a relatively immunocompatible drug carrier/vehicle. G3"" -me.
diated decrease in metabolic activity in LAMA-84 cells was not accom-
panied by augmented levels of NF-kB (Fig. 10). Upon G3®"F stimulation
in LAMA-84 cells, more cells were NF-kB-positive, but no changes in
fluorescence intensity was noticed (Fig. 10). Thus, the levels of NF-xB
were unaffected and diminished metabolic activity was not due to
NF-kB-based inflammation in G3®*"-treated LAMA-84 cells (Figs. 6 and
10). Only in G3PPF treated HL-60 cells, a mild increase in the levels of
NF-kB was observed (Fig. 10). Reduced metabolic activity upon stimu-
lation with G3PPF (Fig. 6) was also not mediated by
dexamethasone-associated decrease in NF-xB activity [8,9] as G3®°F did
not diminish the levels of NF-xB in G3®’F-treated LAMA-84 cells
(Fig. 10).

To the best of our knowledge, there was no attempt to use
dexamethasone-dendrimer conjugate in anti-leukemia mono- and/or
combination therapy. However, dexamethasone as a part of dendrimer-
based DDS was already considered to lower inflammation in a rat mild
alkali burn model [63]. PAMAM-OH dendrimer G4 was used to attach
eight molecules of dexamethasone with succinate linker via ester bond.
This conjugate was further coupled into polymeric hyaluronic acid to
obtain a subconjunctival injectable gel [63]. The conjugate was proven
to attenuate corneal inflammation more effectively than free dexa-
methasone by inhibiting macrophage infiltration and pro-inflammatory
cytokine expression in inflamed rat cornea [63].

As our study of anticancer action of conjugate-based system is
limited to in vitro tests using selected leukemia cellular models, we
would also like to initially analyze the biocompatibility of dendrimers/
dendrimer conjugates. Thus, in vitro hemolysis test was considered
(Fig. 54). Two time points were used, namely 24 and 48 h treatments
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Fig. 8. Drug- and conjugate-induced apoptotic cell death in four leukemia cell lines. Cells were treated with 10 nM drugs and conjugates for 48 h. (A) Apoptosis and
necrosis were evaluated using flow cytometry (Muse™ Cell Analyzer) and dual staining (Annexin staining and 7-AAD staining using Muse™ Annexin V Assay Kit).
Four cell subpopulations were revealed, namely live, early apoptotic, late apoptotic and necrotic cells. Bars indicate SD, n — 5; ***p < 0.001 compared to untreated
cells (Ctrl) (ANOVA and Dunnett’s a posteriori test). (B) The levels of caspase 3, a main executive caspase during apoptosis, were assayed using dedicated anti-caspase
3 primary antibody and imaging flow cytometry (Amnis® FlowSight® imaging flow cytometer and IDEAS software using two | s, namely N lized
Frequency and Intensity MC_Ch02). Representative histograms are shown (left). Red histograms indicate caspase 3-positive signals in control cells (Ctrl), whereas
green histograms represent caspase 3-positive signals in treated cells. Represenlanve microphotographs are also presented (right, Ch01: bnghl field, Ch()2 Alexa
Fl\lor“' 488 sxgnals, green). Ctrl, control untreated conditions, also denoted as “-” (right); +, cells treated with the DP, d

FP, fl hosph CP, cytarabi: hosph G3®, biotin hed to PAMAM G3 dendrimer; G3"“F, fludarabine monophosphate and dexa-
methasone monophosphate attached to biotinylated PAMAM G3 dendrimer; G3®¢, cytarabine monophosphate attached to biotinylated PAMAM G3 dendrimer;
G3BPC, cytarabine hosph and d hosph attached to biotinylated PAMAM G3 dendrimer. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

K-562 LAMA-84 Fig. 9. Drug- and conjugate-mediated changes in the
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with 10 nM dendrimers/dendrimer conjugates (Fig. 54). KCl-mediated
hemolysis (positive control, PC) was assumed as 100% hemolytic ac-
tivity (Fig. 54). Dendrimers/dendrimer conjugates did not possess he-
molytic activity when whole blood samples were treated for 24 h
(Fig. $4). Minor hemolytic activity of G3°€ and G3®“P was revealed for
48 h treatment (Fig. S4). Thus, one can conclude that dendrimer con-
jugates are relatively hemocompatible, at least, using in vitro hemolysis
test and our experimental settings. Dendrimer-mediated hemolysis in
vitro was previously studied [64]. PAMAM dendrimers (generations 4-6)
at the concentrations from 0.5 to 6 mg/ml were used for up to 24 h
treatment with erythrocytes in vitro [64]. The authors concluded that
dendrimer-mediated hemolysis was generation- and
concentration-dependent [64]. Human serum albumin, when added to
treated  erythrocytes, promoted protective effects  against
dendrimer-induced hemoglobin release [64]. This is in agreement with
our findings on limited dendrimer-mediated hemolysis using whole
blood samples (Fig. 54) that is more relevant to physiological conditions
than using isolated fraction of red blood cells in vitro. Indeed,
dendrimer-induced hemotoxicity in vivo is expected to be lower than is
observed in vitro [64].

4. Conclusions

The phosphate-containing drugs, here anti-nucleoside anticancer
drugs, cytarabine and fludarabine, were used to prepare dendrimer-
based DDS by covalent attachment of a drug via phosphamide linker,
which is cleavable at pH 5 within hour time scale. The conjugation of

cytarabine and fludarabine with PAMAM G3 dendrimer resulted in
potentiated anticancer activity in selected experimental settings
compared to the action of free drugs using four cellular models of leu-
kemia in vitro. Conjugate-mediated anticancer effects may be also
further potentiated by the presence of an anti-inflammatory agent
dexamethasone. For example, in dexamethasone-cytarabine-PAMAM
G3 dendrimer di-conjugate-treated HL-60 acute myeloid leukemia
cells, decreased metabolic activity, Go/G; cell cycle arrest and apoptosis
induction were noticed compared to the effects of free drugs. In this case,
the use of dendrimer-based DDS and dexamethasone allows for 10-fold
decrease in anticancer drug (cytarabine) dose without losing its effec-
tiveness, in this case, from 100 nM to 10 nM. This may have therapeutic
implications in the context of anticancer drug-associated side effects and
the acquisition of drug resistance.
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Fig. 10. Conjugate-mediated changes in the levels of a
master 1 of i Tresp NF-kB in four
leukemia cells. Cells were treated with 10 nM G3® and
G3PPF for 48 h. The levels of NF-kB were revealed using
a dedicated primary anti-NF-xB antibody and imaging
flow cytometry (Amnis® FlowSight® imaging flow cy-
tometer and IDEAS software using two parameters,
namely Normalized Frequency and Intensi-
ty_MC_Ch04). Representative histograms are presented.
Green histograms indicate control conditions (Ctrl),

h red hi rep! treated
cells. Ctrl, control untreated conditions; G3®, biotin
attached to PAMAM G3 dendrimer; G3®F, fludarabine

phosphate and d phosph

attached to biotinylated PAMAM G3 dendrimer. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)
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Oswiadczenia wspolautorow publikacji na podstawie ktorej oparta jest rozprawa

doktorska

Zalacznik nr 4. Oswiadczenie o merytorycznym wkitadzie wspétautora.

Magdalena Twardowska Rrswdy Oh06 2025
(Imieg i nazwisko autora) (miejscowosé i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Os$wiadczam, ze w pracy Uram £, Wrébel K, Walczak M, Szymaszek Z, Twardowska M,
Wolowiec S, Uram £ Exploring the Potential of Lapatinib, Fulvestrant, and Paclitaxel
Conjugated with Glycidylated PAMAM G4 Dendrimers for Cancer and Parasite Treatment.
Molecules. 2023, 28(17), 6334. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom,
strony) moj udziat polegal na Testy biologiczne: hodowle komérek I Caenorhabditis elegans
(opisac szczegdtowo swdj wlasny - a nie doktoranta/habilitanta udzial w powstaniu pracy, np.
wykonaniu doéwiadczen okreslong technika, analizie statystycznej wynikow eksperymentow,
przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu projektem naukowym
obejmujacym badania opisane w tej pracy, itp.)

(podpis osoby skiadajace]j oswiadczenie)
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Zalacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspotautora.

Matgorzata Walczak
(Imie i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

Os$wiadczam, ze w pracy Wrobel, K.; Der¢gowska, A.; Betlej, G.; Walczak, M.; Wnuk, M.;
Lewinska, A.; Wolowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-conjugate
sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal of Drug
Delivery Science and Technology, Volume 81, 2023,104242 (autorzy, rok wydania, tytuf,
czasopismo lub wydawca, tom, strony) moj udzial polegat na Badania koniugatéw technika
Dynamic Light Scattering (opisac szczegotowo swdj wilasny - a nie doktoranta/habilitanta udziat
w powstaniu pracy, np. wykonaniu doswiadczen okreslona technika, analizie statystycznej wynikow
eksperymentdw, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu
projektem naukowym obejmujacym badania opisane w tej pracy, itp.)
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(podpis osoby skiadajacej oswiadczenie)
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Zatgcznik nr 4. Oswiadczenie o merytorycznym wktadzie wspétautora.

tukasz Uram Rresiits: OU06. 2015
(Imig i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam, ze w pracy Uram £, Wrobel K, Walczak M, Szymaszek 7, Twardowska M,
Wolowiec S, Uram t Exploring the Potential of Lapatinib, Fulvestrant, and Paclitaxel
Conjugated with Glycidylated PAMAM G4 Dendrimers for Cancer and Parasite Treatment.
Molecules. 2023, 28(17), 6334. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom,
strony) moj udziat polegat na Koncepcja badawcza, testy biologiczne, przygotowanie tekstu
publikacji, metodologia, korespondencja z recenzentami. (opisac szczegotowo swoj wtasny - a
nie doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczen okreslong techniks,
analizie statystycznej wynikow eksperymentdw, przygotowaniu tekstu manuskryptu zamieszczonego
w rozdziale, kierowaniu projektem naukowym obejmujacym badania opisane w tej pracy, itp.)

(podpis osoby sktadajgcej oswiadczenie)
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Zatgcznik nr 4. Oswiadczenie o merytorycznym wktadzie wspdtautora.

Lukasz Uram Faenie CHOb axs

(Imie i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

Oéwiadczam, ze w pracy Malinga-Drozd, M.; Uram, L.; Wrébel, K.; Wolowiec, S. Chiral
Recognition of Homochiral Poly (amidoamine) Dendrimers Substituted with R- and S-Glycidol
by Keratinocyte (HaCaT) and Squamous Carcinoma (SCC-15) Cells In Vitro. Polymers 2021,
13, 1049. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony) moj udziat
polegat na Metodologia, testy biologiczne, przygotowanie tekstu publikacji, korespondencja z
recenzentami (opisac szczegétowo swoj wtasny - a nie doktoranta/habilitanta udziat w powstaniu
pracy, np. wykonaniu doswiadczen okreslong technikg, analizie statystycznej wynikow
eksperymentéw, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu
projektem naukowym obejmujgcym badania opisane w tej pracy, itp.)

(podpis osoby sktadajacej oswiadczenie)

35
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Zatgcznik nr 4. Oswiadczenie o merytorycznym wktadzie wspétautora.

[ 7 o
Lukasz Uram 'ﬁ"‘“"*d\o ‘406!0?/)

(Imig i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam, ze w pracy Wrobel K, Wolowiec S, Markowicz J, Walajtys-Rode E, Uram £.
Synthesis of Biotinylated PAMAM G3 Dendrimers Substituted with R-Glycidol and
Celecoxib/Simvastatin as Repurposed Drugs and Evaluation of Their Increased Additive
Cytotoxicity for Cancer Cell Lines. Cancers. 2022, 14(3), 714. (autorzy, rok wydania, tytut,
czasopismo lub wydawca, tom, strony) moj udziat polegat na Koncepcja badawcza, testy
biologiczne, przygotowanie tekstu publikacji, korespondencja z recenzentami, metodologia
(opisac szczegétowo swdj witasny - a nie doktoranta/habilitanta vdziat w powstaniu pracy, np.
wykonaniu doswiadczer okreslong techniky, analizie statystycznej wynikdw eksperymentow,
przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu projektem naukowym
obejmujacym badania opisane w tej pracy, itp.)
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(podpis osoby skfadajgcej oswiadczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspdtautora.

> " - <
Zaneta Szymaszek Raezapy, QW06 102>
(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wkiadzie wspétautora

Oswiadczam, ze w pracy Uram £, Wrébel K, Walczak M, Szymaszek 7, Twardowska M,
Wolowiec S, Uram L Exploring the Potential of Lapatinib, Fulvestrant, and Paclitaxel
Conjugated with Glycidvlated PAMAM G4 Dendrimers for Cancer and Parasite Treatment.
Molecules. 2023, 28(17), 6334. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom,
strony) moj udziat polegat na Testy biologiczne: hodowle komoérek i Caenorhabditis elegans
(opisac szczegétowo swdj whasny - a nie doktoranta/habilitanta udziat w powstaniu pracy, np.
wykonaniu doéwiadczert okreslong technika, analizie statystycznej wynikow eksperymentow,
przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu projektem naukowym
obejmujacym badania opisane w tej pracy, itp.)

QUG Syl

(podpis osoby sktadajacej oswiadczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wkitadzie wspétautora.

Dominika Btoniarz Q(}'méégr (j/67 O f)_/

(Imig i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
0 merytorycznym wkadzie wspétautora

Oswiadczam, ze w pracy Lewitiska A, Wrébel K, Bloniars D, Adamezyk-Grochala J, Wolowiee
S, Wnuk M. Lapatinib- and fulvestrant-PAMAM dendyimer conjugates promote

apoptosis in chemotherapy-induced senescent breast cancer cells with different receptor status.
Biomater. Adv. 2022, 140, 213047, (autorzy, rok wydania, tytut, czasopismo lub wydawca,

tom, strony) méj udziat polegat na:

Wykonaniu testéw biologicznych, analizie wynikow.

(opisac szczegétowo swdj wtasny - a nie ‘
doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczer okreslong
technikg, analizie statystycznej wynikéw eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)

(podpis osoby sktadajacej oswiadczenie)
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Zalgcznik nr 4. O$wiadczenie o merytorycznym wktadzie wspétautora.

Joanna Drozdowska (Markowicz) Krakéw, 23.06.2025
(Imig | nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wkfadzie wspétautora

Oéwiadczam, ze w pracy Wrdbel K, Wotowiec S, Markowicz J, Watajtys-Rode E, Uram t. Synthesis
of Biotinylated PAMAM G3 Dendrimers Substituted with R-Glycidol and

Celecoxib/Simvastatin as Repurposed Drugs and Evaluation of Their Increased Additive Cytotoxicity
for Cancer Cell Lines. Cancers. 2022, 14(3), 714. m6j udziat polegat na przeprowadzeniu
eksperymentéw biologicznych z wykorzystaniem hodowli ludzkich komérek oraz nicienia
Caenorhabditis elegans, a takze na analizie wynikow tychze eksperymentéw.
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Zatacznik nr 4. Oswiadczenie o merytorycznym wkitadzie wspétautora.

Gabriela Betlej R Saony,, 4306 2028

(Imig i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
0 merytorycznym wktadzie wspoétautora

Oswiadczam, ze w pracy Wrdbel, K.; Deregowska, A.; Betlej, G.; Walczak, M.; Wnuk, M.; Lewiriska,
A.; Wotowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-

conjugate sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal of Drug
Delivery Science and Technology, Volume 81, 2023,104242 (autorzy, rok wydania, tytut,
czasopismo lub wydawca,

tom, strony) moj udziat polegat na:

Wykonaniu testéw biologicznych, analizie wynikow

(opisac szczegotowo swdj wtasny - a nie

doktoranta/habilitanta vdziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikq, analizie statystycznej wynikow eksperymentéw, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w

tej pracy, itp.)

Gadocelan..... BT ...
(podpis osoby sktadajgcej oswiadczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym whkiadzie wspétautora.

“Maciej Wnuk p?c'w;v A7 €.2095

(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o0 merytorycznym wktadzie wspétautora

Oéwiadczam, ze w pracy Wrdbel, K.; Deregowska, A.; Betlej, G.; Walczak, M.; Wnuk, M.; Lewiriska,
A.; Wotowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-

conjugate sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal of Drug
Delivery Science and Technology, Volume 81, 2023,104242 (autorzy, rok wydania, tytut,
czasopismo lub wydawca,

tom, strony) moj udziat polegat na:

Opracowaniu koncepcji badawczej, opracowaniu metodologii (czg$¢ biologiczna), wykonaniu
testow biologicznych, redakcji tekstu publikacji, korespondencji z recenzentami

(opisac szczegbtowo swoj wtasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikg, analizie statystycznej wynikéw eksperymentdw, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)

(podpis ggoby sktadajacej oswiadczenie)
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Zatgcznik nr 4. Oswiadczenie o merytorycznym wktadzie wspétautora.

* Maciej Wnuk (~’)muw /(77 (¢ J02)

(Imig i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

Oswiadczam, ze w pracy Lewiriska A, Wrébel K, Bloniarz D, Adamczyk-Grochala J, Wolowiec
S, Wnuk M. Lapatinib- and fulvestrant-PAMAM dendrimer conjugates promote

apoptosis in chemotherapy-induced senescent breast cancer cells with different receptor status.
Biomater. Adv. 2022, 140, 213047. (autorzy, rok wydania, tytut, czasopismo lub wydawca,

tom, strony) mdj udziat polegat na:

Opracowaniu koncepcji badawczej, wykonaniu testow biologicznych, redakcji tekstu
publikacji, korespondencji z recenzentami, opracowaniu metodologii (czes¢ biologiczna)

(opisac szczegotowo swoj wtasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu dosw:adczen okreslong
technikg, analizie statystycznej wynikéw eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)
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Zatgcznik nr 4. Oswiadczenie o merytorycznym wktadzie wspotautora.

Jagoda Adamczyk-Grochala
(Imie i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

Oswiadczam, ze w pracy Lewiniska A, Wrobel K, Bloniarz D, Adamczyk-Grochala J, Wolowiec
S, Wnuk M. Lapatinib- and fulvestrant-PAMAM dendrimer conjugates promote

apoptosis in chemotherapy-induced senescent breast cancer cells with different receptor status.
Biomater. Adv. 2022, 140, 213047. (autorzy, rok wydania, tytut, czasopismo lub wydawca,

tom, strony) moj udziat polegat na:

Wykonaniu testow biologicznych, analizie wynikow.

(opisac szczegotowo swoj wiasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikq, analizie statystycznej wynikow eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w

tej pracy, itp.)
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(podpis osoby sktadaj Swiddczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspétautora.

AnnaDeregowska = = T To 0 TRl R O S Rremde o LRl ¢
(Imig i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
0 merytorycznym wktadzie wspétautora

Oswiadczam, ze w pracy Wrébel, K.; Derggowska, A.; Betlej, G.; Walczak, M.; Wnuk, M.; Lewiriska,
A.; Wotowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-

conjugate sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal of Drug
Delivery Science and Technology, Volume 81, 2023104242 (autorzy, rok wydania, tytut,
czasopismo lub wydawca,

tom, strony) maéj udziat polegat na:

Wykonaniu testéw biologicznych, analizie wynikéw, redakcji tekstu publikacji (czes¢
biologiczna)

(opisac szczegdtowo swdj wiasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu do$wiadczer okreslong
technikq, analizie statystycznej wynikéw eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w

tej pracy, itp.)
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Zatgcznik nr 4. Oswiadczenie o merytorycznym wktadzie wspotautora.

feedy, Al 06 [ror”

Anna Lewinska
(Imieg i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam, ze w pracy Wrébel, K.; Deregowska, A.; Betlej, G.; Walczak, M.; Wnuk, M.; Lewiriska,
A.; Wotowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-

conjugate sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal of Drug
Delivery Science and Technology, Volume 81, 2023,104242 (autorzy, rok wydania, tytut,
czasopismo lub wydawca,

tom, strony) moj udziat polegat na:

Wykonaniu testéw biologicznych, przygotowaniu tekstu publikacji (czes¢ biologiczna),
korespondencji z recenzentami

(opisac szczegotowo swoj wtasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikg, analizie statystycznej wynikow eksperymentéw, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)

(podpis osoby sktadajgcej oswiadczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspétautora.

Anna Lewiriska Q\ew"f‘ Pr‘ 06 (LOL (

(Imie i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam, ze w pracy Lewiriska A, Wrébel K, Bloniarz D, Adamczyk-Grochala J, Wolowiec
S, Wnuk M. Lapatinib- and fulvestrant-PAMAM dendrimer conjugates promote

apoptosis in chemotherapy-induced senescent breast cancer cells with different receptor status.
Biomater. Adv. 2022, 140, 213047. (autorzy, rok wydania, tytut, czasopismo lub wydawca,

tom, strony) moj udziat polegat na:

Wykonaniu testow biologicznych, przygotowaniu tekstu publikacji (czeé¢ biologiczna),
korespondencji z recenzentami.

(opisac szczegotowo swdj wiasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikg, analizie statystycznej wynikéw eksperymentdw, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)

(podpis osoby sktadajacej oswiadczenie)

35
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Zatacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspdtautora.

Elzbieta Watajtys - Rode Rzeszow 22.06.2025
(Imie i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wkfadzie wspétautora

Oéwiadczam, ze w pracy Wrdbel K, Wotowiec S, Markowicz J, Watajtys-Rode E, Uram t. Synthesis
of Biotinylated PAMAM G3 Dendrimers Substituted with R-Glycidol and

Celecoxib/Simvastatin as Repurposed Drugs and Evaluation of Their Increased Additive Cytotoxicity
for Cancer Cell Lines. Cancers. 2022, 14(3), 714. (autorzy, rok wydania, tytut, czasopismo lub
wydawca, tom, strony) mdj udziat polegat na: Koncepcji badawczej, przygotowaniu tekstu
publikacji oraz metodologii (opisac szczegdtowo swdj wtasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikg, analizie statystycznej wynikow eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)

(podpis osoby sktadajacej oéwiadcze.nie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspétautora.

Matgorzata Malinga-Drozd Rzeszéw 25.06.2025
(Imieg i nazwisko autora) (miejscowosc¢ i data)

OSWIADCZENIE
0 merytorycznym wkfadzie wspétautora

Oswiadczam, ze w pracy Malinga-Drozd, M.; Uram, .; Wrébel, K.; Wotowiec, S. Chiral Recognition
of Homochiral Poly (amidoamine) Dendrimers Substituted with R- and S- :

Glycidol by Keratinocyte (HaCaT) and Squamous Carcinoma (SCC-15) Cells In Vitro. Polymers 2021,
13, 1049. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony) méj udziat polegat
na: Syntezy chemiczne, oczyszczanie produktow, spektroskopia NMR, przygotowanie tekstu
publikacji (opisac szczegétowo swdj wtasny - a nie

doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doswiadczeri okreslong
technikg, analizie statystycznej wynikéw eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)

(podpis os@by sktadajacej oswiadczenie)

M?&—Pmml ...........
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Zalacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspdtautora.

Stanistaw Wotowiec um, Loa2af

(Imie i nazwisko autora) (miejscowos¢ i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oéwiadczam, ze w pracy Wrobel K, Wolowiec S, Markowicz J, Walajtys-Rode E, Uram 1.
Synthesis of Biotinylated PAMAM G3 Dendrimers Substituted with R-Glycidol and
Celecoxib/Simvastatin as Repurposed Drugs and Evaluation of Their Increased Additive
Cytotoxicity for Cancer Cell Lines. Cancers. 2022, 14(3), 714.]. (autorzy, rok wydania, tytuf,
czasopismo lub wydawca, tom, strony) moj udziat polegat na Koncepcja badawcza, strategia
syntezy koniugatow, przygotowanie tekstu publikacji, metodologia (opisac szczegdtowo swdj
wlasny - a nie doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu doéwiadczen
okreélong technika, analizie statystycznej wynikéw eksperymentow, przygotowaniu tekstu
manuskryptu zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujacym badania
opisane w tej pracy, itp.)

) / Pt

(podpis osoby skladajacej oswiadczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspdtautora.

Stanistaw Wotowiec Olesnica , h. 06. 2025
(Imie i nazwisko autora) (miejscowosc i data)
OSWIADCZENIE

o merytorycznym wkiadzie wspétautora

Oéwiadczam, Zze w pracy Malinga-Drozd, M.; Uram, t.; Wrdbel, K.; Wotowiec, S. Chiral
Recognition of Homochiral Poly (amidoamine) Dendrimers Substituted with R- and S-Glycidol
by Keratinocyte (HaCaT) and Squamous Carcinoma (SCC-15) Cells In Vitro. Polymers 2021, 13,
1049. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony) moj udziat polegat
na Koncepcja badawcza, metodologia, syntezy chemiczne, spektroskopia NMR, przygotowanie
tekstu publikacji, korespondencja z recenzentami (opisac szczegétowo swdj whasny - a nie
doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniu do$wiadczen okreslong technika,
analizie statystycznej wynikow eksperymentdw, przygotowaniu tekstu manuskryptu zamieszczonego w
rozdziale, kierowaniu projektem naukowym obejmujacym badania opisane w tej pracy, itp.)

(podpis osoby sktadajacej oswiadczenie)
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Zatacznik nr 4. Oswiadczenie o merytorycznym wkitadzie wspdtautora.

Stanistaw Wotowiec W/)’VWUL\ 4.06,2015

(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam, ze w pracy Wrobel, K.; Der¢gowska, A.; Betlej, G.; Walczak, M.; Wnuk, M.,
Lewinska, A.; Wolowiec, S. Cytarabine and dexamethasone-PAMAM dendrimer di-conjugate
sensitizes human acute myeloid leukemia cells to apoptotic cell death, Journal of Drug
Delivery Science and Technology, Volume 81, 2023,104242 (autorzy, rok wydania, tytut,
czasopismo lub wydawca, tom, strony) moj udziat polegat na Koncepcja badawcza,
metodologia, strategia syntez chemicznych, Przygotowanie tekstu publikacji, korespondencja z
recenzentami (opisac szczegdtowo swdj wiasny - a nie doktoranta/habilitanta udziat w powstaniu
pracy, np. wykonaniu doswiadczen okreslona technika, analizie statystycznej wynikow
eksperymentow, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu
projektem naukowym obejmujacym badania opisane w tej pracy, itp.)

& =

(podpis osoby sktadajacej oswiadczenie)
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Zalacznik nr 4. Oswiadczenie o merytorycznym wktadzie wspdtautora.

Stanistaw Wotowiec (M&w{m, 4. 062025

(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

Oswiadczam, ze w pracy Lewiriska A, Wrébel K, Bloniarz D, Adamezyk-Grochala J, Wolowiec
S, Wnuk M. Lapatinib- and fulvestrant-PAMAM dendrimer conjugates promote apoplosis in
chemotherapy-induced senescent breast cancer cells with different receptor status. Biomater.
Adv. 2022, 140, 213047. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony)
moj udziat polegat na Koncepcja badawcza, przygotowanie tekstu publikacji (cze$é
chemiczna), metodologia (opisac szczegétowo swdj wiasny - a nie doktoranta/habilitanta udziat
w powstaniu pracy, np. wykonaniu doéwiadczen okreslona technika, analizie statystycznej wynikow
eksperymentéw, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu
projektem naukowym obejmujacym badania opisane w tej pracy, itp.)

0 AP

(podpis osoby sktadajacej oswiadczenie)

35

181



Zatacznik nr 4. Oswiadczenie o merytorycznym wkiadzie wspotautora.

Stanistaw Wotowiec OlWhnmica  i4.06,202.8

(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

Os$wiadczam, ze w pracy Uram £, Wrobel K, Walczak M, Szymaszek 7, Twardowska M,
Wolowiec S, Uram L Exploring the Potential of Lapatinib, Fulvestrant, and Paclitaxel
Conjugated with Glycidylated PAMAM G4 Dendrimers for Cancer and Parasite Treatment.
Molecules. 2023, 28(17), 6334. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom,
strony) moj udziat polegat na Strategia syntezy koniugatow, przygotowanie tekstu publikacji,
korespondencja z recenzentami (opisac szczegétowo swdj wiasny - a nie doktoranta/habilitanta
udzial w powstaniu pracy, np. wykonaniu doéwiadczen okreslona technika, analizie statystycznej
wynikow eksperymentow, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu
projektem naukowym obejmujacym badania opisane w tej pracy, itp.)

(podpis osoby sktadajacej oswiadczenie)
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