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PREDMLUVA

Ptedlozena prace je souborem patnicti publikaci, které jsou zaméfeny na
hydrofobni latky s protinddorovym ucinkem a na liposomy, které piedstavuji
biokompatibilni nanocasticové systémy pro pfipravu cilenych terapeutik a konstrukci

nosicl pro rekombinantni vakciny.

Oblast liposomu je uspéSnym odvétvim moderni farmakologie. Liposomy byly
poprvé piipraveny a popsany v Sedesatych létech dvacatého stoleti a stoji u pocatki
biomedicinckého vyuziti nanocastic. Liposomy ovlivnily nase poznani struktury a funkce
biomembran, byly modelem pro pochopeni osudu nanoc¢astic v organismu, oteviely oblast
pro vyzkum a vyuziti nanoc¢astic pro cileni farmak a omezeni jejich vedlejSich ucink.
Liposomy piedstavuji také jeden z nejlepSich nevirovych vektoru pro transfekci bunék in
vitro a in vivo raznymi konstrukty DNA nebo RNA, které jsou vyuzivany pro genovou
terapii. Zcela samostatnou kapitolou je vyuziti liposomt pro konstrukci bezpecnych a
biokompatibilnich vakcin. Praktické vysledky ,liposomologie 1ze nalézt predevsim ve
farmaceutickém pramyslu. Na trhu jsou protinddorové a antiinfekéni preparaty
renomovanych farmaceutickych firem (naptiklad liposomalni formulace doxorubicinu,
amfotericinu B, paclitaxelu), existuji liposomalni vakciny (napfiklad firma Epaxal-Berna)
a liposomalni imunoterapeutika (liposomalni muramyltripeptid pro 1é€bu osteosarkomu —
Novartis) dermatologické a kosmetické preparaty. Celd fada dalSich liposomélnich 1é¢iv

je ve fazi klinického zkouseni.

Publikace uvedené v této praci jsou uspofadany do ctyt sekci, které jsou zaméfeny
na urcitou oblast vyzkumu, ktery jsem vedl na Vyzkumném ustavu veterinarniho 1€katstvi
v Brné na oddéleni Imunologie a pozdé€ji oddeleni Imunofarmakologie.

Zcela nové téma biomedicinckého vyzkumu na bazi biokompatibilnich
nanomaterialii a syntetickych farmak jsem zalozil na VUVeL v poloving devadesatych
let. Pro tento typ vyzkumu byly také vybudovany specialni laboratofe vybavené
potfebnym zatizenim. Béhem svého pedagogického plisobeni na Masarykoveé Université
jsem vychoval celou fadu studentii v ramci magisterského a doktorandského studia.
Soucasny tym, ktery vedu na odd¢leni Farmakologie a Imunoterapie je sestaven z mych
soucasnych studentd nebo spolupracovniki, které jsem vedl jako skolitel nebo Skolitel —

specialista.



Tento tym ma navéazanu dlouholetou spolupraci s kvalitnimi pracovisti v Ceské
republice a také v zahrani¢i. Z domacich instituci 1ze jmenovat tstavy Akademie véd CR
(Ustav  organické chemie a biochemie, Biofyzikalni ustav, Fyzikalni ustav,
Biotechnologicky tstav, Ustav molekularni genetiky), universitami jako je Masarykova
universita, Universita Palackého a JihoCeskd Universita, biotechnologickymi firmami
(napt. Bioveta, Contipro, Favea). Tyto spoluprace jsou dolozeny spolenymi granty,
publikacemi a patenty.

Dlouhodobé zahrani¢ni spoluprace probiha s Imperial Colledge a King’s Colledge
v oblasti cilenych terapeutik. Tato spoluprace je opét dolozena celou fadou publikaci a
spoleénym patentem. Vedle této zasadni spoluprace existuji kratkodobé spoluprace
s universitami v EU, USA a Australii, které jsou opét dolozeny spole¢nymi publikacemi,
patenty a projekty.

V pribéhu své prace na VUVeL jsem fesil a fesim celou fadu komplexnich granti

jako koordinator nebo spolufesite] (GACR, TACR, MPO, GAAV).
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1. LIPOSOMY

Liposomy piedstavuji jedny z nejucinnéjsich struktur pro transport biologicky
aktivnich latek ptfimo do bunck a také patii k vyznamnym nosi¢iim fady adjuvantnich
latek. Diky biologické podobnosti s biomembranami a moznosti cilené distribuce
enkapsulovanych latek, jsou liposomy atraktivni pro celou fadu védnich obora

(farmakologie, imunofarmakologie, imunologie nebo genové inzenyrstvi).
1.1. CHARAKTERIZACE A TECHNOLOGIE PRiIPRAVY LIPOSOMU

1.1.1. Velikost a morfologie liposomii

Nejbéznéji pouzivany parametr pro rozdé€leni liposomu je klasifikace podle jejich
velikosti a po¢tu lamel. Liposomy mohou mit rtiznou velikost v rozmezi od 20 nm do 100
pum s lipidovou dvojvrstvou tenkou pfiblizn€é 4 nm. Lze je rozdélit na malé SUV (10-100
nm) a velké LUV (100—-1000 nm) unilameldrni vesikuly, které maji fddové pouze nékolik
jednotek lamel, a dale velké multilamelarni vesikuly MLV (100 nm — 20 pum) obsahujici
desitky koncentricky uspofadanych dvojvrstev stejné jako multivesikularni vesikuly

MVYV (100 nm — 20 um), u nichz jsou lamely uspotadany nekoncentricky.

o O

Suv LUV MLV

Obr.1 Liposomalni vesikuly podle velikosti a po¢tu lamel.
SUV — small unilamellar vesicles, LUV — large unilamellar vesicles, MLV — multilamellar vesicles, MVV —

multivesicular vesicles.
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Obr. 2 Morfologie liposomii. (a) Morfologie liposomii pod kryoelektronovym mikroskopem.
Multilamelarni a oligolamelarni liposomalni vesikuly riznych velikosti a tvart. (b) ,,Freeze fracture
multivesikularni liposom sloZzeny z mnoha fragmenti fosfolipidovych dvojvrstev ohranicujici vnitini

vesikuly, (¢) MLV liposom pfipraveny hydrataci fosfolipidového filmu.

1.1.2. Déleni liposomii podle funkce a charakteru lipidni membrany

Liposomy muzeme rozdélit podle struktury membrany a jeji povrchové
modifikace na nékolik zékladnich typt, které maji rizné vyuziti pii nadvrhu a ptipraveé
systému pro cileni riznych molekul k buitkam.
Konvenéni liposomy (conventional liposomes) - nespecifické interakce s prostfedim,
nestabilita v séru
Stéricky chranéné liposomy (Stealth liposomes) - dlouhodoba cirkulace v krevnim
fecisti
Cilené liposomy (targeted liposomes) - specifické interakce pfes navazany ligand
s povrchovymi strukturama bunék (interakce ligand-receptor, protilatka — epitop)
Kationické liposomy (cationic liposomes) - schopnost interakce s negativné nabitou

DNA a jeji kondenzace, elektrostaticky interaguji s negativné nabitou DNA za tvorby
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komplext (lipoplexy), ochrana DNA pied degradaci nukledzami, interakce komplext s
povrchovymi proteoglykany buiiky, vstup do bunék pomoci endocytézy nebo fagocytdzy,

po injekci mohou byt pfijimany APC bunkami infiltrujicimi misto injekce

Membrana liposom miize byt modifikovana tak, aby meénila svoji strukturu
v zavislosti na teploté nebo pH prostfedi. Timto 1ze umoznit uvolnéni enkapsulovanych
latek napf. v nadoru, kde je mirné¢ zvySena teplota a niz§i pH v disledku omezené

cirkulace krve.

A Conventional liposome D Theranostic liposome

1
Hydrophobic :
drug |
: ‘@\"————- Targeting ligand
Positively :
charged lipid & ” )] 1)('{;(; .ﬁ-.
S84
Negatively S {j =
™ Y
charged lipid &{-\ HJ:).Z._ \ | |
Hydrophilic ~ "\ ety Functionalized
drug --:£\__) ls :_-: Imaging agent
o 2= T A
Polyethylene ¢ ‘5’ ~
Glycol (PEG) < s~ /7 \x\f\“‘ X[y e
S, s
Yo 74 IR gt

‘\IJ/ &HHH/{JI))ﬁ h\k\\\ ._.‘ Small molecule
/ / (}/ : \\\\% pep:‘?;bohydrata

: V4
| Protein Antibody

B PEGylated liposome C Ligand-targeted liposome

Obr. 3 Liposomy podle struktury membrany a jeji povrchové modifikace.

1.2. METODY PRiPRAVY LIPOSOMU

Pti pfipravé liposomll je vyuzito pfirozenych vlastnosti fosfolipidi samovolné
tvofit ve vodném prostiedi lipidni dvojvrstvy. Pfi interakci vody s fosfolipidovym filmem
se nejprve formuji primarni Utvary zvané fragmenty fosfolipidové dvojvrstvy. Tyto
intermediaty jsou nasledn¢ pfeménovany na rtzné stabilni vesikularni struktury.

Vesikulace vytvorenych membranovych fragmentl je diisledkem minimalizace interakci
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mezi molekulami vody a hydrofobnich ¢asti fosfolipidii. Vzdalenost mezi jednotlivymi
lamelami u vytvoienych multilamelarnich vesikull je vysledkem plisobeni repulsivnich
stérickych a pfitazlivych van der Waalsovych sil.

Obecné postupy piipravy liposomt zahrnuji ptipravu lipidni a vodné faze, po které
nasleduje hydratace lipidi ve vodném médiu a v konecné fazi dochazi k pozadovanym

finalnim Upravam liposomu.

Zakladni etapy pripravy liposomu:

1. fyzikdlni nebo dvoufidzovd disperze lipidi do vodné faze za vzniku emulze
(proliposomti), solubilizace lipidll v detergentu za vzniku micel

2. odstranéni organického rozpoustédla nebo detergentu za vzniku liposomalnich
vesikuld

3. sekundarni procesy za ucelem zménit morfologii, velikost a stabilitu primarné
vytvotenych liposomil (extruze pies membranové filtry, proces zmrazovani a
rozmrazovani, lyofilizace s kryoprotektivy)

4. chemickéa modifikace liposomu (navazani ligand)

Podle zpusobu pripravy liposomu byly metody rozdé€leny do tii zakladnich kategorii:

a) mechanické dispersni metody (tfepani na vortexu, sonikace, vysokotlaka
homogenizace)
b) detergentové dispersni metody (disperse solubilizovaného fosfatidylcholinu

s detergentem za vzniku micel)
C) dvoufazové dispersni metody (etanolovd a etherova injektaz, reverzné-fazova

evaporace)

1.2.1. Metoda hydratace lipidniho filmu

Nejbéznéjsi metodou v laboratofi je pfiprava liposoml hydrataci lipidniho filmu,
ktery se pfipravi odpafenim organického rozpoustédla, ve kterém jsou rozpustény lipidy.
Lipidni film pfipravime na vakuové odparce a film hydratujeme pfi poZzadované teploté
vodnym roztokem latek, které maji byt enkapsulovany. Metodu lze doplnit krokem
mrazeni a rozmrazeni, kdy vznikaji liposomy o mensi velikosti a s vétSim objemem
enkapsulované vodné faze. Nésledné lze pouzit dal§i procesni metody (vysokotlaka
extruze a homogenizace, mikrofluidizace a sonikace) na zmenseni velikosti a unifikaci

distribuce velikosti.
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Obr. 4 Vakuova rotac¢ni odparka pro pripravu lipidniho filmu.

1.2.2. Metoda odstranéni detergentu

Dal8i primarni metodou je tvorba liposomil z lipidnich micel pfi odstranéni
detergentu. Toho Ize dosdhnout napiiklad dialyzou s vyuzitim rlznych zafizeni
(pratokovy dialyzér, ultrafiltrace, vyuziti sorbentli, zfedéni roztoku). Pro kontrolovany
proces jsou navrzeny laboratorni a primyslova zafizeni. Liposomy pfipravené touto
metodou jsou velmi unilameldrni a homogenni. Pfiprava je vhodnid zejména pro
rekonstituci membranovych proteini. Princip metody spociva v pfeméné malych
smésnych micel fosfolipidu a vhodného detergentu (napi. oktylglukosidu, deoxycholatu)
na diskovité micely a dale jejich splyvanim a vesikulaci na liposomy. Tento proces je

pohanén snizovanim koncentrace detergentu jeho odstranovanim dialyzou.

Obr. 5 Princip metody odstranéni detergentu a tvorba lipidnich supramolekularnich

struktur (micel riizného typu a liposomi).

14



Na nésledujicim obrazku je ukdzka homogennich liposomii (snimek
z elektronového mikroskopu) a srovnani velikosti micel a liposomu (stanoveno metodou
dynamického rozptylu svétla). Laboratorni zafizeni vlastni konstrukce pro kontrolovanou
dialyzu je uvedeno jako ptiklad provedeni metody. Takto lze ptipravit 10 ml liposomalni

suspenze o koncentraci lipid 10 — 100 mg/ml.

30+
— Micely
— Liposomy
g 20+
)
S
=2
O
> 101 \
c T I\ T T 1

1 5 10 50 100 20
Size (nm)

Obr. 6 Zarizeni pro pripravu liposomi.

Zatizeni vyvinuté v nasi laboratofi pro pfipravu liposomli metodou odstranéni detergentu. Pro nazornost
jsou uvedeny distribuce velikosti micel a liposomli zméfené pomoci dynamického rozptylu svétla a

elektronovou mikroskopii.

1.2.3. Sekundarni procesni metody

Nejbeznéjsi  sekunddrni procesni metodou je extruze liposoml pfres
polykarbonatové filtry. Princip metody je ukazan na nasledujicim obrazku stejné tak, jako

dostupna instrumentace. ProtlaCovani liposomt (je tfeba pracovat pii teploté nad tranzitni
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teplotou lipidi 30-60 °C) ptes pory polykarbonatového filtru dochazi k jejich deformaci

a strhavani vnéjSich vrstev, coz vede k snizeni velikosti.

Obr. 7 Struktura polykarbonatového filtru.

Struktura polykarbonatového filtru (TEM) s definovanymi péry a snimek liposoml (Cryo-TEM)

ptipravenych extruzi ptes polykarbonatové filtry o velikosti port 100 nm.

Size Distribution by V olume
20 . 4 O{) mn .............. F .......................................
b 200nm: W
- o . !
® 100 nm- }
g 10 ....................... 8 [). 1]._[11 ......................................
S 0 AN
0 hhRbAAEARRERR AR IR ADR AR b 4 Ty
01 1 10 100 1000 10000

Ste (dnm)

Obr. 8 Distribuce velikosti liposomii.

Distribuce velikosti liposomt pfipravenych extruzi pies polykarbonatové filtry o rizné velikosti porti. Jasné
je patrné snizeni velikosti liposomu a jejich polydisperzity (méfeni velikosti provedeno pomoci metody

dynamického rozptylu svétla).
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Obr. 9 Zarizeni pro ru¢ni extruzi liposomii (0,1 — 2 ml suspenze liposomi).

e e
I .

=

Obr. 10 Zarizeni pro preparativni extruzi liposomi.
Zatizeni pro preparativni extruzi liposomu s vyuzitim FPLC systému a vysokotlaké extruzni cely. Systém

lze automatizovat s vyuzitim automatickych davkovacich ventili a pouziti dvou 50 ml ,,superloopti. Detail

vysokotlaké extruzni cely (vyrobeno v dilnach VUVeL).
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Obr. 11 Laboratorni zatizeni Lipex pro pripravu liposomu extruzi.

Zatizeni jsou vyrabéna pro 10, 100 a 800 ml liposomalni suspenze, (vyuziti stlateného plynu — obvykle
dusik).

Mezi dalsi sekundarni procesni metody vhodné pro laboratorni i primyslovou
pfipravu patfi vysokotlakd homogenizace a mikrofluidizace. Na obrazku vlevo je
laboratorni vysokotlaky homogenizator Avestin B3 a vpravo je laboratorni mikrofluidizér
ML110 (Microfluidics). Mikrofluidizace je metodou umoznujici volbou tlaku pfipravit

liposomy o pozadované velikosti i v kontinuadlnim rezimu prace.

Obr. 12 Vysokotlaky homogenizator a mikrofluidizér.
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Oblibenou sekundarni procesni
metodou pro ptipravu  SUV  liposomi
v laboratornim méfitku je pouziti
homogenizace ultrazvukem. V tomto piipadé
je nutné vzorek chladit a pracovat v inertni
atmosféfe, protoze muze dochazet k oxidaci
lipidi. Vyhodou je moZnost pracovat s malymi
objemy vzorkil liposomi. Vzorek muizZe byt
ponoien v nadobce do  ultrazvukového
homogenizatoru (pfiprava vétSich objemt)
nebo homogenizovan specidlni sondou (viz.

obrazek 12) pro zpracovani mensich objemt.

Obr. 13 Ultrazvukovy homogenizator.

1.3.  LIPOSOMALNI NOSICE

Do liposomli mize byt enkapsulovdna celd tada agens ruzného fyzikdlné-
chemického charakteru. Lipofilni latky jsou inkorporovany do lipidové dvojvrstvy a
hydrofilni latky jsou enkapsulovany do vnitiniho vodného prostiedi. V zavislosti na
pouzité metodé¢ mizeme pripravit liposomy o rtizné velikosti, poc¢tu lamel (unilamelarni,
oligo- nebo multilamelarni vesikuly) a s riznymi fyzikalnimi a chemickymi vlastnostmi,

které mohou zna¢né ovlivnit mnozstvi enkapsulované latky.

Pro farmaceutickou oblast jsou liposomy jako nosie velmi zajimavé z nasledujicich

divodi:

1. snadna enkapsulace hydrofilnich a hydrofobnich 1é¢iv

2. piiprava preparatl z ptirozenych lipidl, které jsou snadno biodegradabilni a malo
toxické

3. priprava liposomt o rizné velikosti a morfologii

4. snizeni nezadoucich uéinku 1é¢iv
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5. umoZnéni specifického transportu 1€¢iv do cilového organu nebo tkané

6. ftizeni lokalizace a postupné uvoliiovani Iéku

Mezi zakladni parametry charakterizujici enkapsulaci latky do liposomu patfi:

enkapsulovany objem (pl/umol lipidd) je skuteCny membranou uzavieny objem latky
vztazeny na jednotku lipidi.

enkapsulaéni kapacita (ul/pumol lipidil) je maximalni mnozstvi latky, které muze byt
enkapsulovano liposomy vztazené¢ na mol lipidii a na rozdil od enkapsula¢ni uc¢innosti
nezavisi na koncentraci lipidi.

enkapsulaéni Gcinnost (%) je experimentilné stanoveny podil enkapsulované latky v

liposomu k jejimu pivodnimu mnoZstvi a je vyjadiena v % enkapsulované latky.

Pro MLV a SUV se enkapsulovany objem obvykle pohybuje kolem 0,5 pl/umol, u
LUV kolem 30 pl/umol. Enkapsulace hydrofilnich 1é¢iv roste v potfadi: MLV< SUV<
LUYV. Pro lé€ebné aplikace jsou obvykle pouzivany homogenni LUV o velikosti 80—200
nm. Velké liposomy (5 pum) jsou méné stabilni, podléhaji rychlé opsonizaci a nasledné
fagocytdze. V ptripadé¢ hydrofobnich latek, jsou pro enkapsulaci vyuzivany zejména
MLV, které¢ mohou do svych lipidovych dvojvrstev pojmout vétSi mnozZstvi latky nez
SUV nebo LUV.

Vzhledem k faktu, Ze liposomy jsou dnes vyuzivany jako nosiCe v celé tadé
medicinskych preparatii (napf. antibiotika, cytostatika, vakciny), je zde pro nazornost

zpracovano schéma priimyslové vyroby takovych preparati.
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1.3.1. Prumyslova technologie pripravy liposomu
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Obr. 14 Zikladni schéma pripravy liposoméalnich preparati pro farmaceutické

vyuZziti.
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Pro primyslovou pfipravu liposomil je nezbytnd snadna dostupnost vychozich
lipid a ostatnich vstupnich surovin v pfijatelné kvalité. Vyrobni proces musi byt
reprodukovatelny z hlediska pozadovaného slozeni lipidni kompozice, distribuce velikosti
liposoml a enkapsulacni uc€innosti. Liposomdlni prepardty musi byt chranény a
stabilizovany proti fyzikdlnim, chemickym a mikrobiologickym vliviim nejen béhem
technologického procesu, ale i nasledné béhem dlouhodobého skladovéani. Kontrola
kvality a stability je sledovana laboratornimi analyzami (Tab. I). Laboratorni postupy a
metodika je vypracovana na trovni standardnich operacnich postupti, coz je nezbytné pro

pramyslovou vyrobu liposomt a uvedeni liposomalnich preparata na trh.

Tab. 1 Kontrola kvality liposomalnich preparati.

ROZBOR METODA/CIL
Charakteristika
pH pH metr
osmolarita osmometr
koncentrace fosfolipidl HPLC/obsah lipidniho fosforu
slozeni fosfolipida TLC, HPLC
koncentrace cholesterolu HPLC
koncentrace 1éCiva prislusna metoda
Chemicka stabilita
pH pH metr
oxidace fosfolipidi GLC/slozeni MK; konjugované dieny
hydrolyza fosfolipidt HPLC, TLC/koncentrace MK
oxidace cholesterolu HPLC, TLC
degradace antioxidantu HPLC, TLC
Fyzikalni stabilita
distribuce velikosti liposomu DLS, Coulter Counter, svételna mikroskopie,
laserova difrakce, GCE
povrchovy naboj, pH meéfeni zeta-potencialu, pH elektrody
pocet lamel SAXS, NMR
obsah neenkapsulovaného léCiva GEC, IEC, protaminova precipitace
unik 1éciva indukovany télnimi
tekutinami GEC, IEC, protaminova precipitace
Biologicka charakterizace
sterilita mikrobidlni kontaminace
pyrogenicita LAL test
toxicita monitoring pokusnych zvitat/prezivani,

histologie, patologie

DLS (dynamic light scattering) — dynamicky rozptyl svétla, GEC (gel exclusion chromatography)
— chromatografie stérické vyluky, GLC (gas-liquid chromatography) — plynova chromatografie,
IEC (ion exchange chromatography) — iontové vyménna chromatografie, LAL (Limulus
Amoebocyte Lysate) test, MK — mastné kyseliny, NMR (nuclear magnetic resonance) — nuklearni
magneticka resonance, SAXS (small angle X-ray scattering) — rozptyl X-paprskii pod malym
thlem, TLC (thin layer chromatography) — tenkovrstva chromatografie.
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14. ZAVER

Z dolozenych praci je ziejmé, jak rozsahla problematika je spojena s pfipravou a
fyzikdlné-chemickym testovanim liposomalnich preparatti. Jedna se o velmi komplexni
soubor metod a instrumentace pro jejich provadéni. Zaroven je vyzadovana vysoka
kvalifikace experimentatorti v celé¢ fadé¢ chemickych obori. Pro piipravu liposomt byla
navrzena a zkonstruovana cela tada zafizeni, kterd byla dovedena do faze
experimentalnich vzorkl a prototypli. Detailni popis metod a zafizeni je v pfiloZzenych
publikacich.

Na pracovisti VUVeL byl tento soubor metod zvladnut a byla ziskéna
instrumentace do laboratofe Imunofarmakologie. V rdmci PGS studia byli vySkoleni
pracovnici schopni tyto komplexi metody pouzivat. Metodické zdzemi bylo vyuzito pro
vyvoj experimentalnich terapeutik a vakcin na bazi liposomt, jak je ukdzano v dalSich
dvou kapitolach.

Pracovisté se dostalo mezi respektované laboratofe s liposomalni tématikou a je na
seznamu laboratofi, které registruje International Liposome Society.

K udrzeni vysoké urovné v oblasti biokompatibilnich nanomateridlti je ovSem
nutné neustdle zdokonalovat a roz§ifovat metodické zdzemi a instrumentaci, coz se dé&je
s podporou komplexnich grantli a s vyuzitim projektu OPVK, ktery umoziuje vysilat

studenty a mladé pracovniky na $pickova pracovisté do zahranici.
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1.4.1. Publikace k tématu kapitoly

ANALYTICAL BIOCHEMISTRY 218, 352-357 (1994)

Fast-Protein Liquid Chromatography System as a Tool
for Liposome Preparation by the Extrusion Procedure

Jaroslav Turanek
Department of Immunology, Veterinary Research Institute, Hudecova 70, 621 32 Brno, Czech Republic

Received March 25, 1993

properties, their use as carriers for drugs and antigens,
Employment of fast-protein liguid chromatography and their interaction with a variety of cell types (1-5).

(FPLC) system and a high-pressure filtration cell is de- The rapid extrusion technique was developed for the
scribed for the production of liposomes by the rapid ex-

trusion technique. The system allows processing of up

to 50 ml liposomal suspension in one batch at a defined l INLET CAPILLARY TUBING

temperature and applied pressure of up to 4.5 MP,.
This relatively simple technique is applicable in any lab-
oratory equipped with FPLC or HPLC systems. ¢ 1994

Academic Press, Ine,

Liposomes, or vesicles, are microscopic memhrane-
like spherical structures consisting of one or more con-
centric lipid bilayers enclosing aqueous compartments
and having various applications in biology and medi-
cine.

Liposomes are classified by whether the sequestered
aqueous volume is enclosed by one (unilamellar) or
more (oligolamellar, multilamellar) bilayers (1). Unila-
mellar vesicles are divided into small unilamellar vesi-
cles with a large curvature and large unilamellar vesicles
with a low curvature and hence the properties are simi-
lar to those of a flat surface.

Multilamellar vesicles (MLV)' are liposomes pre-
pared by the technique of rehydration of a thin lipid
film. MLV is a very heterogeneous group in terms of size
and morphology (1,2).

Liposomes are rapidly becoming accepted as pharma-
ceutical agents which may improve the therapeutical ac-
tivity of a wide variety of compounds. Consequently,
there is growing demand for easily reproducible and ef-
ficient preparation methods on both a laboratory and an
industrial scale. A number of reviews and monographs
have summarized studies of liposome production and

0 - RING

MEMBRANE FILTERS

SUPPORTING FRITA

NIPPLE SEALING SCREW

QUTLET CAPILLARY TUBING

|
|
! Abbreviations used: MLV, multilamellar vesicle; FTMLV, fro- l

zen-thawed multilamellar vesicle; FPLC, fast-protein liquid chroma-
tography. FIG. 1. High-pressure filtration cell.
352 0003-2697/94 $6.00

Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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LIPOSOME PREPARATION BY THE EXTRUSION PROCEDURE

production of homogeneously sized unilamellar or oli-
golamellar vesicles by utilizing polycarbonate filters
with pore sizes ranging from 30 to 400 nm. The unila-
mellarity and trapping efficiencies of the vesicles can be
significantly enhanced by freezing and thawing the mul-
tilamellar vesicles prior to extrusion. The procedure is
applicable particularly when very high lipid concentra-
tions (up to 400 mg/ml) are used. In such a case, the
extrusion of the frozen-thawed multilamellar vesicles
(FTMLV) through 100- to 400-nm filters results in
trapping efficiencies of 56-80%, respectively. Lipo-
somes were extruded by the application of nitrogen
pressure introduced via a standard gas cylinder fitted
with a high-pressure (0-27.5 MP,) regulator (6-8).

A highly sophisticated FPLC system to be utilized in
connection with high-pressure filtration cell for lipo-
some preparation by the rapid extrusion technique is
described in this paper.

MATERIALS AND METHODS
Lipids
An egg yolk phospholipid mixture was purified ac-

cording to Singleton et al. (9) and stored in sealed am-
pules at —20°C until use.

Preparation of Multilamellar Liposomes

The lipid mixture in chloroform solution (200 or 400
mg in 6 ml) was deposited onto the wall of a round-bot-

353

tom flask (250 ml) by removal of the organic solvent on
a rotary evaporator (40°C, 4 h). The dried lipid film was
then hydrated with the aqueous phase (150 mm NaCl,
20 mM Hepes, pH 7.4, which had been filtered through a
0.22-pm filter) under continuous mixing on a mechani-
cal reciprocal shaker for 2 h. The frozen-thawed MLV
system (7,8) was obtained by freezing the MLVs in lig-
uid nitrogen and thawing them in a 30°C water bath,
repeating the cycle five times.

Electron Microscopy

Micrographs were prepared using the negative stain-
ing technique (3% ammonium molybdate solution). A
transmission electron microscope BS 500 (Tesla, Czech
Republic) was used. All photographs were printed at the
final magnification X54,000. The diameter of the disc-
collapsed sphere times 0.75 was equated to the diameter
of the equivalent sphere (6). Apparent liposome diame-
ters were assigned to specific size intervals. At least 300
vesicles were measured for each extruded fraction in
two separate experiments.

The scanning electron microscope, BS 300 (Tesla),
was used for measuring the actual pore size of mem-
brane filters. Samples of filters were spattered with gold
using the Polaron 11 HD apparatus (Polaron).

Extrusion of Liposomes through Membrane Filters

A high-pressure Plexiglas filtration cell was designed
to accept two stacked filters 24-25 mm in diameter (Fig.

GP

FIG. 2. Adaptation of the FPLC system for the liposome extrusion technique: BR, buffer reservoir; P, pump P-500; GP, gradient program-
mer GP-250; C, Teflon capillary tubing (1.8 X 0.8-mm o.d. X i.d.); W, waste vessel; V, vaive V7; 1-7, inputs/outputs; S, Superloop; P, piston; L,
liposomes; T, thermostat; F, high-pressure filtration cell; SL, syringe (loading position); SR, syringe (recipient position; valve position,
----- loading, - - —- - extrusion). Working of system described in text.
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FIG. 3. Negative stain electron micrographs of vesicles prepared by repeated extrusion of multilamellar frozen and thawed vesicles (5 ml,
200 mg/ml egg yolk phospholipid mixture) through polycarbonate filters: {A) unextruded, (B) extruded through 0.4-um filter pore, and (C)

extruded through 0.1-um filter pore. Bar indicates 200 nm.

1) and withstand pressures of up to 5.0 MPa (upper
limit for FPLC) without any difficulties. A fine frita
support effectively protected the membrane filters and
no breakage occurred in any of the experiments per-
formed at high pressure. The geometry of the cell keeps
its dead space at a minimum to avoid dilution when
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small volumes of liposome suspension are injected. The
total dead space is about 250 ul (50 ul above the filter
and 200 pl in the frita support). Isopore membranes
(Millipore) with pore sizes 0.4, 0.2, and 0.1 gm were used
and pressures of up to 4.5 MPa were applied.

FPLC (Pharmacia, Sweden) was used as the program-
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FIG. 3—

mable pressure delivery system. The arrangement of
the pressure cell and FPLC for liposome extrusion is
shown in Fig. 2. Small volumes of a liposome suspension
(up to 4 ml) were loaded into the sample loop through
the valve V-7 (Pharmacia), while larger volumes (up to
50 ml) were loaded into Superloop (Pharmacia), sub-
mersed together with the cell and recipient syringe in a
thermostated water bath Julabo 8A (Julabo, Germany)
when other than an ambient temperature was de-
manded.

Syringes were used for the injection and collection of
the liposome suspension. The pressure cell was con-
nected to the V-7 valve by means of tubing connectors
and capillary Teflon tubing (1.8 x 0.5 mm) (Pharma-
cia). Both the desired flow rate and the extruded volume
for a single run were programmed by the gradient pro-
grammer GP-250 (Pharmacia).

MLVs (200 mg phospholipid/ml) were prepared in
presence of 1 uCi [**C]sucrose in the aqeuous phase as
the labeled marker to determine trapped volumes (7).
Extrusion of frozen and thawed MLV through mem-
brane filters was performed in the labeled medium as
indicated above. Nonentrapped marker was removed
from MLV and FTMLYV by centrifugation (10,000 g, 30
min, 4°C) and from extruded vesicles by ultracentrifuga-
tion (100,000 g, 45 min, 4°C). Sedimented vesicles were
resuspended in marker-free aqueous phase and the cen-
trifugation was repeated. Trapped ["*C]sucrose was es-

Continued

timated using Tri-Carb 1600 CA liquid scintilation
counter (Packard). Calculated trapped volumes are ex-
pressed as microliters of trapped volume per micromole
of phospholipid.

RESULTS AND DISCUSSION

Photographs in Fig. 3 illustrate the decrease of lipo-
some diameters in accordance with decreasing pore
sizes of filters used for extrusion. Figure 3A shows a
heterogeneous frozen-thawed MLV system in which all
types of liposomes are present. Extrusion through a 0.4-
pm filter (Fig. 3B) eliminates vesicles larger than 200
nm. Two maxima are evident in Fig. 4. The size of the
majority of liposomes (50%) ranged between 78 and 147
nm. The second maximum (43%) represents the size
range 36-77 nm, Extrusion through a 0.2-um filter elimi-
nated vesicles above 150 nm (Fig. 4). Liposomes of the
size range 36-91 nm (76%) were the most abundant.

Vesicles larger than 120 nm were eliminated when
0.1-um filters were used for extrusion (Fig. 3C), the larg-
est proportion of liposomes (86%) coming in the size
range 20-77 nm (Fig. 4).

Data summarized in Table 1 allow the conclusion that
getting over the critical pressure is necessary for the
extrusion of vesicles through filter pores. The flow rate
per area unit value Vg = v/S (ml/min-cm?) has been
introduced to compare various cells and filter types.
The critical pressure is strongly dependent on filter
pore size and the transition temperature of the lipid

27



356

% FREQUENCY

0
20-35 3649 5063 64-77 7891

JAROSLAV TURANEK

LIPOSOME DIAMETER SIZE RANGE (nm)

FIG. 4. Size distribution determined by negative stain electron microscopy of frozen and thawed multilamellar vesicles extruded through
polycarbonate filters. Vesicles were prepared as detailed under Materials and Methods. Black—MLYV extruded through 0.1-um filter; gray—
MLV extruded through 0.2-um filter; white—MLYV extruded through 0.4-um filter.

used. Estimated critical pressures for extrusion of lipo-
somes (5 ml, 200 mg/ml egg yolk phospholipid mixture)
at 20°C and pore sizes 0.4, 0.2, and 0.1 gm are given in
Table 1. Actual pore sizes, measured by electron micros-
copy, reached 60-70% of the declared value and this fact
is reflected in the mean diameter of liposomes.

Trapped volumes for MLV, FTMLV, and FTMLV
extruded through filters with various pore sizes are
shown in Table 2. It is evident that freezing and thawing
of MLV makes for a 10-fold increase in the entrapped
volume. Freezing and thawing causes dehydration of the
phospholipid bilayer and is responsible for defects in
the bilayer structure and the ensuing changes of mor-
phology of MLV and an increase in trapped volume
(8,10,11). Extrusion of FTMLV makes for a decrease of
liposome diameters (see Fig. 4) which is accompanied by
a decrease in trapped volume.

Temperature is crucial for liposomes composed of
phospholipids below their transition temperature. In-
deed, the estimated critical pressure for multilamellar

vesicles prepared from a soya phospholipid mixture
(100 mg/ml) at 20°C and 0.1-um pore size was 4.4 MPa
(nearly the upper pressure limit for FPLC). Tempera-
ture elevation to 40°C (above solid-to-fluid transition)
results in a decrease of the critical pressure to 2.5 MPa
(unpublished observation), which is similar to that nec-
essary for the egg phospholipid mixture used.

FPLC System Modification

Connection of the high-pressure filtration cell to the
FPLC system in our experiments proved to be a conve-
nient application of the rapid extrusion technique on
laboratory scale. Even if operated manually, the non-
tedious preparation of 5 ml of a liposomal suspension
(100-400 mg/ml) did not take more than 15 min for 10
extrusion runs. One batch of liposomal suspension (50
ml, 100 mg/ml egg yolk phospholipid mixture, 0.2-pm
filter) was produced in test experiments when the 50-ml
Superloop was connected. This paper provides basic

TABLE 1

Dependence of Back Pressure on Flow Rate and Pore 3ize for Egg Yolk Phospholipid Liposomes

Filter pore size {um)

Flow rate per area

Critical pressure

Declared Measured Flow rate (ml/min) {ml/min - cm®) Pressure (MP,) at 20°C (MP,)

0.4 0.28 3 1.00 0.5

5 1.63 0.5 0.4-0.5
10 3.26 0.6
0.2 0.12 3 100 0.9

5 1.63 0.1 0.8-0.9
10 3.26 1.2
0.1 0.06 3 1.00 2.2

5 1.63 23 2.0-2.2
10 3.26 3.0
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TABLE 2

Trapped Volumes of Liposomes Prepared
from Egg Yolk Phospholipid

Filter pore size (um)
e — Trapped volume

Liposomes Declared Measured ul/umol phospholipid
MLV — — 0.23 + 0.06
FTMLV — — 26 +05

0.4 0.28 22 +03
Extruded FTMLV 0.2 0.12 15 02
0.1 0.06 1.1 +0.2

knowledge which can be helpful in employing the BioPi-
lot System (Pharmacia) for fully automated large-scale
production of liposomal preparations by the rapid ex-
trusion technique.
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The proliposome -liposome method is based on the
conversion of the initial proliposome preparation into
a liposome dispersion by dilution with the agueous
phase. This technique is characterized by an ex-
tremely high entrapment efficiency and is suitable for
the encapsulation of a wide range of drugs with differ-
ent water and alcohol solubility. A description of a
home-made stirred thermostated cell and its linkup
with an FPLC system for a rapid and automated prepa-
ration of multilamellar lippsomes under strictly con-
trolled conditions (temperature, dilution rate, and
schedule) is presented. The highly reproducible proce-
dure yields multilamellar liposomes with a high encap-
sulation efficiency for various drugs. Carboxyfluores-
cein, as a model hydrophilic compound, was entrapped
with an efficiency of 81 + 2%. The antibiotics neomycin
and gentamycin were entrapped with efficiencies of 65
and 69%, respectively. Synthetic immunomodulators
adamantylamide dipeptide, muramyl dipeptide, and 8-
D-GleNAc-norMurMNAc-L-Abu-D-isoGln were entrapped
with efficiencies of 87, 62, and 85%, respectively. The
photosensitizer mesotetra-(parasulfophenyl)-porphin
was entrapped with an efficiency of 65%. The cell has
been designed for laboratory-scale preparation of lipo-
somes (300 - 1000 mg of phospholipid per run) in a pro-
cedure taking less than 9 min. The method can be
readily scaled up and linked with secondary pro-
cessing methods, such as pressure extrusion through
polycarbonate filters. o 1957 Academic Pres

Liposomes. i.e.. microscopic membrane-like spherical
structures consisting of one or more concentric lipid
bilayers enclosing agueous compartments, have be-
O3 260787 $25.00
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come a useful tool and model] in various areas of science
and liposomal drugs are available commercially (1). Li-
posomes were adopted by numerous researchers as the
vehicle of choice for drug and vaccine delivery and tar-
geting (2, 3). Liposomes are classified in terms of the
number of bilayers enclosing the sequestered aqueous
volume into unilamellar. oligolamellar. and multila-
mellar vesicles. Unilamellar vesicles are divided into
small unilamellar vesicles (SUV) with a large curva-
ture, and large unilamellar vesicles {LUV) with a low
curvature and hence with properties similar to those
of a flat surface. Multilamellar vesicles (MLV)! are lipo-
somes representing a heterogeneous group in terms of
size and morpholegy (4).

Size, morphology, and lipid composition endow lipo-
somes with different properties in terms of stability,
targeting to various tissues, entrapment efficiency for
hydrophilic and hydrophobic drugs, et

A variety of procedures for the preparation of various
types of liposomes have been described and summa-
rized in several reviews and monographs (5, 6). The
conventional method of hydration of a lipid film with
subsequent freezing and thawing of liposomes is the
method of choice for the preparation of MLV, Extrusion
of MLV through polycarbonate filters with various pore
sizes is an easy way of obtaining oligolamellar or unila-
mellar lippsomes with various size distributions (4, 7).
In our previous paper (8], we described the construction

! Abbreviations used: MLV, multilamellar vesicles; PL, prolipa
some - lippsome method: CF, carboxyflusrescein: AJDP, adamanty
lamide dipeptide. MDP, muramyl dipeptide; DDD, #-0-GleMAc
norfdurMAc-L-Abu-n-iselin: TRA, triflucroacetic acid; TPPS, . meeso
tetra-{parasuliophenyl)-porphin; PC, phosphatidylcholine; FTMLY,
frozen-thawed multilamellar vesides.
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of a high-pressure cell and its linkup with an FFLC
system for laboratory-scale production of liposomes by
the rapid extrusion technique (up to 50 ml of liposome
suspension per one runj.

In this paper we present a description of a stirred
thermostated cell and its linkup with an FFLC system
for a rapid production of multilamellar liposomes by
the proliposeme—liposome method (PL). which is based
on the conversion of the initial proliposome preparation
into a liposome dispersion by dilution under strictly
controlled conditions. This technique is characterized
by an extremely high entrapment efficiency. when com-
pared with other methods based on passive entrap-
ment. and is suitable for the encapsulation of a wide
range of drugs with various water and alcohol solubili-
ties (9).

The method can be readily scaled up and linked with
secondary processing methods, such as extrusion
through polycarbonate filters for the preparation of oli-
golamellar and unilamellar liposomes.

The cell is a prospective tool for modelling the pro-
cesses of industrial-scale preparation of liposomes.

MATERIALS AND METHODS
Stirred Cell and fts Linkup with FPLC

A schematic drawing and the actual appearance of a
disassembled cell are shown in Figs. | and 2, respec-
tively. The acrylic body of the thermostatic jacket was
designed to accept a centrifugal tube (Corning 50 ml),
and two O-rings were used to seal the tube in the ther-
mostatic chamber. The diluting solution is delivered
through a teflon capillary (1.8 o.d. 3 0.5 i.d. mm), and
a sterile filter (0.22 pm, Millipore}) removes residual
particles and microorganisms to maintain the prepara-
tion sterile. A Teflon body accepts the filter and protects
the capillary from unwanted bending. A magnetic stir-
rer hangs on the flanged end of the capillary. The stir-
rer with turbine-like blades is shaped to reach the coni-
cal part of the tube near its bottom. The blades are
arranged to lift the suspension up from the bottom and
maintain homogeneity especially during the first step
of dilution when the proliposome mixture is viscous.
The body of the stirrer is made of teflon and pieces of
Teflon-coated ferrite are inserted into its arms. Another
sterile filter closes the pressure—compensation hole
and protects the interior from airborne contamination.
When a run is finished. the head of the cell is removed
and the tube is closed with an original lid.

The linking of the cell with a programmable system
for the delivery of the diluting solution is shown in Fig.
3. We used an FPLC system (Pharmacia, Sweden) for
accurate flow rate programming. The fraction collector
Frac 100, connected with the peristaltic pump P1
(Fharmaria, Sweden) or another adequate system, can
be used to ensure a defined flow rate even if the two-
step dilution method is used and to stop the pump at
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the end of the run. The thermostat Julabo 6A (Julabo,

Germany] was used to maintain a constant cell temper-
ature.

Freparation of Proliposame Mixture and Conversion

into Liposomes

The egg yolk phosphatidylcholine preparation Lipoid
E 80 {Lipoid, Germany)} was used in our experiments.
A proliposome mixture was prepared using a modifica-
tion of the method described by Perrett of al. Briefly,
the lipids (300 mg of solid yellowish grains] were dis-
solved in pure warm ethanol (240 mg, 30°C) and cooled
to room temperature. Water phase was added ac-
cording to the pattern lipid:ethanolwater (100:800X, w/
wiw). Tris—HCI {25 mm, pH 7.2) was used as the water
phase and the value X was 200 in most experiments
(600 mg of water phase). The compounds to be en-
trapped were dissolved in the water phase and added
at this step. Water-insoluble compounds are preferably
dissolved in ethanol together with phospholipids. The
opaque viscous mixture was heated to G60°C for 10 min
and then allowed to cool to room temperature vielding
a proliposome mixture. The latter was transferred into
the stirred cell. The cell was sterilized with T0% etha-
nol at 30°C for 60 min before use. The proliposome
mixture was converted into a liposome suspension by
continuous dilution with the water phase [total volume
of 39 ml) at a defined flow rate and temperature (23°C).
The two-step dilution was accomplished by continual
addition of 3 ml of the water phase at a flow rate of
100 glimin in the first step and 36 ml of the water
phase at 1000 glimin in the second step. The water
phase used for dilution was free of the compound to be
entrapped. The sterility of the product was checked by
culture on blood agar (37°C, 86 h).

Freparation of Frozen and Thawed Multilamellar
Vesicles

The lipid mixture, dissolved in chloroform (200 mg
in & ml). was deposited onto the wall of a round-bottom
flask (250 ml) by removal of the solvent in a rotary
evaporator (40°C, 4 h). The dried lipid film was then
hydrated with the aqueous phase (150 ma NaCl, 20
mM Hepes. pH 7.2, previously filtered through a 0.22-
pm filter] under continuous mixing on a mechanical
reciprocal shaker for 2 h. The frozen - thawed MLV sys-
tem (7) was obtained by freezing the MLVs in liquid
nitrogen, thawing them in a 30°C water bath, and re-
peating the cycle five times.

Assay of Encapsulatdon Efficiency
3.6-Carboxyfluorescein - (Molecular  Probes]  was

quantified spectrofluorometrically on the luminescence
spectrometer LS 30 (Perkin- Elmer) at 470 nm (excita-
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FIG. 1. Schematic drawing of the stirred thermostated cell.

FIG. 2. Photograph of a disassembled cell.
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FIG. 3. Schematic drawing of linkup of the cell with FPLC. Operation described in text.

tion) and 520 nm (emission). The efficiency of entrap-
ment was caloulated using the equation

% Entrapment = €4 » 100

The validity of the calculation was checked using the
equation

A=8B+0C

where A is total (ie., free and encapsulated) CF in the
liposomal suspension, & is free (nonencapsulated) CF,
and Cis encapsulated CF.

The synthetic immunomodulators adamantylamide
dipeptide (AdDP) (Létiva, Prague, Czech Republic),
muramyl dipeptide (MDP) and S-p-GleMAc-norbdur-
MACc-L-Abu-D-isoGln (DDD) (a gift from Dr. M. Ledvina,
Institute of Organic Chemistry and Biochemistry,
Prague) were assayed by HPLC using the chromato-
graphic system Waters consisting of the Waters GO0
gradient pump, the Waters 717 plus autoinjector, the
Waters 996 diode array detector, and the Waters 474
fluorescence detector. The system was controlled by the
program Millennium 2010, All the analyses were run
on the column NOVA-PAC C 18 (4 gm, 150 * 3.9 mm,
precolumn 20 * 3.9 mm). Methanolwater (0. 1% TFA)
was used as the mobile phase for the analysis of AdDP
[ratio 45:55) and MDP and DDD (ratio 10:90). The im-
munomodul ators were detected at 203 nm and the ob-
tained UV spectra were matched against the spectra
of standards. In the case of DDD, two peaks of anomers
appeared in the chromatogram. Both peaks were used
for the calculation. The antibiotics gentamycin and
nesmycin (Sigma) were analyzed by precolumn derivat-
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ization with C-phtalaldehyde and detected by a fluo-
rescence detector set at 340 nm/455 nm Ex/Em (10, 11).

The photosensitirer mesotetra-(parasulfophenyl)-
porphin (TPPS,) (kindly provided by Lachema Com-
pany, Brno, Czech Republic) was assaved spectrophoto-
metrically at 410 nm using the standard addition
method.

Total masses of free and entrapped drugs were deter-
mined and used for the calculation of encapsulation
efficiency. Drugs entrapped in liposomes were sepa-
rated from free ones by centrifugation (15.000g, 20 min,
4°C). The liposomes were solubilized with TRITON (1%
final concentration) to release the entrapped drugs for
the assay.

Determination of Captured Valume

Captured volume, defined as the volume of the en-
trapped discontinuous aqueous phase per mass unit of
the lipid phase and expressed in microliters per micro-
maole of phospholipid, was determined as described by
Armengol and Esterlich (12) with a minor modification.
Briefly, the concentration of CF in the proliposome mix-
ture and in the diluting buffer was 300 gy Nonen-
trapped CF was separated from the liposomes by cen-
trifugation (15,000g, 20 min, 4°C), the liposomes were
washed twice and resuspended in CF-free buffer to ob-
tain the concentration of 1 mg phospholipid per 1 ml
An aligquot of the liposomes was solubilized with TRI-
TOM (final concentration 1%) and the concentration
of CF was determined spectrofluorometrically using a
calibration curve of a CF standard dilution series cov-
ering the range 10— 1000 nm of CF.

The captured volume was calculated using the equa-
tion

Vo= MCx L,
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where 1, is entrapped volume (in gliumol), M is total
mass of CF in the washed liposome preparation, ' is
initial concentration of CF in the diluting buffer and
the proliposome—liposome mixture, and, [ is total
mass of lipid in the purified preparation.

Efortron Miooscopy

Electron micrographs were made using the negative
staining technique (3% ammonium molybdate solu-
tion). The transmission electron microscope BS 500
[Tesla, Czech Republic) was used. The final magnifica-
tion of the micrograph prints was 36,000

FParticle-Size Analysis by Fhoton Correfation

Spectroscopy

Light-scattering analyses of liposomal preparations
were done an the photon correlation spectrometer N4
Plus {Coulter Electronics, USA). Samples of liposomal
preparations (.7 mg phospholipid/ml] were analyzed
at 20.0°C and an angle of 90°. A size distribution analy-
sis of the data was done according to the instrument
manual.

Staristical Analyses

One-way analysis of variance (ANOVA) with New-
man-—Keuls posttest contrasts for comparisons of flow
rates and entrapment efficiencies of CF. The unpaired
two-tail ¢ test was used for the comparison of entrap-
ment efficiency for PL vs FTMLV. The statistical soft-
ware used was GraphPad PRISM, V200 (GraphPad
Software, Inc. San Diego, CA).

RESULTS

Effect aof Composition of Proliposome Mivture an
Entrapment Efficiency

The entrapment efficiency of the liposomes formed
following the dilution of the proliposome mixtures to a
final volume of 40 ml was plotted as a function of the
weight of the aqueous phase present in the initial proli-
posome mixtures. A typical plot showing the efficiency
of entrapment of CF by Lipoid 80 E liposomes is pre-
sented in Fig. 4. The region of maximum entrapment
efficiency was mapped in detail. In the case of Lipoid
80 E, a high entrapment efficiency was obtained with
the proliposome composition lipid-ethanolwater
100:80:130- 230 (wiwiw). The composition of the proli-
posome mixture lipidethanolwater = 100:80:200 was
used for further studies. The liposomes prepared of a
proliposome mixture with this composition yielded the
entrapment efficiency of 81 = 2% for CF (five separate
preparations). A negatively stained electron micro-
graph of liposomes prepared by the proliposome-lipo-
some method is shown in Fig. 5A. Heterogeneity of the
liposomal preparation in terms of size, lamellarity and
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FIC. 4. Plot of entrapment percentage of carboxyflhorescein as a
function of weight of buffer (X) incorporated in the initial proliposome
mixture. For details, see the Materials and Methods.

maorphology can be clearly seen. Multicentric liposomes
are also present.

Size distribution processor analysis revealed a bi-
modal distribution of lippsome sizes and weights. In
terms of the weight distribution, the major fraction
(85.5%) represents vesicles with a size of 1736 = 383
nm and the minor fraction (4.5%) represents vesicles
with a size of 170 = 46 nm. Graphical presentation of
the result of size distribution analysis of liposomes is

shown in Fig. 5B.

Entrapped Valwme

Entrapped volumes of frozen - thawed MLV prepared
by the hydration of a lipid film and of liposomes pre-
pared by the proliposome - liposome method were com-
pared. The values of 1.83 = 0.07 pliwmol phospholipid
and 1.26 £ 0.06 pl/pmol phospholipid were found for
the former and the latter, respectively.

Effect aof Dilution Rate on Entrapment Efficiency

As can be seen from data given in Table 1, the dilu-
tion speed exerts only a weak effect on the entrapment
efficiency. The preparation of liposomes by two-step di-
lution with flow rates of 100 glimin (first step) and
1000 plimin (second step) takes only about 70 min.
The whole procedure, including the preparation of the
prolipesome mixture, takes 90 min. The upper limit for
the flow rate was not tested and, as a matter of fact,
results from flow characteristics of the 0.22-pm filter
used for the maintenance of interior sterility.

Effect af Transformation Temperature on Entrapment
Efidency
The dependence of entrapment efficiency on the trans-
formation temperature is shown in Fig. 6. A dramatic
decrease in entrapment efficiency was observed at tem-
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FIC. 5. (&) MNegatively stained electron micrograph of lipesomes prepared by the prolipasome - liposome method. Bar, 500 nme (B) Size
distribution of Lipoid EBD liposomes prepared by prolipesome — liposome method plotted in termes of weight (%),

peratures below 30°C and the efficiency mse only slowly
when the temperature was increased above 30°C.

Comparison of Entrapment Efficiency for Seleded
Drugs of FTMLY and PL Liposomes

The entrapment efficiencies for synthetic immuno-
modulators and glycosidic antibiotics are summarized
in Table 2. Both types of liposomes showed a high en-
trapment efficiency for the hydrophobic AdDP. The hy-
drophilic MDF and DDD were entrapped with a similar
efficiency by FTMLV liposomes. Compared with AdDF
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or DI, the entrapment efficiency of PL liposomes for
MDF was lower by approx 20%. Neomyrcin and genta-
mycin were entrapped with similar efficiencies by PL
liposomes, but entrapment efficiencies of FTMLY lipo-
somes for the two antibiotics were different. TPPS; was
entrapped with the same efficiency by any of the lipo-
SOMe types.
Sterility of Liposomal Freparations

Mo bacterial contamination was detectable after 96
h of culture on blood agar in any of the liposomal prepa-
rations under study.
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TABLE 1

Effect of Flow HRate on Entrapment Percentage of
Carboxyfluorescaln in Two-5tep Dilhetlon of a Proliposome
Mxture

% Entrapment

Flow rate {ulimin)

pha=e l'phase 2 M Mean St Dew.
A 2020 4 74 1.4
B 20/200 4 TG 1.8
Cc 200400 41 [ 1.3
D 201000 4 TG Z0
E 100/ 1000 4 B1® 1.8
F 400/ 1000 4 T4 1.4

* The significantly different result from all sther means (7 = 0103,
based on peest-ANOVA Newman- Keuls contrasts).

DISCUSSION

The proliposomal concept is suitable for in sfitw lipo-
some preparation, minimizing the problems associated
with the storage of liposomal preparations. This con-
cept is based on various principles, such as deposition
of lipids on soluble supports with a large surface area
(e.g.. sorbitol and sodium chloride) or the commercially
available Natipide II, a vesicular gel formed by lipo-
somes supplied by Mattermann Phospholipid (13- 135).

The method described by Perrett of al. (%), which is
based on proliposomal preparation of hydrated stacked
bilayer sheets in a water—ethanol solution, is simple
and practical. Generally, the organization of a lipid/
ethanol/'water mixture can be described in terms of a
three-phase diagram which can be divided into the fol-
lowing three principal areas: lipid dissolved in agueous
ethanol, hydrated bilayers suspended in aqueous etha-
nol, and a liposomal area. Spontaneous formation of
liposomal suspensions is accomplished by the addition
of excess agqueous phase to a lipid mixture. The bound-
aries between the areas in the three-phase diagram
should be determined for any particular lipid composi-
tion. The major component of Lipoid E 80, which we
used for the preparation of liposomes, is phosphatidyl-
choline (PC). Therefore, we used the published three-
phase diagram for PC (9), changing only the proportion
of the water phase in the proliposome mixture to find
the optimal encapsulation efficiency. The pattern etha-
nol:lipid-water of the optimized proliposome composi-
tion was 10080200 (wiwiw). However, maximum was
in the range 130 to 230 weight units for the aqueous
phase (see Fig. 4), ie., at a position similar to that
postulated by Perrett (8) for pure PC. Moreover, the
optimized composition of the proliposome mixture was
in the proliposome area of the three-phase diagram for
PC. That means that the boundaries between lipo-
somes and precipitated bilayers for pure PC and Lipoid
E B0 are similar.

The physical state of the proliposome mixtures is
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strongly temperature-dependent and the thermal cycle
used for the transformation of the proliposome mixture
is decisive for the resulting encapsulation efficiency. It
should be noted that the transition temperature for egg
yolk lecithin membranes is within the range —15 to
—T7°C: hence, the transition from the solid (gel) to the
liquid - crystal phase does not affect the process of lipo-
some formation at the temperatures used in our experi-
ments. The solubility of lipids in aqueous ethanol in-
creases markedly with rising temperature. This strong
temperature dependence is an important feature of the
proliposome system. Mixtures at the boundary of the
proliposome region can convert from their original pro-
liposome form into liposomes on cooling. Our experi-
ments have confirmed considerable effects of heating
temperature on encapsulation efficiency. We have
found that a break point lay at 30°C. Below 30°C there
was a steep decrease in entrapment efficiency for CF.
The entrapment efficiency of 73% remained constant
in the range of 30-45°C and increased slowly to B2%
when the temperature rose to 60°C. These results are
in a good accordance with the temperature-dependent
increase in the isotropic component in “'P NMR (9),
reflecting an increase in nonbilayer organized mole-
cules of phospholipids.

The design of the cell allows an easy assembly and
linkup with FPLC or other delivery systems. Most com-
ponents used in the construction can be found in any
laboratory or are listed in catalogues of major suppliers
of laboratory utensils. A programmable delivery sys-
tem, such as FPLC, is very useful for comfortable and
precise work giving highly reproducible results. Sup-
posing that the encapsulation efficiency might be in-
fluenced by changing the rate of the proliposome —lipo-
some transformation, which depends on the flow rate of
the agueous phase, we investigated this system using
a two-step dilution method. Proliposomes convert into
liposomes during the first step and the concentration

Entrapment (%)

Tamparatura ("C)

FIG. 6. Effect of transformation temperature on entrapment per-
centage of carboxyflucrescein in two-step dilution of a proliposcme
mixture. For details. ses Materials and Methods.
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TAELE 2

Comparison of Entrapment Efficlencies of FT

MLY and PL Liposomes for Selected Drugs

% Entrapment

Proliposome — liposome FIMLV

Drugs to be entrapped in mg/300 mg phosphalipid Mean 5D Mean 5D
A AdDP Z.2B BT 2.2 T8 3.2
B MDP 1.56 62" 28 5 4.7
C noon 1 83" 2.8 3z 4.1
D Meomyrin 30 63" L7 6 3.9
E Gentamyrin 30 69" 2.2 32 4.2
F G-Carboxyfluorescein 1 2" 1.3 52 3.9
G TPPS, 1.3 63 1.3 62 4.0

* The significant differences from the corresponding results obtained by the FTMLV method (< 02001, based on ¢ tests).

of ethanol bound to liposomes is reduced to (.5% in the
second step. As shown in Table 1, changes of dilution
speed in the first and the second steps had no marked
effects on the encapsulation efficiency. An optimum
was found at 100 pl/min for the first and 1000 g lVmin
for the second steps. At these flow rates, the procedure
was completed within 70 min. The somewhat lower
encapsulation efficiency found for the slow-dilution
step (20 plimin) could have resulted from the release
of CF from liposomes, because the procedure took 10
to 33 h. The flow rate is limited by the throughput of
the filter (in the second dilution step] and by a decrease
in encapsulation efficiency (in the first dilution step).
In our experiments, the proliposome-liposome
method was used for the encapsulation of various drugs
and comparisons were made with FTMLY. The values
1.26 pliwmol (CF as a marker) for entrapped volume
and 81 = 2% (CF as a marker) for entrapment efficiency
are comparable with 1.5 gliumol (inulin as a marker)
for entrapped volume and 77.7 + 5.7% (CF as a marker)
entrapment efficiency published by Perrett (9). It
should be noted that the higher entrapped volume in
FIMLY liposomes (1.83 pliumol) was not associated
with a higher encapsulation efficiency (32% for CF).
Other drugs, too, were encapsulated more effectively
into liposomes prepared by the PL method. The only
exception was AdDF, which was encapsulated with a
relatively high efficiency, probably owing to the hy-
drophobic character of the adamantyl moiety. The en-
trapped volume of our FTMLV liposomes, prepared
from Lipoid EB0, was lower than that published by
Mayer et al. (1.83 vs 3.07 gliumol) for PC (77% entrap-
ment with **MNa as a marker) and the same concentra-
tion of lipids (200 mg/ml). We can conclude that entrap-
ment efficiencies for Lipoid E80 FTMLV liposomes
would be proportionate to entrapped wvolumes and that
the value of 46% should be reached for small hydro-
philic compounds. With the exception of AJDP and
TPP5,. the entrapment efficiencies of all the tested
compounds varied around this value within £10%. It
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is evident that not only the passive entrapment of the
aqueous phase, reflected in entrapped volume, but also
interactions of a particular compound with hydropho-
bic or polar parts of lipids markedly enhance the effi-
ciency of entrapment. Vesiculation of lipid bilayers and
sealing of the membrane are critical steps in the forma-
tion of liposomes. Unstable transient structures appear
during the formation of liposomes, a process that is
difficult to investigate. A unifving model. based on a
bilayered phospholipid fragment, was proposed by
Lasic [17). No data describing the transformation of
proliposomes (dispersed floccules of lamellar phase)
into liposomes were found in available literature. Also
unclear are the existence and possible role of bilayered
phospholipid fragments in that process. We assume
that a relatively high lipid concentration and the large
surface area of the lamellar phase in the proliposome
mixture are responsible for high entrapment efficienc-
ies for various drugs.

It ran be concluded that the cell described in this
paper has proved suitable for a rapid, sterile. and
highly reproducible production of liposomes by the pro-
liposome technique. The method was successfully ap-
plied to the encapsulation of various drugs. Variations
of some parameters can release a hidden potential of
versatility of this method. Replacement of ethanol with
other organic solvents (glycerol), a temperature jump
during the preparation, and freeze-drying of liposomes
with a high ethanol concentration after the first dilu-
tion step are examples of modifications that are being
investigated currently.
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[9] Preparation of Sterile Liposomes by
Proliposome-Liposome Method

By JarosLav TURANEK, ANDREA KASNA, Dana ZALUSKA and
JIRI NECA

Introduction

Liposomes are microscopic membrane-like spherical structures consist-
ing of one or more concentric lipid bilayers enclosing aqueous compart-
ments, and have become a useful tool and model in various areas of
science. Commercial liposomal drugs are already available." Liposomes
were adopted by numerous researchers as the vehicle of choice for drug
and vaccine delivery and targeting **

Liposomes are classified in terms of the number of bilayers enclosing
the sequestered aqueous volume into unilamellar, oligolamellar, and mul-
tilamellar vesicles. Unilamellar vesicles can be divided into small unilamel-
lar vesicles (SUVs) with a large curvature, and large unilamellar vesicles
(LUVs) with a low curvature, and hence with properties similar to those
of a flat surface. Multilamellar vesicles (MLVs) are liposomes representing
a heterogeneous group in terms of size and morphology.? Lipid com-
position, size, and morphology are variables determining the fate of lipo-
somes in the biological milieu; therefore selection of a suitable method of
preparation of liposomal drugs is of importance for both design of animal
experiments and future successful marketing of the product.

A variety of procedures for the preparation of different types of lipo-
somes have been developed and summarized in several reviews and
monographs, including this series.”® These methods have been classified
for convenience into three categories: (1) mechanical dispersion methods,
such as hand shaking or vortexing, sonication, and high-pressure homoge-
nization, (2) detergent-solubilizing dispersion methods including solubil-
ized lecithin dispersion with sodium cholate or octylglucoside, and (3)
solvent dispersion methods such as ethanol injection, ether infusion, and

' G. Gregoriadis, Trends Biotechnol. 13, 527 (1995).

] Lopez-Berestein and I. J. Fidler, “*Liposomes in the Therapy of Infectious Diseases and
Cancer.” A. R. Liss, New York, 1989.

R Alving, J. Immunol. Methods 140, 1 (1991).

*P. R. Cullis, M. J. Hope. M. B. Bally, T. P. Madden, and L. D. Mayer, in “*Liposomes: From
Biophysics to Therapeutics™ (M. J. Ostro, ed.), p. 39. Marcel Dekker, New York, 1987,

*M. C. Woodle and D. Papahadjopoulos, Methods Enyzmol. 171, 193 (1988).

® G. Gregoriadis, “*Liposome Technology.” CRC Press, Boca Raton, FL, 1992,

Caopyright 2003, Elsevier Inc.
All rights reserved.
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reversed-phase evaporation. These primary processes can be linked with
the secondary processes, such as high-pressure homogenization or extru-
sion through polycarbonate filters with various pore sizes, which are easy
ways of obtaining oligolamellar or unilamellar liposomes with various size
distributions.*’ !

Ethanol solvent dispersion (ethanol injection method) has some
drawbacks, including low encapsulation efficiency and restriction of
lipid composition owing to limitations in the solubility of some lipids in
ethanol.

The proliposome-liposome method is based on proliposomal prepa-
ration of hydrated stacked bilayer sheets in a water-ethanol solution.
Generally, the organization of a lipid-ethanol-water mixture can be
described in terms of a three-phase diagram that can be divided into the
following principal areas: lipid dissolved in aqueous ethanol, hydrated
bilayers suspended in aqueous ethanol, and a liposomal area. Spontaneous
formation of liposomal suspensions is accomplished by addition of excess
aqueous phase to a lipid mixture.

This technique is simple and practical and is characterized by an ex-
tremely high entrapment efficiency, when compared with other methods
based on passive entrapment. The technique is suitable for encapsulation
of a wide range of drugs with various water and alcohol solubilities.'*"*

In this chapter we describe a stirred thermostatted cell and its link-up
with a liquid delivery system for the rapid production of multilamellar lipo-
somes by the proliposome-liposome method, which is based on the conver-
sion of the initial proliposome preparation into a liposome dispersion by
dilution under strictly controlled conditions. The cell has been designed
for laboratory-scale preparation of liposomes (300-1000 mg of phospho-
lipid per run) in a procedure taking less than 90 min and can be readily
scaled up and linked with secondary processing methods, such as extrusion
through polycarbonate filters for the preparation of oligolamellar and
unilamellar liposomes.

The cell is a prospective tool for modeling the processes of
industrial-scale preparation of liposomes.

" M. I. Hope, M. B. Bally, G. Webb, and P. R. Cullis. Biochim. Biophys. Acta 812, 55 (1985).
® 1. Turdnek, Anal. Biochem. 218, 352 (1994).

N. Berger, A. Sachse, J. Bender, R. Shubert, and M. Brandl, Int. J. Pharm. 223, 55 (2001).
10 R, Barnadas-Rodriguez and M. Sabés Int. J. Pharm. 213, 175 (2001).

"7, Schneider, A. Sachse, G. RoBling, and M. Brandl, Int. J. Pharm. 117, 1 (1995).

12§, Perrett, M. Golding, and P. Williams, J. Pharm. Pharmacol. 43, 154 (1991).

31 Turanek. D. Zaluskd, and J. Neca, Anal. Biochem. 249, 131 (1997).
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Experimental Procedures

Stirred Cell and Its Link-up with Thermostat and Delivery Pump

A schematic drawing and the actual appearance of a disassembled
cell are shown in Fig. 1 and 2A, respectively. The acrylic body of the
thermostatic jacket has been designed to accept a centrifuge tube (50 ml:
Corning, Corning, NY) and two O-rings are used to seal the tube in the
thermostatic chamber. The diluting solution is delivered through a
Teflon capillary (1.8 mm o.d. x 0.5 mm i.d.), and a sterile filter (0.22 pm;
Millipore, Prague, Czech Republic) removes residual particles and micro-
organisms to maintain the preparation sterile. A Teflon body (capillary
reinforcement) protects the capillary from unwanted bending (Fig. 2B).
A magnetic stirrer hangs loosely on the flanged end of the capillary. The
stirrer, with turbine-like blades, is shaped to reach the conical part of the
tube near its bottom. The blades are arranged to lift the suspension up from
the bottom and maintain homogeneity. especially during the first step of
dilution when the proliposome mixture is viscous. The body of the stirrer
is made of Teflon and pieces of Teflon-coated ferrite are inserted into its
arms (Fig. 2C). A polypropylene frit closes the pressure-compensation
hole and protects the interior from airborne contamination. When a run
is finished, the head of the cell is removed and the tube is closed with its
original lid.

The actual appearance of linking of the cell with a programmable
system for delivery of the diluting solution is shown in Fig. 3. A schematic
drawing of the arrangement is presented in Fig. 4. We use a fast protein
liquid chromatography (FPLC) system (Pharmacia, Uppsala, Sweden) or
a peristaltic pump for accurate flow rate programming. The fraction col-
lector (Frac-100; Pharmacia) connected with the peristaltic pump (P1;
Pharmacia) or another adequate system can be used to ensure a defined
flow rate even if the two-step dilution method is used, and to stop the pump
at the end of the run. The thermostat (Julabo U3: Julabo. Seelbach.
Germany) is used to maintain constant temperature during the procedure.

Preparation of Proliposome Mixture and Its Conversion into Liposomes

The egg yolk phosphatidylcholine preparation Lipoid E 80 (Lipoid,
Ludwigshafen, Germany) is used in our experiments. A proliposome mix-
ture is prepared by a modification of the method described by Perrett
et al.'? Briefly, the lipids (300 mg of solid yellowish grains) are dissolved
in pure warm ethanol (240 mg. 50°) and cooled to room temperature.
Water phase is added at a lipid:ethanol:water ratio of 10:8:X (w/w/w).
Tris-HCI (20 mM, pH 7.2) is used as the water phase: the value X = 20 is

41



114 METHODS OF LIPOSOME PREPARATION [9]
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FiG. 1. Schematic drawing of the stirred thermostatted cell.

Fic. 2. A disassembled cell (A). assembled cell head with stirrer (B), and detail of
stirrer (C).

42




[9] PROLIPOSOME-LIPOSOME METHOD 115

Fic. 3. Entire system for the preparation of liposomes by the proliposome-liposome
method.

used in most experiments (600 mg of water phase). The compounds to be
entrapped are dissolved in the water phase and added at this step. Poorly
water-soluble compounds are preferably dissolved in ethanol together with
phospholipids. Thorough mixing of an ethanol solution of phospholipids
with the water phase is achieved by the use of two high-pressure glass
syringes, parts of the hand-operated miniextruder supplied by Avestin
(Toronto, ON, Canada) or Avanti Polar Lipids (Alabaster, AL) linked
with short Teflon capillary tubing (Fig. 2). The water phase with com-
pounds to be entrapped is injected quickly from one syringe into the second
syringe containing the ethanol solution of phospholipids. This process is
repeated rapidly several times to get a homogeneous preparation. The
opaque viscous mixture is heated to 60° (transformation temperature) for
10 min in a sterile Eppendorf tube and then allowed to cool to room tem-
perature, yielding a proliposome mixture. The proliposome mixture is
transferred into the stirred cell and converted into a liposome suspension
by continuous dilution with the water phase (total volume of 39 ml) at a
defined flow rate and temperature. The two-step dilution, which is the
most effective dilution mode with Tespect to encapsulation efficiency and
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FiG. 4. Schematic drawing of link-up of the cell thermostat and pump. Operation is
described in text.

duration of the procedure, is accomplished by continual addition of 3 ml of
the water phase at a flow rate of 100 ul/min in the first step and 36 ml of the
water phase at 1000 ul/min in the second step."”

Assay of Encapsulation Efficiency for 5,6-Carboxyfluorescein

5.6-Carboxyfluorescein (CF; Molecular Probes, Eugene, OR) is quanti-
fied spectrofluorimetrically in a luminescence spectrometer (LS S0B; Per-
kinElmer, Prague, Czech Republic) at 470 nm (excitation) and 520 nm
(emission). Free 5.6-carboxyfluorescein is separated from liposome-
entrapped CF by centrifugation (45,000g, 20 min, 4°). Liposomes are
solubilized with Triton X-100 [final concentration, 1% (w/v)] to release
the entrapped drug for assay. The entrapment efficiency is calculated
by the equation

¢
Percent entrapment = (E) % 100

and the validity of the calculation is checked by the equation
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A=B+C

where A is total (i.e., free and encapsulated) CF in the liposomal
suspension, B is free (nonencapsulated) CF, and C is encapsulated CF.

Effect of Proliposome Mixture Composition on Entrapment Efficiency

The entrapment efficiency of the liposomes formed after dilution of
proliposome mixtures to a final volume of 40 ml is plotted as a
function of the weight of the aqueous phase present in the initial prolipo-
some mixtures. A typical plot showing the efficiency of entrapment of CF
by Lipoid 80 E liposomes is presented in Fig. 5. The region of maximum
entrapment efficiency has been mapped in detail. A high entrapment effi-
ciency is obtained with a proliposome lipid:ethanol:water composition of
10:8:15-23 (w/w/w). The proliposome lipid:ethanol:water composition
of 10:8:20 (w/w/w) has been used for further studies. Liposomes prepared
from a proliposome mixture with this composition yielded an entrapment
efficiency of 81 £ 2% for CF (five separate preparations). A negatively
stained electron micrograph of liposomes prepared by the proliposome—
liposome method is shown in Fig. 6A. Heterogeneity of the liposomal
preparation in terms of size, lamellarity and morphology can be seen
clearly. Multicentric liposomes are also present.

100 -
80 LIS
¥ -
i i
! A
= H \
2 60 i \
[ 1 \
g ! w_
=40 A 1 -
= ’l-" 5
[ ] \'.
204
[300:240.X wiw/w mgl
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Weight added bulfer (mg)

Fic. 5. Plot of entrapment percentage of carboxyfluorescein as a function of weight of

buffer (X) incorporated in the initial proliposome mixture [phospholipid:ethanol:buffer
300:240:X (w/w/w, mg)]. For details see Experimental Procedures.
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Fig. 6. Electron micrographs of negatively stained liposomes prepared by the
proliposome-liposome method. (A) Nonextruded proliposomes; (B) proliposomes extruded
through 0.4-um filters: (C) proliposomes extruded through 0.2-um filters. Liposomes are
stained with 3% ammonium molybdate solution.
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Assay of Encapsulation Efficiency for Tested Drugs

The synthetic immunomodulators adamantylamide dipeptide (AdDP)
(Lachema, Brno, Czech Republic), muramyl dipeptide (MDP), and 3-p-
GleNAc-norMurNAc-1-Abu-D-isoGln (DDD) (obtained by courtesy of
M. Ledvina, Institute of Organic Chemistry and Biochemistry, Prague,
Czech Republic) is assayed with a high-performance liquid chromatog-
raphy (HPLC) chromatographic system (Waters, Milford, MA), including
a Waters 600 gradient pump, a Waters 717 Plus autoinjector, a Waters 996
diode array detector, a Waters 474 fluorescence detector, and the program
Millennium 2010. All the analyses are run on a Waters NOVA-PAC Cig
column (4 ym, 150 x 3.9 mm; precolumn, 20 x 3.9 mm). Methanol-water
(0.1% trifluoroacetic acid, TFA) is used as the mobile phase for the analysis
of AdDP (ratio, 45:55) and MDP and DDD (ratio, 10:90). The
immunomodulators are detected at 203 nm and the obtained ultraviolet
(UV) spectra are matched against the spectra of standards. DDD yields
two anomer peaks in the chromatogram, which are both used for the
calculation.

The antibiotics gentamicin and neomycin (Sigma, Prague, Czech
Republic) are analyzed by precolumn derivatization with o-phthalaldehyde
and detected by a fluorescence detector set at 340 nm (excitation) and
455 nm (emission)."*'> The photosensitizer meso-tetra-( p-sulfophenyl)-
porphine (TPPSy) (kindly provided by Lachema Company) is assayed spec-
trophotometrically at 410 nm, using the standard addition method. Total
masses of free and entrapped drugs are determined and used for the calcu-
lation of encapsulation efficiency. Free drugs are separated by centrifuga-
tion (45,000g, 20 min, 4°). The liposomes are solubilized with Triton
X-100 [final concentration, 1% (w/v)] to release the entrapped drugs for
the assay.

Comparison of Entrapment Efficiency for Selected Drugs of
Frozen-and-Thawed MLVs and Liposomes Prepared by
Proliposome-Liposome Method

Preparation of Frozen-and-Thawed Multilamellar Vesicles. The lipid
mixture, dissolved in chloroform (200 mg in 6 ml), is deposited onto the
wall of a round-bottom flask (250 ml) by removal of the solvent in a
rotary evaporator (40°, 4 h). The dried lipid film is then hydrated with
the aqueous phase [150 mM NaCl, 20 mM HEPES (pH 7.2) previously
filtered through a 0.22-um pore size filter] under continuous mixing on a

V. G. Agarwal. J. Lig. Chromatogr. 12, 3265 (1989).
'*B. Shaikh, J. Jackson, and G. Guyer /. Chromatogr. 571, 189 (1991).
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TABLE I
Comparison oF Extrapment Erriciencies ofF FTMLV anD PL LIPOSOMES FOR
SeLEcTED DRUGS

Drug to be entrapped

(mg /300 mg phospholipid) Percent entrapment
Proliposome-liposome FTMLV

Drug Amount Mean SD Mean sD
A: AdDP 2.28 87" 22 78 32
B: MDP 1.56 62" 28 36 4.7
C: DDD 1 857 28 3 4.1
D: Neomycin 30 65" 19 2 39
E: Gentamicin 30 69" 22 52 42
F: 6-Carboxyfluorescein 1 817 1.5 52 39
G: TPPS, 1.3 63 15 62 4.0

Abbreviations: FTMLYV, Frozen-and-thawed multilamellar vesicle; PE,
proliposome-liposome.

“Significant difference from the corresponding results obtained by the FTMLV method
(p <0.001. based on ¢ tests).

mechanical reciprocal shaker for 2 h. The frozen-and-thawed MLV
system’ is obtained by freezing the MLVs in liquid nitrogen and thawing
them in a 30° water bath, and repeating the cycle five times.

The entrapment efficiencies for synthetic immunomodulators and
glycosidic antibiotics are summarized in Table 1. Both types of liposomes
show a high entrapment efficiency for the hydrophobic AdDP. The
hydrophilic MDP and DDD are entrapped with a similar efficiency by
frozen-and-thawed MLV (FTMLYV) liposomes. Compared with AdDP or
DDD, the entrapment efficiency of PL liposomes for MDP is lower by
approximately 20%. Neomycin and gentamicin are entrapped with similar
efficiencies by PL liposomes, but entrapment efficiencies of FTMLV
liposomes for the two antibiotics are different. TPPS, is entrapped with
the same efficiency by any of the liposome types.

Determination of Captured Volume. Captured volume, which is defined
as the volume of the entrapped discontinuous aqueous phase per mass
unit of the lipid phase and is expressed in microliters per micromole of
phospholipid, is determined as described by Armengol and Estelrich'® with
a minor modification. Briefly. the concentration of CF in the proliposome
mixture and in the diluting buffer is 500 pM. Nonentrapped CF is

sl Armengol and J. Estelrich. J. Microencapsulation 12, 525 (1995).
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separated from the liposomes by centrifugation (45,000g, 20 min, 4°) and
the liposomes are washed twice and resuspended in CF-free buffer to
obtain a concentration of 1 mg of phospholipid per milliliter. An aliquot
of the liposomes is solubilized with Triton X-100 [final concentration,
1% (w/v)] and the concentration of CF is determined spectrofluorimetri-
cally, using a calibration curve of a CF standard dilution series covering a
10-1000 nM range for CF.
The captured volume is calculated by the equation

M
Ve — a_
where V. is the entrapped volume (ul/pmol), M is the total mass of CF in
the washed liposome preparation. C is the initial concentration of CF in the
diluting buffer and proliposome-liposome mixture, and L is the total mass
of lipid in the purified preparation.

Entrapped volumes of frozen-thawed MLVs prepared by hydration of a
lipid film and of liposomes prepared by the proliposome-liposome method
(without extrusion) are compared. The values of 1.83 + 0.07 and 1.26 +
0.06 41/ pmol phospholipid have been found for the former and the latter,
respectively.

Electron Microscopy. Electron micrographs are made by the negative
staining technique (3% ammonium molybdate solution). A transmission
electron microscope (BS 500; Tesla, Brno, Czech Republic) is used. The
final magnification of the micrograph prints is x 25,200. The micrographs
of some liposomal preparations are presented in Fig. 6.

C Potential Measurement and Particle Size Analysis by Photon
Correlation Spectroscopy. Light-scattering analyses of liposomal prepa-
rations are done with a photon correlation spectrometer (Zetasizer 3000:
Malvern Instruments, Malvern, UK). Samples of liposomal preparations
(phospholipid, 0.7 mg/ml) are analyzed at 25.0°. ¢ potential measurement
and a size distribution analysis of the data are done according to the
instrument manual.

The ( potentials of the liposomes prepared from Lipoid E 80
are —18 £ 23 mV (20 mM Tris-HCl, pH 7.2) and —43 £+ 1.7 mV
(phosphate-buffered saline).

Effect of Transformation Temperature on Entrapment Efficiency. The
physical state of the proliposome mixtures is strongly temperature
dependent and the thermal cycle used for the transformation of the proli-
posome mixture is decisive for the resulting encapsulation efficiency. It
should be noted that the transition temperature for egg yolk lecithin
membranes is within the range —15 to —7°, and hence the transition from
the solid (gel) phase to the liquid-crystal phase does not affect the process
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Fic. 7. Effect of transformation temperature on entrapment percentage of carboxyfluo-
rescein in a two-step dilution of a proliposome mixture. For details see Experimental
Procedures.

of liposome formation at the temperatures used in our experiments. The
solubility of lipids in aqueous ethanol increases markedly with rising tem-
perature. This strong temperature dependence is an important feature of
the proliposome system. Mixtures at the boundary of the proliposome
region can convert from their original proliposome form into liposomes
on cooling.

The break point has been found to be 30°. Below 30° there is a steep
decrease in entrapment efficiency for CF. The entrapment efficiency of
73% remains constant in the range of 30-45° and increases slowly to 82%
when the temperature rises to 60°. These results are in good accordance
with the temperature-dependent increase in the isotropic component in
3P nuclear magnetic resonance (*'P NMR),"? reflecting an increase
in non-bilayer-organized molecules of phospholipids.'” The dependence
of entrapment efficiency on the transformation temperature is shown in
Fig. 7.

Statistical Analyses

An unpaired two-tail 7 test is used to compare the entrapment efficiency
for PL liposomes versus FTMLVs. Statistical software includes Prism.
version 2.00 (GraphPad Software, San Diego, CA).
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Extrusion of Proliposomes

The proliposomes can be extruded with a hand-operated device,
such as the miniextruder supplied by Avanti Polar Lipids, through polycar-
bonate filters of pore sizes 0.6, 0.4, and 0.2 pm. This procedure was
used in some studies on the effect of extrusion on particle size and
polydispersity of the final liposomal preparation. The proliposomes are
extrudable up to a pore size of 0.2 ym. Higher pressures during the extru-
sion through a 0.1-um pore size filter or ultrasonication result in disorga-
nization of proliposomes (tightly packed bilayer sheets) and their
transformation into a viscous dispersion of phospholipids. Proliposomes
represent transient metastable structures and a high pressure probably
induces dehydration of bilayers and metamorphosis back into the
amorphous state.

We have found that extrusion of proliposomes influences both the
final size and polydispersity of the resultant liposomes. The smaller
the filter pores used, the smaller the size and the lower the polydis-
persity of liposomes obtained. The results obtained by electron micro-
scopy (Fig. 6) and light-scattering measurement (Fig. 8) show a good
accordance.

Sterility Testing

The cell is sterilized with 60% ethanol at 60° for 15 min before
use. Staphylococcus aureus (A-positive strain 722 obtained from the Food
Research Institute, University of Wicsonsin, Madison, WI) is maintained in
glycerol broth at —20° and 24-h-old cultures grown on blood agar plates at
377 are used as a model for experimental contamination of the cell (10°
CFU) before sterilization. The sterility of the product is checked by culture
on blood agar plates (37°, 96 h). No bacterial contamination was detectable
after 96 h of culture on blood agar in any of the liposomal preparations
under study.

Concluding Remarks

We present a description of a stirred thermostatted cell and its link-up
with a liquid delivery system for the rapid production of multilamellar lipo-
somes by the proliposome-liposome method, which is based on the conver-
sion of the initial proliposome preparation into a liposome dispersion by
dilution under strictly controlled conditions. The design of the cell allows
casy assembly and link-up with FPLC or other delivery systems that facili-
tate full control of the process, giving highly reproducible results. Most
components used in the construction can be found in any laboratory or
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Fic. 8. Size distribution of liposomes prepared from nonextruded and extruded

proliposomes.

are listed in catalogs of major suppliers of laboratory utensils. Larger
quantities of proliposomes (above 1 ml in total volume, 300-1000 mg of
phospholipids) can be easily prepared directly in the cell by mixing an etha-
nol solution of phospholipids with the water phase at the desired flow rate
and temperature. The liposomes are produced according to good manufac-
turing practice (GMP) and are sterile. The cell has been designed for la-
boratory-scale preparation of liposomes (300-1000 mg of phospholipid
per run) by a procedure taking less than 90 min. The method can be readily
scaled up and linked with secondary processing methods, such as extrusion
through polycarbonate filters for the preparation of oligolamellar and

unilamellar liposomes.
The cell is a prospective tool for modeling of processes of industrial-

scale preparation of liposomes.
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Vesiculation of lipid bilayers and sealing of the membrane are
critical steps in the formation of liposomes. Unstable transient structures
appear during the formation of liposomes by a process that is difficult to
investigate. A unifying model, based on a bilayered phospholipid fragment,
has been proposed by Lasic.'” No data describing the mechanism of trans-
formation of proliposomes (dispersed floccules of lamellar phase) into
liposomes have been found in the available literature. Also unclear are
the existence and possible role of bilayered phospholipid fragments in
that process. We assume that a relatively high lipid concentration and
the large surface area of the lamellar phase in the proliposome mixture
are responsible for high entrapment efficiencies for various drugs.

Variations of some parameters influencing the structure of prolipo-
somes (e.g., phospholipid composition, addition of small amount of deter-
gent, temperature. pH and ionic strenth, and addition of glycerin or
saccharides) and the process of vesiculation (decreasing of ethanol concen-
tration by, e.g., dilution, dialysis, or evaporation at lower presure) can
release a hidden potential of versatility of this method with respect to size,
morphology, and entrapment efficiency of final liposomal preparations.

The method has been successfully applied in our laboratory for the
encapsulation of various drugs. Prospective candidates for entrapment
into liposomes prepared by this technique are particularly lipophilic deriva-
tives (e.g., modified by long acyl chain, cholesterol, or phospholipid) of
muramyl dipeptide with immunostimulating activities.'® This method is
also applicable to large-scale preparation of cationic liposomes and plasmid
DNA-liposome complexes for DNA vaccine preparation.
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far applications in biological studies 25 model membranes and in
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quite different physicochemical properties (different size, hydmo-
phaobicity, charge, &tc ] Different synthetic vaccine companents
can be encapsulated within the aqueous cavities of hposomes (if
hydrophilic ) or assoc ated with lipos ame bilayersiifatleast partially
hydrophabicin char atter | Funthermore, essential components an
be attached to sither intemal ar external outer leaflet membrane
by electnos tatic, coval ent. ormetall ache Lation interactions_ Themaost
diverse synthetic vacdne companents are typially adjuvants
needed to provoke innate immune reactions (&g monaphas phor vl
lipid A, CpC aligonudsotides muramyl di peptide and analogues ) In
addition, these can be combined with antigens nesded to provake
spedfic immunity such a5 soluble or membrane proteins. Finally,
the liposome may present ligands to xsig functional delivery of
antigens and adjuvanis to anti gen-presenting cells necesary tain-
vake immunostimulstion |2 The Labar stary and industrial proce-
dures for the liposome preparation have been established, and
lipeeomes have been approved by the LIS Food and Drug Ad mindsitra-
tion far biomedical apphications. The potential for the participation
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af lipas ome- hased recombinant vaccnes in the human and veteri-
nary varine market i very promising |3 |

There have been a few reports @nceming the metallochelation
af remmbinant proteins to peomes The implementation typi-
cally requires animnention of a metallochel ation lipad into the owter
leafiet membrane of liposome bilayers that interads selactively in
the presence of metal jons (eg. nidkel jons ) with a 4- to G-amino-
20k residue histidine tail (His tqff expressed at the N or C termi-
nus af a recombinant protein of interest such a5 2 putative antigen.
The reversible character and high affinity of the metillochd ation are
very weful for the construction of various selfassembled supramo-
lecular structures igeful for the construdion of e perimental syn-
thetic vaaines M5 Here, we desaibe the design and
construdion of a special fow-through stired ultrafiltration a1l
linked to a fast protein liquid chromatography (FPLC) system for
the suinmated produdion of unilamellar highly monodisperse lipo-
somes wing the detergent remaval method [6] A simplifisd proce-
dure far the preparation of mixed lipid-detergent micelles (both
contxining and not @mntaining nidiel-chelating lipids) was devd-
aped, and liposomes wene formed in the o=l] during the ulrafiltra-
tion siep, which guarantesd a sustained and well-definad remaoval
af detergent and Tacilitited a well-reproducible conversion af the
mmicelles into i posomes. The preparation of monaod isperse 1iposom e
i% af erud al importance to our investigation of the interstion af re-
combinant His-tagged proteins with iposomes enabled by metal -
lachelation af the protemns. We ako descibe the optimization of
liprsome formul ation parameters and processes. for the preparation
af metallochel ating proteali posomes 25 well 25 structural investiga-
tors by dynamic light scattering (DLS), =n-ghyoeno-3-phos phocho-
line (CPCL transmission electron micoscopy (TEM), atomic force
microscopy (AFM) and mnfocal microscopy.

Materials and methods
Materiak

Ezg phesphatidy]l choline (EPC, purity of 993 1.2-dial-
enyl-xn-g lpcero-3- phos phoetha no Lmi ne-N-{ls<amine  rhodamine
B sulfonyl) (LR-PEL anad 1.2-diale oyl -=n-ghy eera-3 | N 5-amiina-1-
carbecy penty | minodiscetic acid ucdmy | (nicke] salt) (DOCS-NTA-
Mi) (Fig. 1) lipids were purchased from Avanti Polar Lipids
{Birmingham, AL USA) A 20-nm membrane filter Anotop 10 and 2
0.2 -prm membrane filter Anotop 10 L were purchased from What-
man. A membrane uhtrafilter Amicon ¥YM-10 was purchased from
Amimne- Mil lipore. Sodi um chal st tetrahyd rafur ane, G-car boyflun -
resoein (6-CF), and all other chemicals wene purchased from Sigma

Preperraation of mice b

EPC vexs solubilized in ethanal (600 mgiml) Sodium dhalate
wa solubilized in appropriste buffer to the final concentration af
20 mM. This solution was filkered through the §_2-pm membrane
filter Anotop 10 LC and the 20-nm membrane filter Anotop 10,
The ethanalic salution of EFC and the aqueaus detergent salution

' Aldeewaions wad His tay, badiee ] FPLC, G prones Bl oo g -
iy DS, dysasic Bght scafesag GFG inghycere 3 ghosphocboise; TEM, mass
i el Scuoopy, AFM s foue sy, Bc,tm W'ﬁ
choiine | LEPE, 1,2 doleopl-in-glycen-3-phog
mise B sloayl, DOGS-NTA-ME, 13- iyl an-glhycen. 3[4 - asiso. me,-
M_}ﬂtl‘.ﬂdhﬂ‘.ﬁ-ﬂ] (il mly &(F, E-r.ﬂlmm TI'I

il ol il gitate bulier, 0GFF, ponoml
i, B, statsas Bindisg e, EITA, of by o dassio o aaceric aid III.I:
Bty s B co s g sapy, U, witaviiet, LNVES, UN vl , (LM,
e sasasy Lo stcamoy, HRC bpdam oy ooy, CHG
el maele comcesmration; 20, fvo-d L] der, M-
TA DT, M- (sl tdiae G s diD e al eodasoes m*s

f Mook e ol bl B, 0N [ 2000 ) 95 0

a

{MHL S
H
ni JII."I ", |4-"";'

o EDTA H:ﬂ' I >,
H +

Pu
s

o Hiticena

L Eontaining protesn
R Puodein

PW:H,
WNM:H;
LY ¢

Figl Sreermedal e of Boak by e allock: Libes abd Meavates of Maei-
aact s Bt i it il i il i g o gt e i

were mixed atthe ratio af 1:30(vv) 2nd stirred for 30 min by =lac-
tromagnetic stimer at room temperature while ght- protectsd by
plastic cap. The initial molar ratio of chalate to lipid was 2:1. The
prepared micelles were filtered through 0_2-pm sterile filter, and
their size was mexured by the DLS imtrument NanoSizr NS
i Mal vern, Worcestershire, UKL The prepared micelles wens used
immediztely or stored overnight in plugged vials at 4°C for next-
day experiments. Due to the generally small particle size of the
resulting micell e, the arangements were done to avaid any inter-
ference af contaminating larger partides (unrelated to mielles ) at
the size mexiwement Thersfors, all of the solutions wers
tharmughly filtered and the cuivettes were sxosssively cleaned.

Preparatian af mica b with DOGS-NTA-Ni

DOCE-NTA-N lipid (1 mg) was dissolved in 40 p] of tetraly-
drafuran (THFL and an appropriate amount of EPC lipid was dis-
salved in sthanal. Then the solutions were mixed to resch the
final ratio of 95 ME EPC and 5 MY DOCS-NTA-Ni The solution of
micelles was prepared by the disp of ethanal[THF (66:33,
¥v) lipid salution in 20 mM sodium cholate to obtain a desined
chalatelipid ratia

Lt filtreation: el

The fiow-through stirmed ultrafil tration cell was designed to ac-
cept 25-mm ultrafiltration membrane dises and withstand the
pressurne necesary for the ultrafiltr ation (up to 4 bars) No leakage
was found up io 40 bars_ It is a limit for the FPLC system that i 10
times higher than the maximal pressure imit of the ultrafilration
membranes (4 barsl The ultrafiltration membrane YM-10 was
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selected owing to its low nonspecific protein binding properties,
resistancs to detergents and urea, and good flow rate characteris-
Ges (15020 mlminfen® at 3.9bars | whichenable reaching rel-
attively rapid remaval of detergent. The design of the osl] facilitates
simple loading and taking up the sample, removal of bubbles, and
vigonous stirring to elimi nate concentration pal arization. Fig. 2 dis-
plays a schema af the cell, the linkage of the cell to the FPLL sys-
tem, ard a photograph of the entine system with details of the osll

A

E_L.&

J | L
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The murse of concentration in dependence an the duration of
ultrafiltration in the fixed-volume flow-through cell is descoribed
by Eq. (1) For low-molecular-weight substances, Ey. (1) coukd be
resthuced ta By (2] if (i) the rejection cosfficdent R for 2 partioular
substande and the uhbtrafiliration membrane is dose to 2eno and
{id) polarization of conceniration during the process of ultrafiltra-
tian is negligible and, hence, does not affect the value of R The
small size of cholate molecule Tulfills aiterion (il and the fixed

Figl Sy by pepaslson of Gpamome by mmoval o desrpenl iy diGiie Sen (A] Schemai ilovaben of e clralvaice ofl (5] Phaogmash of de
lorafiloration oell s dietadl [ Einke LE-PE-La e e Nipasiomss Gecide dee ooll], [0 Sl e Mleiorasion of dhe Enlage of S i il son ol wich the FRC s (D]
Flatogeapd of e yatom. (For inernretasos of the sfoenne o coed in his G Dogend, e reader bnefemad i S W worsion of iz anicle].
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volume af the sample in the cell together with vigorous stirring
mimimizes the influence af crterion (i)

Ce o iy < gE1—0FD b

Ce iy €50 )
wiher e g is the coneentration ol the substane= attime &, g & the im-
tial concentr stion af the substance, { is the low rake af buffer, &
the time of ultrafitration, Vg is the o=l volume (4.6 mlL and E &
the rejedion coeffident Infajion Fln Vo)L

Far low-malecular-weight compounds passing freely through
ultrafil tration membrane, B muld be st o 2o and By (1) is sim-
plified to Eq (21 where o is the final solute concentration in the
retentate, o is the initial solute concentration, Vy is the initia ] sam-
ple valume, and Viis the final retentate valume.

Far the fixed valume flow-through cell, cris ¢, o s g, Vyrepre-
sents the theoretical fraction Vs ol the W (el volume) that weas not
completely rinsed at time ¢ and V= Ve

The ultrafiltration 1l of the valume of 45 ml was fillsd with
the salution of the mixed micelles and linked to the FPLC system
{ Pharm acia, GE Healthaare] During the lipotome prepar ation pro-
e, the solution in e ol was stirmed at a frequency af 400 rpm
and the flow rate of buffer was set on W02 mlfmin. At this flow
rate, na increzse af the pressure inside the cell ocormed. The mem-
brane filter Yh4-10 { Amicone-Millipore ) could be reused up to nine
times. Afterward, it must be replaced due to a decrease af flow rate
and an inirease of the presiure inside the @] above 03 MPL

Ta investigate the influence of lipid @neentration on the sre
and polydispersity of the lipesomes, the lipid concentrations af L
10, 25 and 50 mgiml and the comre spanding concentrations of so-
dium chalate (20, 20, 50 and 100 mM in sodivm phosphate baffer
|PRE]) were applisd. To determine the influence of the jondc
strength on the siz and palydispersity of the li posomes, 20 mM
PBS and 20 mM PES with 300mM sodium chloride wers used.
The waste Factions wers ool lectad, and the time course af the con-
centrations af 6-CF, LR-PE. total lipid. and sodium cholate were
determined.

Recombinant probeins

Recombinant green fluoreseent protein (rGFP) was obtained
From Apranex (Prague, Crech Republicl

#0120+ MBL

The recombinant protein gpl2) + MBL was prepared a5 de-
saribed previoushy |7 In brief, synthetic mdon-optimized HV-1
clade B gpi120 DNA fragment (coding for the protein fragment
delinested by the ssquences AEKL and BV behind mannan
inadi ng lectin {MBL) complementary DNA (dDNA) fragment repre-
senting the first exon (N-terminal 62 22 delineated by the se-
quences MSLF-KGEP) was cloned into a mammalian expression
veotar peDNAS 10VS-His (Imvitrogen ) expressing gpl 20 « MBL in
Tusdon with V5 and His epitopes {lmitrogen)i

The recymbinant plasmid was transfected into human embry -
anic ldney cells 293T17 (American Type Culture (olledion
|ATCC ). Manassxe, VA, USA) iming Fule neh (Roche Applied Science,
Indiznapalis, 1IN, USAL and the remmbinant protein was purified
from culture supernatant using the NiNTA agamse acmnding to
the mamufacthrer's suggestions ((iagen]

f Mook e ol bl B, 0N [ 2000 ) 95 0

angd their ch

Preparation of protenliy

The solution af rgpl 20 in PES (Dogs-NifGpl 20 M ratio of 10:1,
1 3mg total lipid:1 mg gpl 20) was added to the preparsd EPC/
DOCS-NTA-Mi liposomes. The mixture was stirred for 20 munc
The hydrodynamic dismeters of the liposomes and protedlipo-
sames veere determined by the DLS imstrument NanoSizer N5 (Mal-
vern) at 25 “C_ A silica cuvette af 45 pl valume (Hellma, Ml heim,
Germany) was wsed. The release af the bowund rgp1 X0 fom the lip-
mames va s aromplished by the addition of ethylensdizm instet-
razcetic acid (EDTA] to the final concentration of 1 mbd

by DS

Chareacterimtion af lipos and

Fluoresenee assay of lipid, GFF, and 6-F

The salution of fluorescence micelles and G&(F wa used o
determine the time course af the mncentration of the lipid and
low-malecular-weight species in the ultrafiltration cell and ultra-
filtrate during the proces aof lippsome formation. The micellar
salution mnbining a lipid mixture of 99 5% EPC and 0.5% LR-PE
ithee total lipid concentration af 10 mgfml, was prepared by disper-
sion of ethanalic lipid solution in 20mM sodium chalate saluion
a5 desaribed above. 6-(F was dissolved in PBS and mixed with
ithe mice] Lar salution ta the final concentration af 10 mb. The fluo-
rescence in the waste fractions {permeasted from the ultrafiltration
cell ) was determined using a spectrafluarimeter [ L5-B 55, PerkinE -
mer) The fluoreseence at 492530nm (6(F) and 568607 nm
(LR-PE) wers measured. The excitation and emission slols wens
2.5 nm. The data fram the spectralluonmeter wens normal insd.

Sodivm cholate awmay
fample preparation. Fractions (1 .5ml) of the permeate from the
uhtrafiltration cel| were collected, and the concentration af sodium
chalate was determined by high-pedormance liquid chromatogra-
phy (HPLD) amalysis.

HAC analysiz. Sodium dholate was a5 yed wsing an analytical cal -
ummn (Eclipse XDB-C18,4.6 » 150 mm, 5 pm, Agilent Technalogies )
at 254C at a flow rate of 029 m1imin. Prior to use, the mobdle phase
cona isting of scetonitrileand W0 scetic acid inwater (5050 viv)
was degased by sonication. 10-p] volumes of the sample were in-
jected, and the ultravialet (UV) detector was set an 192 nm_ The
elution time af sodium chol ate was 3.6 min [8]

o i af lipid mne The lipid coneentration wes
measured by a UWjvisible UVVIS) spectrophotometer (Lvicon
ML, Bio-Tec Instruments) using Stewart’s methaod [9]

Gl 1 b graphy. The quantification of His- tagged
GFF attached to the DOGS-NTA-Ni lipasomes veas camied out by
el permestion chromatography. The fraction of nonhound protein
was separated from the hposomal CFF using the FPLC system
(Pharmacia, GE Healthcare ) The separation conditions were s fal -
lows: colurmn, Superase 6 (prep grade) filled in Tricom 57200 cal-
umn (Pharmacia, GE Healtheare); flowe rate, 02 mlimin; mohdle
phase. PRS; injected vaolumes 25 pl; detection wavelength,
254 mm. Buted Fadions (025 ml) were collscted with a fradion
ool lectar, and the coneentration of GFP was determined by a fluo-
rescence  spectrophotometer (L5-55B, PerkinBlmer) at 488 nm
{exci tation ) and 520 nm (em ssion)

Trunsmission elrtron microsmpy. The lipmome structures wene
determined using a Philips Maorgagni transmission elsctron micro-
sape (EM Philips 208 5. Morgagni software, FH, Bma, Ceech
Republic) All saxm ples were negatively stained by 23 {viw ) ammo-
niwm ol yhdate (pH68)
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I gold labeling of gp1 20 Lip Manbound rgp120
was separated from the protealipasomes by gel permeation chro-
matagraphy using a Supe nse § column. The fraction af protealipo-
somes was mnaentrated ina centrifugation tube (ocutalfof 30 kDa)
and incubated with manackonal anki-V5 antibody for 1h 2t 37 =0
Then 10 nm collaidal gold-protein A conjugate veas added. After
12 h of incubation, protealipasomes were ohserved by an electran
iCE e

Atomic foree microscopy. The topography of the liposomes was
investigzted by AFM. The AFM messurements were performead
with an NTECRA Prima NT MDT system (Ineland ) under ambient
conditions. The tip-sample suface interaction monitared the van
der Waals foree between the tip and the surface; this may be sither
the shart-range repulkive force (in contact made) or the longer
range attradive force (in nonmntsd mode or tapping made] The
AFM mexsurements an the lipmomes wene perfformed wing the
tapping mode_The sample vas scanned under the saft C56 10ty pe
af probe. The tapping maode consisted af oscilleting the candtil sver
at its resonance frequendy {14-28kHz) and Lghtly tapping the
tip an the surface during scanning.

Conjfocal seaming laser mioros axpy. Confocal scaming laser micros-
copy (CSLM) was wsed for the olservation of GFF binding anto the
surface af the metallochelating liposomes and for the proaf of the
preservation of fluoreseence a5 2 marker of nGFP native state Large
lipesome s (size ~1 pm)) for the (SLM study were prepansd accond -
ing & the method af pid film hydration followeed by a thawing-
freering step and subsequent sdtrusion through the filter of
1000-nm pore size [10.11 ] The lipid compositon was the same
as used for the preparation af the monodisperse liposomes by
detergent removal &5 desaibed above GFF was added (20 pg
GFPi1 mg lipid) to the prepansd liposomes_ and the preparsd prote-
aliposomes were immahilizd in the hydroxy propy Imethyl cellu-
luse (HPMC) gel by mixing the lipesomal suspension with HPMCO
salution | final @mnaentration of HPMC was 2% The sample was ob-
served by a confocal scanning micoscope (Leica 5P-2) at the fal-
lowing parameters: exdtation lxer 488 nm {power of 20%) and
opoacoustic filter st 2t emission spedrum af 505-530nm.

Results
Preparation af micelles

Miix ing of EPC solubilized in ethanal with sodium chal ate salu-
hilized in the buffer producsd uniformby sized mioeles. The sioe of
the midelles wias not markedly dependent an the lipid concentra-
tian (Table 11 However, slight dependence an the ionic strength
afithe buffer wias found (Table 2 The proced ure af the dirsct prep-
aration of micelles was simple in comparison with the indired
method based on resalubidlizstion of the preformed liposomes
The produced micelles were eaxily filterable through the 02-pm
membrane filter Anotop 10 LT and the 20-nm membrane filter
Amotop 10 The filtration step did not cnse any decrease of the
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phasphalipid content (a5 measured by phosphalipid content asay
|results not shown]) and facilitated the preparation of sterile
mixed micelles in both labor atory and large scals.

Preparation of micelles with DOGS-NTA-N

DOGS-NTA-Ni lipid was not directly saluble in ethanal ; thers-
fore, 2 small amount of THF (50 pl 1 mg DOGS-NTA=Ni) was used
to dissalve it No precipitate was farmed after mi xing the THF salu-
tion af DOGS-NTA-M lipid with other companents, such a5 etha-
nalic salution of EPC follovesd by the addition of the cholate
aqueous solution The sixe of the resulting final muice]les was iden-
tical i the size of the micelles preparsd of only EPC.

Faw-through ultra filtration cell

The validity of the thearetical curve describing the removal of
low-mo lecular- veeight components from the lowe through ultrafil-
tration cell was experimentally verifisd by 6-(F 2 2 fluorescent
marker. The correla ion between the theoretical and ex peri mental
curvesis abvious (Fig. 3], and a slight positive devistion is caused
by the repulsion between & (F and the ultrafiltration me mbrane
This fact means that R is notexsothy aqual to e and the repukion
is not negligible. The simple ex ponential decay curve for cholate is
complicated by the squilibrium between fee and micelle lipo-
som e-associ ated chalate. This is reflecte d by anincrease of the con-
centration af chalate 2t the beginning of ultrafiltration. Afiter
reaching the critical micelle concentration (MO, presumahly fres
chal ate was presented in solution and the experimental curve car-
related well with the theoretical ane (Fig. 3 ) The residual mnaeen-
tration of sadivm chalste in liposomes was sayed by HPLC and
shawn to be below 0.3 aof total Epid ot the end of ultrafiltration
A peassible leakage of phaspholipids during the ultrafil tration pro-
cedure was ssayed by Stewarts method (total phesphaolipids)
and by the spectrafuarmetric method | LR-PE 25 the phospholipide
marker | Both methads confirmed that neither phosphalipids nor
Tluorescence-labeled phes pholipids leaked out of the cell during
the liposome preparation prodaesdune

Preparation o f liposomes
The trans formation of micelles into liposomes during ithe ultra-

fil tration remaval of chalate was measured by DS The removal of
chal ate induced a formation of dise miceTles that wes refiscted by

Takde i
Efax of bad cosesimtor on B sope of sacelen asd Tpomose=
il aconeoes i i (gl Mol dive [nm) Lipwniasie s dine ([fm]
S, anl Mo vl Ml o S, anl Mo, vl Ml o
] 53 a0 44 411 402 3a1
] B 13 52 Tai 17 434
2 52 47 43 754 74 447
E 55 52 49 E15 HE 443

Mo Skeof micdls and Fpaems & opnesal in e of s of ine iy, vl and nomber Lipid ooosiration mehsens nitil asae aa e i s

suslbel o il o peparation of Bipocnamns
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ultrafil ration membrans wed. A decrease of the flow rate resulted
in anly a time-mnsuming proceduns withowt any significant effect
an the size (resuls not shownl Therefore, the influence of jonic
strengthwaes studisd 25 the maost a pplicable par ameter_ Ani nore oed
Na{l cneentrationinthe buffer resulted insubstantia Iy larger size
af the prepansd liposomes without affeding their maonadis persity
{Fig. 5L The ohse rvation of the prepared lipasome s by TEM revealed
thesir umi lamel Lar charaaer, and both TEM and APM confirmed the
monamadal e ditrbution with very low polydispersity (Fig 61

af GFP praaliy

Preparation and ch

rGFP-His tag was used 25 a suitable marker protein that is easy
ita be quantified at 2 low concentration by s pectrofluorimetry and
% maot prons bo precipitte in 2 salution that is vaid of solubilizers
such as imidazale and wea Preformulated metallochel ating lipo-
somes veere mixed with rGPF-His tag at various proteinflipid ratios
and then separated by GPC an a Superose § calumn Free versis
liposome-bound protein was quantified by spectroflunmmetry.
GPC elution prafiles of empty lipmsomes and proteal ipasames are
presented in Fig 7A. Nearly all protein is bound to the liposomes
at the protein/DOCS-NTA-Ni malar ratio of 1:40 The sire, ar
rather the hydrodynamic radivs, of the proteoliposomes weas
slightly higher than that af the empiy liposomes, 25 i abvious from
ithe smaller elution volume. The increase of the hydrodynamic ra-
dius of the protealipeomes was also confirmed by DS (Fig TBL
Considering the value of Ry =282 nm for GFP, the incresse of the
liposomal sire of appradimately 7-10nm is in good accordance
with the estimated increase of approximately 113 nm for the lip-
wmomes with their sufsce homogenoely covered by GFP. The
binding cpacity of DOC5-NTA-Ni lipomes (5MI of total
phosphalipid ) for nCFPF was found to be approximately 25 pg af
proteinimg total phespholipid (Fig 700
The structure af DOCS-NTA-Ni lipasomes and nDFP prote oli po-
somes was sbudisd by TEM, and the layer of protein on the liposo-
mal surbee was dearly visible (Fig 7001 Confal micmsmpy
confirmed a native fluorescence st te of rGFP bound to the liposo-
mal surfses (Fig 7D

Preparation and chameteriration af recambinant gp 120 + MAEL

Figd Tamfemation of micdles int laoms, doing o8 filyation
By DS Thhee clcallondl vvesroicall Wit il & 0 e v il @ vl el oo C0OT
sl cheilate wiak feaclenl Thic B dvides e M- Surough voleme 26 ia
e bl ama, whes el dv pedeemialy oo afd are (o alesal ia
Nipesianmeat 5, cunall ot wiglht 2, wolbot o B o e e i gl Mo amad
el dimeapent and o handTHF o contepaly mmownl by Se poos of
wafits ates

an increxse af the micelle sire and sventually by a formation of lip-
asomes (Fig 4] The proaess af liposome formation had been com-
pleted before the (MO of cholate was reached, a5 shown by the
dashed vertical line in Fig. 4. This line divides the fow-through val-
ume xiis into the left area, where micelles do predominantly exst
and are tramsformed into liposomes, and the right area, where lip-
romes represent the main lipid form and residual detergent and
ethanal THF are contimuosly removed by the proess af
ultrafil tration.

Effeat af various parameters an final size distribution of iposomes

The process of liposome formation is controlled by three param-
aters : bemperature, flow rate (i, rate of detergent removal), and
baffer compasition. The experiments were performed 2t room tem -
perature, and the spesding up of the detergent removal by an in-
crexsed flow rate was limited by the flow char adteristics of the

pr ¥

Binding of rgp120 to the metallochelating liposomes was fol -
lowed by the DLS methad, which showed a significantly larger sine
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and AP (M) TEM microgmpd of
moealiigene ool meparaion (B] AR micogapls of moeoalio e
Al

af the protealiposomes a5 compared with the original plain ones
(Fig. 8A) The sdditian of EDTA dited in 2 nek af the baund
pratein from the liposomes, and afterward the value of the lipo-
sume size was identicl to that of the original plainlipas omes | data
not shown)l When the iposomes void of metallochelating lipid
DOCS-NTA-Ni ar contsining anly DOCS-NTA without Ni¥* were
mixed with rgp120, no change in their sive was detected by DLS.
These data indicated that the nonspecific binding of the protein
was negligible. The localization of rgp120 on the liposomal surfsce
was directly confirmed by TEM. This obser vation reveal ad that the
bound rgpl20 protein tends to form two-dimensiaonal (20) do-
maina These structures werne al 5o visualived by immunogold stain-
ing (Fig. 8B AFM showed that on the large liposomes with low
curvature {150-250 nm). big 2D protein domains ar 2D probein
crystals are formed (Fig 8C)

Discussion
Flow-through uléra filtration cell and pregp dan: af clicp
lipaso by detergent | method

When essentislly unilimellar monodisperse liposomes aof
spherical shape are needed (2 prersguisite for 2 precise mondtoring
af the protealipasome Brmation by DLS), the detergent remaoval
method is prefermed aver the other methods The mild conditions
given by this method are sdvantageous for the preparation of pro-
tealiposomes, especially for the reconstruction of membrane pro-
teins [12] such as viral or bacterial antigens and recombinant
His-tagged proteins that are often prone to predpitation. There
are many variants af the detergent removal method including
the dilution of the salwtion of mixed micelles, gel permestion chro-
matagraphy, a simple dialysis or a contralled ane in 2 special appa-
rahis for flow dialysis cross-flow filtration, and adsomption on
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bexds [13] The application af the flow-through ultrafiltr ation =11
represents a new approach to the detergent removal methad. The
flow-through ultrafitration @Il emplays “forced dialysis™ and
gives 3 better mmtral over the prooes. The main advantage of this
methad is the posibility to use the @] a5 2 reactor in which we
cam run complex procedunes of liposome preparation. it means that
varigus campanents could be added at the rght time (eg. proteins
and peptides, modifying glycolipids, sugars for postforming modi-
fication, fluorescent markers and postlabeling) by an aulbmatic
way through the injection system of the FPLOTHPLE instrument
The process of removal of low-molecular-weight companents
could be stopped for 2 requined period or enhancsd/retarded by
simple changes of the flow raie. In addition, the linkage of the o=l
with systems such as FPIC Boilitates the automation of the whole
procedure and mandpulation with the sample. The full contral aver
the dialysis rate and the removal of the undesired residuals (eg.
detergent, arganic solvents, protein solubilivers | & emuned, and
various ste s suchas the addiion of required components through
an injection valve during variows stages of lipasome Brmation are
exsy to peform without breaching the sterile conditions. In this
cage the derile ilter inserbed in Font af the cell inlst enmures that
the sterility & kept during the whale process (Fig 2 |filter not
showninthe scheme] L The outle tcapdllary i s easy to link with var-
ious detectars (eg. Munreseence, LV V5] and the compowunds in
the eflux from the cell could be mondtored online. Small fiber-op-
tic probes could be irserted inside the cell to monitor the anline
proceses af liposome formation and modification. Last but not
least, the a2l enahles concentrating the final lipasomal preparation
by a redudtion af the volume by switching the inlet from FPLC toa
pressurized nitrogen bomb to perform a simple ultrafiltraion. The
low dead valume of the cell is of great impontance for the prep
tian af lip amd pr i in small Lshar atory scale
However, this amrangement ako enables very easy upcaling of
the whole technology. Precise contral aver the rate of the detergent
remaval yielded the final liposomal preparation of high i
persity (pohedispersity index [PDM] within the range of 0.05-
0061, which was reached routinely (Fig. 6) This monodispersity
wias better than thase values obtained by the dialysis methad per-
formed in the dialysis bags or shides (Fence) arin a stimed dialye-
ing aell (PN ~008-012) (results not shown ) The preparation of
homogensous mixe d micelles by simply mixing the squeous salu-
tion af chalate deterg ent with the ethanalic salution of lipids &l-
lowed by filtration represents another significant improvement
in simplifyying this method. The pre paration of the miked micelles
by the solubilization of the preformed hposomes [613] is tedious,
and theelimination of the liposome preparation step, inchuding the
comnsequent resalubilization, is of importance for 2 pessible indus-
trial application. Moreover, ethanal, chalate, and THF are acept-
able for the pharmacedtical industry, and their residuals
{induding tracesaf THF wed Bor the solubiliztion of the chelating
lipid DOGS=NTA) are removed quantitatively by the semnd ultra-
fil tration step.

The sire of the mixed micelles | ~5-6 nm |see Table 1)) used by
us for the preparation of lipasomes is in good correlation with
Small’s mixed micellar madel propaging the structure of 2 small
phasphalipid bilayer disc stabilived at its hydrophobic edges by
the moleoules af duolate [13,14]. The proces af the formation of
the monodisperse lposomes is in good accordanee with the pro-
posed kinetic model of the micelle-vesicl e transition hased an ra-
pid formation of disc-like intermediste micles followed by
growth af these micelles up to their critical sive and their subse-
quent chsure ta form vesicles_ In addition, the strong dependence
afithe end state liposome size on the Na(l concentration confirmad
the thearetical pred iction based on the kinetic model [15] Bacause
the proaess of lipisome brmation is antralled by kinetics and not
thermod ynamic, the control over the rate of detergent remov al is
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af great importance and the application of a flow-through ultrafil
tration cell is advantageous The final sine of the liposomal prepa
ration could be contralled by ionic strength aof the bufler used for
the preparation of the micelles (see Fig. 5. An increxse of the Na0
cancentration reduces the CMC of chalate and shields the negative
charge of the mixed micelles. These two fadors ane responsible for
the formation and stabilization of the large discoid bilayer mioe les
that are transformed inio the lager liposomes [13]) Various addi

tives, such s bilayer stabilizing sug ars (e g., sudase) and recombi
nant protein solubdlizers (&g, urea, guanidine) are compatible
with this methad and can shift the size of the liposomes into the
required range [16]. Some recombinant probeins (eg., circoviral
envelope protein), which tend to precipitate in the absence of sta
hilizing baflers (imidarale and wrea stabiliving buffer), were suc
cegfully linked onto metallochelsting lipesomes by a one-step
procedure based on the addition af the protein into the mised
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micelle solution prepaned in protein stabilizing buffer and trans-
farming into protealipos omes during the ultrafiltraton procedure
{]- Turdnek, unpublished resuli=)

FProtealipo somes

There are anly few references reparting the metalloche Lating
band implemented in the construction of lipsome-hased supra-
malemlar strudures a5 vacine camiers |[517) In these nefer-
ences, the authors showed a biological effeat in witra and
in viva in the mowse melanoma model. However,| the structures
of these peptide liprsomes and proteal iposomes were not s tudied
in detail and there i no evidence that the presented schematic
drawings cormespond to the real struchres frmed by various
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proteins with regard to the precise onentation and, hence, inter-
adion in the 20 region on the lposomal surface A relatively
homogensous mating af the liposomal surfsce was demonstr ated
for small mode | proteins such 28 fGFP(Fig 700 image d )L and r0s-
pC antigen (. Turdnek, unpublished results) These data are in
good amordance with the simple schematic concept based an
the random distribution on the liposomal surfsce Marsover, the
binding did not affed the native conformation of rfGFP, a5 demon-
strated by the preserved luwresence charaderistics (Fig. 7D, im-
age ¢l On the other hand, some protkeins can form on the
lipemomal surfsee higher structunss such 2 20 erystal domains,
as found far HIV- 1-derived fGP1 20 (Fig. 8) or hair-like structures,
which we alserved by TEM and AFM an rHSP-30 proteali posomes
{]- Turdnek, unpublished results)
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Although heteragensity (higher PO ) of liposomes does not nec-
esmarily affed a potential application, the precise DLS mexsure-
ment af liposome-protein @upling requires that the lipasomes
be highly monodisperse in their size, which could be reached by
the methad presented hene. These lip are alio ad
far GPC amalysis of both protein aupling and the stabdlity of the
protealiposomes. This was documented far rGFP (Fig. 7AL The in-
crexse af ithe lipesomal size due to thelinksge of rGFF and covering
the li pasomal sur fsce should theoretical ly amaunt ta 113 nm with
respedt to the By of GFP, which is 282 nm 18] The DLS experi-
mental data showed an increase of appradimately 7-10nm, in
good smordance with the theorstical model 25 well a5 the struc-
tures revealed by TEM (Fig. 71 images 2 and bl The Bt that we
were able to demonstrate the small size difference between the
plain and protein-coversd liposomes at so good a correlation af
the CPC and DLS data (Fig. 7A and B)is a result of the high mono-
dispersity of the li posomes employed in this study.

With respect to a potential application to the construction af
vaccines and drug targeting systems, the question of in vitro and
especially in vivo stability is of grest importance. This problem
could be divided into twa fiekds: (i) the stability of the lipasomes
themselves and (ii) the effect of the components present in biolog -
ical fluids (&g proteins, ions) on the stability of the melochel at-
ing bana_ 1t is beyond the senpe of this study ta thamughly sddres
this particular question. However, the GPC data indicated good
in witro stability of the ol PC proteal iposomes during the chromato-
graphic process when they experience the shear sires and
dilution. The study by Rilger and coworkers shows that the
single-chain Fv DOGS-NTA-Ni liposomes are unstable in human
plesma and that mast single-chain Fv fragments {ant-CD05 ) are

| d from the lip al surface, resulting in the lass of the
specific targeting performance to the celk expressing surface pro-
tein endaglin (CDM05) [19]) Owr experiments dealing with rGFP
protealiposomes also revealed the destabilization effect of serum,
i detected by the GPC procedure. However, nlspC protealipo-
somes were shown to be stable under the ame omditions (|
Turinek, unpublished results)

Omn the ather hand, Ni-NTA;-DTDA (Ni-(nitrilotriscetic acid )
ditetradecylamine complex) liposomes with single-chain Py frag-
ments {anti-C1 12) bound anto the lipasomal surfsce wene shle
to target dendritic cells in vitro 2 well asinviva [17 ]| The applica-
tian af the thres-functional chelating lipid Ni-NTA;-DTDA proba-
bly endows the metallochelating bond with a higher in viva
st hillity. In viva adivity {immumagenicity) was alio demaons trated
Tar antigens associ sted with immuncsti mulator y complex (IBO0M)
particles via metallochel ating lipid dipalmitoylin nodi scstic acid
|4] and a peptide antigen assodated with lipmsomes via DOGS-
NTA-Ni [5]. In general metal jons, physicochemical charader af
the metallochel ating lipids, and their surfasce density on the parti-
cles belong o the facmrs that muld be optimized to get requirsd
in vivo stability.

Concheions

We have demonstrated the first use of fow-through ultrafil-
tration to prepare esentially monodisperse liposomes by the
detergent removal methad. The linkage of the o=l with the FPLC
system facilitates automation of the procsdure, which fits the cri-
teria for upscaling. These liposomes are enahled for metallochel a-
tion af proeinsg, medisted by nicke]l ar zine ions, and represent a
biscompatible platiyrm for the @nstruction af seli-assembly pro-
tealiprsomes. Potential applications of such namostmectures can
be 2 2 platform for the development of vaccination nanoparticles

f Mook e ol bl B, 0N [ 2000 ) 95 0

and drug delivery nanoparticle systems |25] For the first time,
the utrastucture of proteclipeomes & demonstrated using
AFM, TEM, and immunagald saining. The linkage af recombinant
His-tagged proteing onto the suface of metallochel ation lipo-
sames can induce the brmation of micoadomsin structures such
s the ZD aystalline state alserved with rgpl 20 (derived from
HIV-1) postmetallochelation. Such strudures are  precisely
distinguishable by AFM. Such kmowiledge of strudure and physi-
cochemical characteristics of proealiposomes and their suface-
bound proteins s of great impontanee for the development af
vaccination nanoparticles, partiaularly where optimization of the
immune response sgainst bound antigenic proteing & @neerned
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ABSTRALCT: The histidine mehllnchelating camplex

m&hmhl*hnﬁithﬁgmhﬁumkh
rapid nanavalent binding of histidine tgged malacnles, espe-
udrmmmmmmﬁdmm

aver g,
L k :l:dunrl;lmh inits wery low

. if any. meﬁrﬂtmmmm‘ "
mfmmud.ﬁedml micrababhles wasproved with
g This protsin is easy to be detected by wrions foorescence
echniques = flow cpiometry ond mnioal microscopy. Microbobhles (ME) composed of DPFPC with varions contents aof
1 I'qidDDG&NThNimFeFudhpimiush&g&himtmquﬁmmﬁrhmcf

sulfor hexafimaoride For this parpase, the instroment 3M ESPE CapMix was nssd Varions techniques {stasic light scattering, flaw
optometry, n.nd.uplmlrnluumﬁ'_] mmﬂdﬂmhhmdm:udm of ME. Allthres methods
demonstrated that the mﬂ'ume,nndhmundnmﬂrdlu]-[ﬁnmhﬂﬂumﬂm
'ltm.Fﬂfl] um{ﬂtmmpm‘] 10 gem). 'I'hpluu'l:ecfll'gtm{ﬂ 10 gim) was L of ME
revealed that the average amount of ME prepared of 10 mg of phosphalipid equaled approximately 10° ME fmL. Lyophilized ME
were prepared with saccharaee 25 o arpoprotedant Thess ME were shown tobe stahle both in sitre (the sstimated half ive of the
H:Ehburiu:umnt;?“ﬂm.;—?mﬁ_]mdin!iw{rm_].'l'htmﬂlpm‘hm was affected by molar content of DOKG S
NT A-NL DPPC-hased metal ME a clear and very contrast image of the ventricolar cavity saan afer the
injestion. Site selective and stahle binding of rGFP-HisTag (25 2 maded of His-tag ged protein} anio the surface of mellochelating

ME was demonstrated by confoeal microsonpy.

N INT RODUCTION

Considering ME themselves, they are small (typically 1 —8 tom
in diameter) microspheres filled with high-molecolar-weight

ag vehicles mmpas ol

Iq:d-h.ihdmms]'smr:pruuu
of physialagial Hll‘k ml:hu du:-
lesteralesters, and tri Butluqnt.ﬂtn.n.iu?
Iﬂlnq:t:E:MmS:?dmg lipid carriers offer many
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- EEy
microtmbbles '[Iﬂdjucrcpru:f:;mdns dd.rlgd.tim‘p
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gases bike wms ar sulfor hexaflooride, which results
in decressed salwbility and prolonged Efespan of the ME within
the circolation® Until now MBE hawe heen d‘md:unﬂl by

opial microscapy,’ stasic lght g n.l'l.d. Hine
m"sPdmhupmtdﬂndqn all the
mentinned methods, and marenver, we o presarve
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stady”
Recently, targeting ligands that hove heen widdy msed in
¥ system and tomar  dagnosis and  thenapy
{reviewed by Lin et al') were attached to the surkhice of the MB.
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Revershle nterachons based an hiﬁi—nﬁﬂmh
Fﬂ:miﬂphwbdhpuﬂtﬂttsnfmcfhmﬂt
the capability of att.ching certsin targeting ligands, e, mana-
clonal antibadies.
mhﬁdhg—rnﬂ‘mﬁigip'dmmﬂuk ane of the
smallest igh-affinity units mailable as oals for
mrmhuwhﬁrg ;fhmhm Inuu:l malecnles, -upamlynpd
1 The et .._
Flumprohm Wmﬂpﬁu{tﬁﬂqﬁn‘lh—hm‘.
gintathiontrans ferase—ghotathion) onsists in it very bow im-
managenicy, if any. There have bezn only o few reports
concerning the metallochelation of recambinant Hu-h?u‘l
pﬁulu B mna and micrapartides, mainly Hposomes.
of mch stroctures ]rmq_nrﬂmluuhm
ﬁnmwmhmluﬂdmnhmiﬂt
B ilayer thati cts sedectivel yin the presenc of meal
m{mdlun.dd,nrtrwmhtmjlihnl i amino add
rtmhtufhmd.ntul{Huath q}ftﬂﬂilﬂl” or Coier
I farecomb stama 1 aor
The 1 lﬂuﬂit character of the bond, fast
:lmmhghruluwﬂ room temperatore, and high affinity rnf

Figare 1. Equigerssd for prepas Som of MB: [A) capads m oo
{3 ESPE Cogp Mix) and do senall bomob with saliir b
Ll wish dhereewary b and syringe for Bllieg vils (B) Sealed wal

with dpersiom of M wnder a SF amoaphes.

e e | Bt com o tratinm 010 e fenl ot thee N srpeeratare of 55 "Cin
wier bad A Semward, the DFPC Bposcenes were rapidly froven inligaid
g, wnd Eawed B 55 0 water buth i time The rulhng

metallnchelation are very nsefuol featores for the constrod

ﬂ hiled 1 1 i S
The principle of metaliochelusing bond culd be appied akio
ta ME, and asrarding to onr knowledge, this i the first time
Ihmhmmrghmdk' pl nited inthe constra
tion of prowoMEBE To prove this iments were
carried out nsing 2 mivtare of DFPC nickel-chelating lipid
DG5S -MTA-M as metal in arder to formealate

'I'.l 1 nmdhyrnﬂdlum.dﬂinnhmd.lik-
was msed as o model E‘:Mnﬁrﬁlmgﬂrndnﬂshﬁu.“’t

unnmdﬂitﬁlmhhmminﬂmnfh:phdhﬂw:ﬁu
micrabmhblehased Im'l‘hue]ﬂm
stadied by TEM, SEM, light and confocal microscapy, flow
nhumrdmm-mm‘ﬂm ME were ested in mice

msing the nlina J"“‘

W MATERIALS AND METHODS

Microbubble Preparstion and Characterizstion. Chemi
calt, Ligids 12 Dipulsatop- s-ghyoeso- 3 phoaphocholing  [DPPC),
1, 2-dioke - I-placaple o buseola i - carboayscreacdn)
(CEFE), 12-dnke 03 plbaceiglacaisitey sociben i - I sk srim &
Rbodumine B suliosgl) (LaR-FE), and metallockelagng liged 12-
dicbeoyl-inglyemo-3- | [N-(5-ambino-1- corborppen iyl ) vin odiac atic
wcidusccinyl) (nideel salt) (OGS NTA-NE) were parchused fom
Avwasti Polor Lipa ds | Boresin ghas, AL).

Recormlinand HuTag precn fuorcicnd proieia (fGFF) was obtained
fromn Agromex (Prapes, Coedh Repablic).

MEB{ Voo Microhiarker, btk QASOT) comsercially avadlable fom
BRACOO Hes SA (Geneva, Swits erbond ) wiee med o referen ce for e
in v betart Emvuaging by wirccend.

Frepamation of Lpoome:, Lipacen s wese preparad by e bpid
ey Erpdration medhod In brid] Bposcens wem compoead of DFPC
afdfor appenpeate ooty of aulery Bpads (Suoree e labaled
Epads wnd evvetallcac o Sing Bpad). Lipads wese dusclvad bn cblosn foem
and mived poopely. The mivwe wis ssboogwetly tmsefaved o a
moeaned- o omntd Sk, and the soldvent was meovad v rotasy evipo s-
ghom o 37 °C. Thee Bpd Lapes was brydratad by ad disg PRS scbation wpia

Lo i et snsippeem sty whins gty e mmad i ool 4000 4200 s
ol arboe & (= S (WWh Heemslort, UK) w55 °C
g an Aviedi Misi Evteader (Awinti Polur Liphdi) Thereufies, the
samigpee Feioem whns manmed by Yieta Siver Nan oS (M alverm ) oz beoc b
e v ot provada cad Bipos i mvess i wit i, e wamgge of 151 —205 s

Prepaaton of MB The Bposcene smpesion (075 mLl) wa
trazafemed o a besaaic vial (the wolene of 1.5 ml ) The vial was
lled with g bemdocride g | Meser Sdwer, AG) and mivad
Ennesaively for 30 3 wing 3IM ESFE CapMix (cpaale midng device)
(30 BEFEM, AG). The sppumne for Sllieg the viils and dhe miing
diewioe b shown in Fipee 1. Flaosescence libelod MB wee preparad
fmem a Bpid mivesre comtuising DPPC and appeopetate Bocrscence
Bpad at the comomtradinn of 05 mol % Reidel Bpad asscws
| Eposcenes wnd aggeegates of collapied MB sbedls ) wime separated froem
ME by low speed cestrifiggation, smoving S upper MB contuising
Ly | writhvcen  foumn ) amd ppectad brgg MIE i s prpocs peta e bl (FRE).
Thee provedure was repeatad thoee time. ME wih bosnd nGFF were
pparad by addSon of $GFP wbeSon (6 ug: 0.2 wecl) to 100 4L of
netallonch alabrgg. mvic oo bablble 2ap emaitom (comtent of DOGENT AN
nml:dduingw whs Ol prmecd L Adfer | mnin of nedabeSom ag 25 70,
100 gL oo s rGFF-ME win winshnd mwioe by PRE to remnowe maido of
mupturad MB and sonenirobuebble Bpidi This procales allows
ol ing dear badiground b comdfo cal mborcscopy.

Effcay of Lposome-to-ME Conversion,  Thee bpid comentration i
Loy v iamd EH i d by LTV wimsg i Uvioom
XL (Boo-T ae Locmesn end ) Stevrurfam sthod ' Aller comersion of
Lproram e 0 M, dhee vials weese com irifiagad ot bow spead 10 wparate the
MEB fom egoeeom plose Sl contibs rebdel @om-mboobablle
stmacmares T he somnpdes (20 yL) were talien wp foen e seabad sl by

a sydegpe. Thee moedle wan podtiontd sear fo bofiom to et S smnple
foomn e qﬂﬂuphﬂ bdow e liyer commiming the MR This
o bl L afad mombagbble stnecama

The t m:wnr" Jerg

Eovae () = (G — L} 3 100%

Fl

whime B B the efficdency of Bpoacenesto-MB commsion, Cy the
CoSRE dudﬁiﬂ,uﬂ o e oot 0 f i | mombeshible Bipad.

Tt elsperesaal of i d MB p d o o 6k
mol of DPFPC b expressed by equation
My = Nuajdas"
450 kel cag A 0L 1 0031l DT | Cangrmuie 301 1, 37, 902 A BT
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wisere Ny b e mmnber of M preparad from | mol ofbpsd, N, e
Arogpadno s (G002 x 10 e oo abes Focd ), oy e e e ve aren. of
et by mogp bl e o i Bipsd { 085 s dor DNPPC ), amd 4err™
e arface of o siorobebble (¢ = e s ble radie ).

Poovided thed o momodiperse kesbile wpssem b corsidesed

ikl sive. The mborobabbles wem whel two tns by PRE wnd
snesnmed wih dleison Goor of 5.

Lyophiiation Bdom lpphdiaon, secdunee powder |molar
rasn DPFPCserduroge = 1:5) was added s 500 Ml of snborodabble

{Mﬂlspla;f-ld-plnj, th ey o WE caam dly b
16 = 10" plnddﬂﬂdpﬁqhﬂj:hﬁr{q,bﬂ’cu
DEPC), The thaoomscal i of MB (p d of 10 sy of DFPC
(MW 734 D)) b abeonst 218 % 10'0,

ME Chavactedzdaon by Lght, Epiflacvescent, and Confoa! Lass
Scanning Miorascopy. The sive and comcentration of the ME wem
determined by opsoal miorosoop y | Wiion Belipee TE2O0)L T he mizm-
sl sasnplen wes talen diverdy fromn dhe sl dlatad 100 e
PRE, amd o d at rocen tesnpeminare. Ioges wene captumd bn botk

Bedd aen A des msing LUCIA sodtwase {Laborad
Jmﬂmmlmnﬂum}hmmx 'uullldln
capham the Bges of the MB. To obtuin abucbate comms of Mk,
e Basrler oo o chasbes wa emplopad, and the captased pictures
of e MB wee svabaatad for de sive dusrid By LUC LA s
A otmee oomfncal scammer, Leécn TCS 5P mboroacope, wes wmed
to detemning the otedew of S MB Lbelad by
o mescen o labeded Bpids (CRPE, LuR-PE) as well as the MB with
iz d s GFP.

ME Charactedzation by TEM and SEM, T ke sive and stmsc nare of S
].G-uuluﬁhuuﬂwnmndhnnmw
e (EM Phdips 208 £ MORGAGN]
sodtwase, FEI, CE) All samples of MB wem segatiely stainad by 2%
v ) e B meeclyindate | pH 68, The sasple of Fpophalized MB
whdlnﬁmllﬂhﬂuﬁrmhq-duﬂd
sl wae e Halien ﬂllhwlﬂeuﬂqlﬁdmddﬂuﬂh
Hmackd cold £4d ek SUrs000

n-“dl&mulﬂ.hﬂrhnﬂdﬂaw
as e, an acoebera b o liage of 1.5kV and apoobe csrsst of ~15 pA
win sdectad Adduboeuly, all bmages were moorded bn the chung
suppeesdion o Gt btegraion scam mmode.

Satic Lght Scattedng (BLEL A HORIBA LA 950 kiser dafrazion
pusbde sve drdbation amolyrer win el 0o determine de mim-
Eusbble sive dusrdbofion Af fro the method was opSmizad by Meg-
Bead MIST Tmomble Paschk Sk Sueded (Polpcesces, s,
Wardngon, PA) focen 1, 3, 6, 1080 15 g, The 10% smpesabon of
prodystyrent mmicxaph o in waler was dheted by dqgused und frend
PBE and sntunsrad. Microbubible sasegle (5—30 0L, 1— 10 sy phecs-
pheolipidfen L) was bngected bnto coms ety Sracson cell (Bllad wid 10
mnLoof PRE) equippad with g 6 fnner 10 poewe o scadeden ope Secas
oo w0 Souson of MB. All samwples wem seonmed
Eoverr it ey ey et B e Bt oo v e o] i el By
e g by aenad enlosmeee e fghted slve Jitsbeson

Row Cptomedy 1o di method, o FACSCalibeer odl analyner
| Bedive - Dicdisgen, Frosdlin Lares, M) was med fo churocsedze
mirobubble Secomcence mtessity (FL), Dght wattesng pocidle
(FEC wnd S5C) wnd micocbabble concmtration Voltgre and gun
sesting for FSC, 550, and FL wem adjmtad o ddineate the mim-
Eualible popaliat ool ot Beatl st e sueip e moie. Miggabead NIST
Tmceable Partbde Sive Stundarnds | Polyscences 1nc, Wardsgos, FA)
froen 1,3, 6, 1000 15 penwene wed for dh o sl e distribostion amlyss BIY
Trescoumt nabwes (B Bhosc ) contuiming a kmown ey of
Hisoseacm | polyayses: bead were wed aoccaling to the Eatnasioe
of the mossfioderer Absolate cowds of MB were cdlodasa] by
denermuning the mSo of beadi to microbubile popaafion wnd den
snliplyin g s mSo by the number of beads in the abe Subuegquet
data srailysls was J oot g Cdl(hest Fro (Becton Didisgcs, Fask-
B Lakes, M)

Cowting of Mombobblks by Cal Qonte, BC2200 VET
| Mindray, China) was mad o ooamt e microbabble wd o oualpe

ol i 2

shom (ot Bpad o 10 segg fon L) comnpoiad of IFPC
and varbom cons et rasons (0—5Smol %) of D0 GE-WTA-NL The wals
wient fromem a — 50 L in a freezer and dhen Dpop bilie ad by the Lpowac
GT2 itmoen oot | Fimen Aepaa, Fisdamd ) Firgt, thee susples were placed
Engo the drying chamber pecocled o0 —45 °C. The lyophalivason
procadere wis neabng for 24 b oot £ Pa Afer thin pemiod of Sme, the
seoom d depieg step was appliad at 257 C for 125 wnder 20 Pa Wi the
lpopbdivaion proces wa finddend the gaight seaded senple wee
emomtad and millal wih sdis bembocide by Subing with gu
Enpoctad theough sepram. Reddual water win Below 1% as asayped by
ol Prokeer stmsom, The byophalive AMB we s recomst iated by ad dson
of 500 L of degused and Eliesd water, and the bpdrated peeparation
i ey eneed by rotaSom of the vial by busnd

Sability of MB in Seam The MB med for gabdiey testa bn simam
it poe pused by e Randiod way at dhee Bpid come entrasion of 2 el
For rdfmence, 50yl of ¢idher Bpooome s apermion med for micro-
[igninle pEmsason of a snborolabble o ple wasadded 1o 3 ml of
senmn. The sumpession were plocad o the sealed polycasbonae
fhsorescence plastic oovelte | 10 mm 4 mL) and tesnpered 1o 37 0.
Quastioation of e MB i S sumpls was carmied cut by light
iz oo T ot ey ol s i o Rl vy 5 i (el O —2 00 ), oo
photogriphs of Soee viosd Gelds were acguind [ beast 100 MB per
) amd evabmated by LUCIA sofware (Laborat ooy Lmaging, Credh
HRagphlic).

i wive Wrassond dmoging of Moose Meod, Thee byophadived MR
were moon#iated by 05 mL of stevile PRE nd be 10 svim to bpdmse,
amd 50 ul. of e eple wa s bejected via the casenalatad b pagales vein
1o adalt mice anedesed by 1% bodaren (Aermne; Bage) Fora
oo, commnescil MB by Brocoo wes wobd o o stonderd The
peparation wis dbsed with PEE accoading fo the muvafaduers
Enstnecors. The Enaging of beart wis pesfomnal wing wtmsoss:
syatemn Yevo 770 (ViamdSonss; Toronto, Camady) egeippad with 15
M He povibee B MV-TOT-B wioerloin g bn e oomtro snoade | e fregmey
110 He). Thee b v ool e wies Enbom g st st Buaore, Guringg,
and after the peoton of M. Aler S erperimesd, e o g ad
asral wes killad by corveal dubocason

Saftwore Lserd, GrapbiPad Pesen 5 o fwane wis wead for sfasniod
asalyse and preparation of gapha

W RESULTS AND DISCUSSION
mmmﬁmbymw T-dliqms. Lipa-
: af

{nrisheled or laheded by 8 |.|-ds:|-uu-ﬂm:
DOGS-NTANI wes proved by Bght and fnarescence micro-
sapy- 'nlminumprm.nﬂulnﬂmltmlrupeﬂ:ﬂiof
the M:B,Ihd:.q:pu.rﬂludrl:qtﬂuuihhw
centers {Figare 2A.B). The analysis of the brightfield images
nzing LUCIA software revealed that the sime distritmsion of
freshly ME in varioms hatches from 1 to
]ﬂpmuﬁ.&tmdﬁmﬂ’hlﬁ.ﬁm‘t 2—3 um The
mmmhmummm
the average nt of ME (f | of 1 mg of phosphalipid)
tq_mlﬁlwmlﬂrm{]

3) 3 10° ME/mL In flnorescence
made of microscopy, ME appearsd as bright rings with dark

centers, clearly rarrow lipid shall labeled by CEPE
The ¥ mi’tdlpdw mﬁpﬂu‘l
babhles {Figare 2E), as det 4 by o

mﬁ.hﬂﬂmﬂhﬂmmd.brm
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T Focwsres of MR obained by weiom

e e
() Lighat mnbercscopey of DPPC/ 1% DOGE- NTA- Wi MB with carbury-
fHamrescan-FE {1%) (B) The smme ME as | (A) obseved by
epifhacrencene mbcroacop ¥ | ) TEM of MB. Dnaring deshocaSom of e
smnple 0 S wowsn Eserng of dedma mbdeooges, the MHB am
premed to sach othes, which seaulis bn the defcemad polygosal :hpf_
{0 TEM detuilad phcmure of MB. Soere g 55

En ke i bubble mndmﬁhh&dnlaﬁdulhﬁr
ﬂkl{ﬂhimi‘q oz oo siingg. b et o i riolbualible repalis probubly
froen mecrorsplosion during evaomBon bn TEM tube (black wrvow)
{E) ﬂh{pk-ﬂ dlppllud v solbb bles. Toa ot M (bl arrows ),
combeed MB sheell (white srrow), bolow saide of MB (white astedsl)
Teset: detuils of dhe warfice of lyophalived MR (F) Residul Bpocoene
embeddad in matrk (white wreow ). Distmor batworn two black e
e ggen s B 70 s,

H)umlhmupﬂmtnmnuhﬂlhpqrm
bunnn.dmﬂhefumdikummh sarface ofsame ME
This fact is nat taken into acoant by many ressarchers in the
fiedd, and this data is not shown in the teratore. The TEM alo
revealed an apening in o micrabobhle owing to microexplosian

1 emimhmﬂtnuigmﬁﬂt
srnpl:iiﬂttdbd:mmiﬂ'mmperlummpusdm
each other, which reslts in the deformed palygonal shape
{Figare 2C,D).

Characterization of Size Distribution of MB by Flow
Cytometry, Optical Microacopy, and Static Light Scattering.
Charadteriziton by Flow Cptamely. Flow cytometry proved
imelf to be o very nsefnl method for o precise character mation
of the size distribmtion of ME as well as far a unulrn.lnd.
counting of the ME The data wers in a *m‘nﬂﬂ:uih

Meumlﬂhy:‘!nmlmwm?y {Tnﬂ-e 1) Moremver,

precise ¥ van:Ew.i

achiewed by flow gtometry even if 515 was nat ahle to resalw it

|qtﬁ{ﬂﬂmﬂ.]ﬂjﬂ'ﬂj was olso well recognized. The hmit

simnfﬂtthrgt]ﬂmdu‘lp d 10 gem @& confirmed by
ead NIST Traceable Partide Sie Standards ranging fram

]m]&pmﬁsdﬂmmﬁﬂhylﬂtmmpy

Cptical Migascopy. mre 32 shows o siee distribotion
Frnﬂ: of MB as by optical microscopy. The muk-
madal distritmtian is remgnized, however, nat s o precisely as in
the @sz of flow cytametry. In opsical micresmpy, the mumber of
evalnated tmhbbles is smaller than in #ow cyinmetry; therefore,
the muhtimadal distribotion is not 50 sely On
e kil bt st ey proncd On
abjedts is @ great advantage of this methad

Stathe Light Scatiedng. As themain advanfige awer theather
SLS imtrmoments, HORIRA LA 950 enables to measore in a
rel ativedy smalll coveste {10 mL) with magnetic stirring in prevent
dmisulnﬂtdﬂ“nd]ﬂlnhﬂhmuﬂmm
flomtion. Microlmhbble sire distribotion by nam ber a3 deter.
mined by HORIBEA LA 950 ranged from 1 to
]3}n‘nuihll1.trnﬂ.nuunull:l:]jpn{?@re3ﬁj.11ue
data were nat in a perfect camrelation with the light micoscopy
n.n.dﬂuuc_rmm-pdnn{Tnﬂe 1} In principle, the SLS
technique tends to =t larger bubbles. We have
Mnmmummmhpthﬂmqhmm
of the size distribntion has shown sk larger valnes
compared with those determined by bght microsaopy or ow
cytometry. Moreover, this method & very sensitive to the

ce of resid " and Hpid formed
Eﬁumlmnt bhahbles. I'hu'ﬂ‘nre,mm Fﬂ:nplulw?;\emmtm
lyzed mrrectly, and the ohtained data reflected not anly the
presence of ME.

Counting by Cell Counter, The mumhber of microbmkbhles
assayed by this method was in a H.Pwnﬂltulll.lmﬂt
FACS and microscapy technig Emd ¥
mﬁtﬁﬁmmﬁrﬂwmmm
{Tahle 1).

In conclusion, even if the emhn.ﬁnnnfishl:rniuumﬁ
data was mare tedions in comparison to flow cytametry and
SLE, we chose this methad ax the most precizs becanse dirsct
visnal examimtion eliminates emors dme to comnting the
nonhabble stractares, which are inevitably present in the

sample.

Prparatan of Metslochalating ME. The effed of DOGS-
was studied in order to aptimize the bipid compsition. DOAGS-
NTA-M did nat aflect the comersion of | inta MB
nphlhemmhnnm‘lmnlﬁnﬂulvdm
{Figare 4). This cancentrafion i high enamgh to provide a foll
coverage of the surface with His-tigged recombinant protein

483 kel cag A 0L 1 0031l DT | Cangrmuie 301 1, 37, 902 A BT
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Table 1. Comparisan of Microscopy, Su&mwmmw and Cell Counter with Re spect to Determination of
MBE Size Distribution and Concentration

mathed of moouomes e of ME [ME/md] = W® e uive of ME [jem] mmmalame jom] el e [ |
gt muzecapy 253 217 [its] LE
sz Iyl sewmey DMP am ] T
A cptemeny 174 24 T2 108
mll coumter 204 EY L&d ¥
“ ME = mborobebble, MB = comnpoaad of DFPC {1 sgfeal), DNP = determination b o0 0 posible, and NI = not detemined.
— g Jrn Sy 10pn War A - tem Agm by 1Drm 15w B
4 [ | | 4 (O [
| ‘ I
| I
| | ! |
| 'I T S
.l £ - - e : —
w w w g w w we w
Fag-H Fan
1 C i Je— L] D
J‘Ir
s !
ol e
madian amm = 180 pm
o meen size = 400 @m
L _ 4]0 =48 L o
[
) f
104 ks
T
" 8- ]
T T [ = " o
B WDAS D0 BSNN 13 A0 455D 35 G ASTE I3 MAAI AN WA A o 1 L] 1]
Bk e[ Bita jam)
Figure 3. Coergueison of dve ditrik lye =i d by o w o o7, opscal e e and state Bght scattedting, MB wem prepused of
DFPRC 1% OGS f.ﬂ.-NiﬁHmurﬂdll:l wril. ) () Positbors of atsndands b o sward scam plot | fow oo try analysis ). (B ) Sine
s tbostsoen pon e of FPCS 1% D0OGE NTA- NI ME (Sow optcensry asalsis )L | O Hstogmma (DPRC /1% 5 WITA- 1 MR oo Brand B oozl
s ncacopy. (1) Graph of sive Jisteibestion memarad by static Bghs scaftedsg [ HORIBA LA 950 515 batnaemend).
Gml{almﬁﬁmdﬂﬁgw&dﬁuﬂﬁrﬁ nt of the nfplmiphd ids in microbobhle

quﬁmdﬁdmﬂtﬂtﬁmhimm

Emcaqafumﬂmaﬂda‘m The effimcy of the
liposam es4o-ME conversion wa found to be aroand
G5 L 4% -ﬂ:udmhwﬂﬂtiﬁdm
by Stewarfs method ) for all eested with the sxcep-
tion of DFPC 5% DONGES-NTA-Ni liposomes that exhibited a
lower stability and the comersion was aroond 02 (5% This
could he meing 0 the limited miscibility of DPPC {sutrased
Eipid) with DOMGS-NTA Ni {mnsaturated liid], which resmlts in
a decreased subility of such amanalayer. This data hased an the

483

and nonmicrotabble stroctres isina {within
the arder of magnitnde) with the theoretial almlations show-
|rgﬂu1ﬂ1.tﬂmrﬂlndnunl:u’ufrm&pﬂm13+ﬂnm
{preared of 10 mg of DPPC) is ahont 216 x 10" ME The
|1.ll'|1l:||"]5| of M in oar prepantions wes within the mnge of {1-3) =
107 {10 mg of phosphalipid ). of the calonlati
|s'.nfm:..liern.#ﬁmdhrdﬂtﬁnﬂutnmlmum
mndupﬂnlumqﬂltﬂﬂlﬂndrmbﬂufmm
persz ME does nat it the th ial her fora real

mﬁnmmdtp‘udpdydupﬂﬂyﬁmmmmpﬂbnn
of non-mi mted alsn in micrabobhle
ﬁmumgbnnﬂeplwsﬂmullhm{me

chechol. g 1011 001 el DT g 301, 37, B2 - BT
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Figore 4. Iflsence of TROGENTA-NE om ihe effecSwness of foomm-
tiom of DPPC ME DFPC lﬂ-mw-ﬂﬂhdﬂluﬂm
NTA-NE{0—5 ool %), nd the: el csmnss of kp

e S0 pﬂnwlnpﬂdnﬁlﬂlﬂd’lﬂ-p 10 g o Bpid.
The ber of MB was e lsted by o piical mi .o p = 095

mop:‘puppuznj This fact affects the mboalation of
the mumber of ME hased on the microbobble and non-micro-

I:d:l:le msay by Sewarts method.

Jort of M. Lyophilization is @ preferable method
ﬁl’l:.tprq:nnlmnf hnnmcn.pﬂrm of ME We tested
saccharoseas an oo h‘l‘ d aften meed
far lpophilization n;lqmmmu.': Saccharcee powder (malr
nhn-lq)d ﬂ:‘mﬂ—‘ mol % DuGSNTbH).m =
1:5) was fmund to be effedive to preseve the ME
Iyophilization and ensming recanstitation by hydration. Tahle X
shaws the data for DPPC and DPPC— | mal % DOGS-NTANL
rehydration prosess. Mo significant differences were found withe
in the gromp campased of DPPC/0—4 mal % DOGS-NTANi
i} The mean sive of the reconstituted ME was similar to that

Tl:l.tmll:lﬂnfﬂt
hpmmﬂ.ﬁﬂ!'“m]jmwﬂdhhpmm
effect conld have heen @nsed by a fusion of small amonnt of ME
matrix after the lyophilization process i shown in Figore 2E
Themimabmbhles appeared as spherical hallme objects that area
Ili:biurlthd.um‘bnlﬂpﬂm _ Bome of them
were crashed by manipulation with the lyophilizate during
preparation of the sample; mummhﬁmﬁ
shell a5 well as the inside of ME is well visible Al
lipasam es which were not converted intn MB are clearly visible
embedded in the matrix aroand the ME {Figare 2F)

I Vire Stablliny of DPRCDOGE-NTA-N Meralloche lating
ME dn Serwm The stability of ME in 100% bovine seram ot
37 °C was sted by light microscopy. MEB were abvionsly present
mare than 30 min, and the estimated halflive of the MB in
bovine s=rom was more than 3 min for DPPC and DPPC/
DOMGS-MTA-M | mol % and ahomt 5 —8 min for DPPC/DONGS-
WTANi 3and § mol % The stahility of the MB was aflected hya
mdnum-mmNmeiummd
DONGS-NTA-ME, the stahility shighdy decreased (Figare ).
During the incobhation with szram, no 55 effect on the
mean size and the sive distribotion was observed {Tahle 3). The
hmmdﬂhmmknpﬂqﬁhﬁr
the in wire sability within ond circalation system. The desta

dﬁddﬂﬂmletmtmuihﬂu
than 48§ mal % is indiat e phase s

Table 2. Effect of Lyophilization on Number and Size Diis-
tribution of DP PC and DFP C/THAGS-NTA-Ni ME
BH it comca avsie  mismal macssd
lizd (befomjulier o MA cf ME  dm s
compoiton Irophibesion) [MB/ed]  fum] [im] (]
DFPFC oo AETE w W0F LATE0ES Q9 “a%

s LE = 254144 LI 783
125w 10 2022084 L 513

s LIS o 0% 2102049 LIF 455
“ Liped come et mBon was 1 sy oL

- FROOGE-HTAR

+ BROOGERTAR
T T T 1

o0 00 00 1290
Tirm [5])

Figure 5 ke g shability of DPPCDOGENTA-N sosfallon bl -
g ME i senamn, DPPC ME with 0, 1, 3, and 5 mol % of DROGE-
NTANE were mosbated bn bovine sessm (100%) & 37 0 and
the decreas of ther mamber was gunsfied by opial micmscopy.
The duta wem sorslivad and plogal o pecetage of MB nwnber
wergs time 5]

rﬂw@hhmﬂwmmmﬁmm of metal-
lachdating fanctin in DCWGS WTAN phase-separatesd islands
|r‘m.'l'hutu|td:ﬂhml:"n:;dhfuthu research with
the aim i in s sibility of metllochelating ME_
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2. HYDROFILNi A HYDROFOBNI LATKY, SURFAKTANTY:

FORMULACE A INTERAKCE S MEMBRANAMI

Farmakologicky aktivni latky vyvolavaji v organismu svijj G¢inek celou fadou

mechanismi. Zminim zde ty mechanismy, které jsou relevantni latkam
studovanym v piilozenych publikacich. Pro dosazeni mista cileného ucinku musi
molekula farmaka pfekonat v organismu celou fadu bariér, zejména bariéry tvoiené
lipidnimi membranami bunék a jejich organel. Zakonitosti distribu¢nich pochodi farmaka
v organismu lze odvodit od zakladnich fyzikalné-chemickych vlastnosti molekul
konkrétniho farmaka. Pro distribuci v organismu, ale i pro resorpci a vyluCovani ma
rozhodujici vyznam rozpustnost latky ve vodném prostiedi. Tento zdkladni parametr ma
vliv také na lékovou formulaci 1éCiv, ktera je rozhodujici pro optimalizaci biodistribuce a

tim 1 1écebného ucinku. Z hlediska rozpustnosti 1ze tedy farmaka rozdélit na tfi skupiny.

2.1. LATKY ROZPUSTNE VE VODE (HYDROFILNI LATKY)

Pokud se jejich kinetiky neti€astni néktery transportni systém (proteinovy nosic),
pak se Spatné vstiebavaji po ordlnim podani a po parenteralni aplikaci se distribuuji jen
v extraceluldrnim prostoru. Hydrofilni latky mohou do bunky vstupovat bud’ selektivné
s pomoci aktivniho nebo pasivniho transportu, pinocytdozou nebo difusi pfes membranu.
Dva posledné¢ zminéné mechanismy vyzaduji pro navozeni U¢inku vysokou lokalni
koncentraci farmaka a jeji delSi ¢asové trvani.

Pii enkapsulaci téchto latek do liposomtl dochazi k jejich distribuci ve vodné fazi
liposomalnich vesikult a jejich koncentrace odpovida koncentraci v hydratacnim roztoku,
pouzitém pro piipravu liposom.

Jako ptiklad téchto latek, které byly studovany, je antivirotikum cidofovir, které
vyvinul prof. Antonin Holy. Tato latka mé fosfatovou skupinu a jeji soli jsou velmi dobie
rozpustné ve vode¢. Hlavni ptekazkou pro jeji G¢inek na intraceluldrni cil — virovou DNA
polymerazu — je pfechod pies bunénou membranu. Cidofovir ((S)-1-(3-hydroxy-2-
fosfonylmethoxypropyl)-cytosin (HPMPC) ptedstavuje novou tiidu Sirokospektralnich
antivirotik a je aktivni proti Sirokému spektru herpesvirii. Virovda DNA polymeréza je 8-
600 krat citlivéjsi vii¢i inhibici cidofovirem nez lidské DNA polymerazy alfa, beta a
gama. Vyrazny a dlouho trvajici antivirdlni uCinek cidofoviru je pfisuzovan perzistenci
jeho intracelularnich derivatd, které po dalsi fosforylaci jsou zadrzovany v buinice a

mohou tak dlouhodob¢ inhibovat virovou DNA polymerazu.
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Obr. 15 Vzorec cidofoviru (L a R optické izomery, R isomer je neaktivni).

Vzhledem k mechanismu ucinku cidofoviru (intracelularni virova DNA
polymeraza) jsou pro enkapsulaci vhodné liposomy, které jsou snadno internalizovany do
bun¢k. Pro cileni liposomt k n¢kterym typtim bunék (zejména hepatocyty) jsou vhodné
kationické liposomy pfipravované z kationickych lipidii s nizkou cytotoxicitou nebo
liposomy povrchové modifikované nékterymi ligandy jako napi. fragmenty kyseliny
hyaluronové, pro které existuji na hepatocytech specifické receptory. Ve spolupraci s
UOCHB byly takovéto kationické lipidy navrzeny a syntetizovany (spoleény ¢esky patent
a podand piihlaska PCT). V in vitro modelech byl prokazéan antiviralni G¢inek cidofoviru
enkapsulovaného v kationickych liposomech na bovinni herpesvirus. Obecné schéma
principu cileni antivirotik do cytoplasmy bunék je schematiky naznaceno na obrazku Déle
byly pfipraveny aktivni lipidy s aminooxy skupinou pro selektivni orientovanou vazbu
sacharidi na liposomy, coZ umoZnilo pfipravu originalnich liposoml povrchoveé
modifikovanych riznymi fragmenty kyseliny hyaluronové (patentova ptihlaska
v pfipravé). Cileni téchto liposomil k hepatocytim, builkdm imunitniho systému a

nadorovym liniim je v sou€asnosti intensivné studovano.
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Kationické liposomy pro cileni antivirotik
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free antiviral drug * vm
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Obr. 16 Schéma cileni antivirotik do cytoplasmy bunék pomoci Kkationickych

liposomii. Liposomy umozni doséhnout dostate¢nou koncentraci antivirotika v buiice diky prenosu pies
bariéru tvofenou cytoplasmatickou membranou. Tento systém je zejména vhodny pro cileni antivirotik do

organti jako jsou jatra (potencialni aplikace pfi terapii hepatididy).

Protein, sacharid n / +  NHp~ g - nsgztellnk(s)igrr\]auni
nebo glykokonjuga o) glyi Y Q

Obr. 17 Biokonjugacni reakce vyuZzivajici lipidi s aminooxy skupinou pro selektivni
vazbu ligandi nesoucich aldehydickou skupinu

Schéma naznacuje chemickou reakci, kterda vede k navazani polysacharidu na povrch liposomu s lipidy

nesoucimi aminooxy skupinu.
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Obr. 18 Liposom v TEM

Transmisni elektronova mikroskopie ukazuje liposom (pravy obrazek) a liposom s navazanou kyselinou
hyaluronovou (levy obrazek). Spodni graf ukazuje distribuce velikosti liposomt a liposomil s navazanou

kyselinou hyaluronovou (HA) pomoci dynamického rozptylu svétla.

2.1.1. Podané patentové prihlasky k tématu kapitoly

e Drasar, L., Ledvina, M., Korvasova, Z., Turdnek, J. Lipopolyaminy sperminového
typu pro konstrukci liposomalnich transfekénich systémi. PV 2012-20; 303963
(2012)

e Ledvina, M., Drasar, L., Turdnek, J., Korvasovd, Z. Lipopolyamines of spermine type

for construction of liposomal transfection systems. PCT/CZ2013/000004; EP2802556
Al (2014)
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‘We designed and synthesised a series of new cationic lipids based on spermine linked to various hydrophobic
anchors, These lipids could be potentially useful for the preparation of stable cationic liposomes intended for
the construction of drug targeting systems applicable in the field of anticancer/antiviral therapy, vaccine car-
riers, and vectors for the gene therapy. Low in vitro toxicity was found for these compounds, especially for
LD1, in several cell lines. The delivery of both a fluorescence marker (calcein) and antiviral drugs into cells
has been achieved owing to a large extent of internalization of cationic liposomes (labelled by Lyssamine-
Rhodamine PE or fluorescein-PE) as demonstrated by fluorescent microscopy and quantified by flow cytom-
etry. The bovine herpes virus type 1 (BHV-1) virus infection in vitro model using MDBK cells was employed to
study the effect of the established antiviral drug HPMPC (Cidofovir®) developed by Prof. A. Holy. Inhibition of
BHV-1 virus replication was studied by quantitative RT-PCR and confirmed by both Hoffman modulation con-
trast microscopy and transmission electron microscopy. We found that in vitro antiviral activity of HPMPC
was significantly improved by formulation in cationic liposomes, which decreased the viral replication by
about 2 orders of magnitude.

© 2012 Elsevier BV. All rights reserved.

1. Introduction

Cidofovir ((S)-1-(3-hydroxy-2-phosphonylmethoxypropyl }-cyto-
sine abbreviated as HPMPC) represents a new class of broad-
spectrum antiviral agents that are active against a broad range of her-
pes viruses and exhibit rather slow cellular kinetics; particularly
noteworthy is that the active metabolites are retained intracellularly
for a very long time. Cidofovir targets viral DNA polymerase and pre-
vents transcription. Because the viral polymerase is 8 to 600 times
more sensitive than human DNA alpha, beta, and gamma polymer-
ases, the active ingredient, Cidofovir diphosphate, is able to specifical-
ly target viral replication processes. A notable feature of HPMPC is
that it confers a long lasting antiviral activity both in vitro and in
vive. A single application of HPMPC after virus adsorption can estab-
lish an antiviral effect that can last 7 days in a cell culture or animal

* Correspondence to: | Turdnek, Veterinary Research Institute, Hudeova 70, 621 32
Brno, Czech Republic. Tel: +420 53333 1311; fax: +4205 4121 1229,
E-mail add s ledvina@®uochb.cascz (M. Ledvina), t kitvrice (| Turdnek).
! Contribution of the two first authors was equal.

0168-3659% - see front matter © 2012 Elsevier BV. All rights reserved
Adi= 10 VRS ieanrel 20017 01 040

models. This long-lasting antiviral effect of HPMPC has been attribut-
ed to the persistence of its active intracellular derivatives [1].

The cell membrane represents a main barrier for the entry of neg-
atively charged drugs based on nucleotides, oligonucleotides as well
as various DNA constructs for gene therapy. Neutral or lipophilic pro-
drugs were synthesised to improve intracellular delivery but new
problems arose regarding their low solubility [2]. The intracellular ac-
tivity of certain antiviral agents, including antisense oligonucleotides,
acyclic nucleoside phosphonates, and protease inhibitors, is enhanced
when they are delivered in liposome-encapsulated form [3]. We have
designed and synthesised new cationic lipids useful for the prepara-
tion of stable liposomes. Low in vifro toxidty was found for several
cell lines and high intracellular localisation of cationic liposomes la-
belled by lyssamine-rhodamine phosphatidyl ethanolamine (LysR-
hod-PE) or fluorescein phosphatidyl ethanolamine (F-PE) was
observed by fluorescent microscopy and quantified by flow cytometry.

The in vitre model of bovine herpes virus (BHV-1) infection of
MDEK cells was used to study the effect of the established antiviral
drug Cidofovir® (HPMPC) developed by Prof A. Holy. BHV-1 (strain
M218) (an important pathogen of cattle, which causes a variety of re-
spiratory and genital tract infections such as infectious rhinotracheitis
(IBR)) is a useful model for in vitro testing because it is not
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transmittable to human [4]. Inhibition of BHV-1 virus replication was
studied by quantitative RT-PCR and confirmed by transmission elec-
tron microscopy (TEM) and optical microscopy. We found that in
vitro antiviral activity of HPMPC was significantly improved by for-
mulation in cationic liposomes, which increased the inhibition of
viral replication in vitro by about 2 orders of magnitude.

2. Materials and methods
21. HPMPC

[(S}-1-(3-hydroxy-2-phosphonylmethoxypropyl)-cytosine] (Cidofo-
vir® Vistide® (Fig. 1A) is an antiviral drug which is an inhibitor of viral
DNA polymerase. The compound was synthesised as described by Holy
et al. [5] [(R)-1-(3-hydroxy-2-phosphonyimethoxypropyl)-cytosine, the
inactive optical isomer, was used as a negative control,

22 Cationic lipids

The syntheses of the target lipopolyamines of the spermine type
(Fig. 1, Structures LD1, LD2, LD3, and LD4) were based on the con-
densation of N? N N-tris-{tert-butyloxycarbonyl }-spermine with
pentafluorophenyl ester of carboxy-terminated hydrophobic struc-
ture and subsequent splitting off the tert-butoxycarbonyl protecting
groups. The syntheses of the target lipopolyamines and analytical
data which confirm the structure of the prepared compounds are
given in Supplementary material (S1).

23. Liposome preparation and characterization

Cationic liposomes were prepared by lipid film hydration tech-
nique and extrusion through polycarbonate filters 0.1 um. EPC and a
specific LD cationic lipid and antiviral drug HPMPC (acidic form) in
the molar ratio of 4:1:1 were dissolved in chloroform. The solution
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Fig. L. Structural formula of antiviral drug HPMPC and cationic lipids. A) (5)-1-(3-hydroxy -2-phosphonylmethoxypropy] }-cytosine (active optical isomer ) QdofovirE:, B) { R)-1-(3-hydroxy-
2-phasphonylme hoxypropyl}-cytosing (inacive optical isomer ). C) General formula of cationic lipids. D) 101 N'-(2-Tetmdecylhexadecanayl }-1,12-diamino-4.9-diazadodecane. E) LO2 N'-
[N-(2-Tetrad ecylhexadecanayl -1 5-aming-4.7,10,1 3-tetaoxapentad scanoyl] -1,12-diamine-4.9-diazadod ecane. F) 103 N'-(Cholest-5-en-33-ylaxyacetyl }-1,12-diaming-4 9-diazadodecane

G) L4 N'{4-{Cholest-5-en-33-yloxy |butanoyl]-1,12-diamino-49-diazad odecane.
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was dried to form a film in a round bottomed flask under reduced
pressure at 40 °C in a rotary evaporator. Phosphate buffered saline
was added to the film to get the final concentration of 20 mg/ml.
Then the liposomes were frozen-thawed four times and extruded
through polycarbonate filters 200 nm. Free non-entrapped antiviral
drug was separated by 24-h dialysis.

Fluorescence-labelled liposomes were prepared by the same pro-
cedure as described above. The composition of lipids was as follows:
fluorescent lipid N-lissamine Rhodamine B sulfonyl PE (0.1 mol% of
total lipid ) was dissolved in chloroform together with EPC and cation-
ic lipids LD (molar ratio EPC:LD of 4:1). The lipid film was prepared
and hydrated by phosphate buffered saline with 100 uM calcein, the
liposome morphology was modified by freezing-thawing and extru-
sion processes. The final concentration of the lipids in the liposomal
preparation was 20 mg/ml Non-entrapped fluorescence marker cal-
cein was separated by dialysis carried out overnight in a refrigerator.

The size distribution and zeta potential of the liposomes were mea-
sured using photon correlation spectroscopy ( Nanosizer Z5, Malvern).

2.4 In vitro cytotoxicity

MTT (Sigma) was used as an indicator of cell viability as deter-
mined by its mitochondria-dependent reduction to formazane, We
used 4 kinds of cell cultures; each of them was plated at a density of
2.5% 10°cells/ml in 96-well plates for 24 h and subsequently exposed
to the tested compounds. Cationic lipids LD1,LD2, LD3, and LD4 were
tested at the concentration range of 0.4-100 pM, exposure time was
24 h. The volume of 20 Wl of MTT (2.5 g™ ') was added to each well
and the plates were incubated for 3 h at 37 °C. The formed blue-
formazan reaction product was dissolved in 110 pl of 10% SDS. The ab-
sorbance of the formazan solution was measured at 540 nm using a
reader Synergy I (BioTek, USA).

2.5, Characterization of liposomes and efficiency of encapsulation

The concentration of the entrapped HPMPC was determined by
spectrophotometric assay after lysis of the dialysed liposomes with
20 mM cholic acid. The UV absorbance of the sample solution was mea-
sured at 272 nm (the extinction coefficient & =9,000 at pH=7.0) [6].

2.6. Tissue culture

Madin-Darby bovine kidney (MDBK) cells were grown in Eagle's
minimal essential medium (EMEM) supplemented with antibiotics,
fungizone, and 10% fetal calf serum (FCS). The serum concentration
was reduced to 2% for the growth of the virus and for the antiviral
tests. The cells were cultured at 37 °C in a humidified atmosphere
containing 5% CO,.

MDBK cell culture was carried out in Dulbecco's modified Eagle's
medium (D-MEM) to which bicarbonate buffer and antibiotic had
been added and which was supplemented with fetal calf serum as ap-
propriate, The cell culture was maintained at 37 "Cin a humidified in-
cubator with an atmosphere of air plus 5% CO,.

2.7. Virus strain

BHV-1 isolates (LA-2, V 132,V 19, M218) were tested for sensitiv-
ity towards the antiviral drug HPMPC. The isolate M218 [7,8] was
evaluated as the most suitable for in vitro studies with respect to
HPMPC concentration-dependent sensitivity and hence this strain
was used throughout this study. Virus working stock was prepared
by infecting a monolayer of MDBK cells at low multiplicity of infec-
tion. The working stock, passage 5, had an infectivity of 1x10°
plaque-forming units/mL They were stored at —70°C in aliquots
until used.
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Fig. 2. Cytotoxidty of cationic lipids and liposomes in vitro, A) cytotoxic effect of ction-
i lipid LDT on various cell lines. B) cytotoxic effect of @ationic lipids on MDBK cell line.
C) comparison of cytotoxicity of plain and HPMPC-loaded cationic liposomes [ EPC: LD
80:20 mol%) towards MDBK cell line.

2.8. Flow cytometry

After the microscopical evaluation, the cell culture was further an-
alyzed by flow cytometry. The cells were incubated with fluorescent
liposomes (calcein and LysRhod-PE) for 1, 3, and 6 h. The samples
were then measured on BD FACS Array equipped with an argon-ion
laser at 488 nm and 532 nm.

2.9. Antiviral activity of various formulations of HPMPC

MDBK cell culture was incubated for 6 h with liposomal or free
HPMPC (50 pM, 25 M, 12.5 uM in well). Then medium was changed
in the wells and 20 Wl of BHV-1 virus preparation (the titre ranged
from 10~* to 10~ plaque-forming units) was added to the wells.
For each liposome concentration, triplicate for each dilution of virus
was prepared. Cells were incubated with BHV-1 strain for 40 h.
Then a microscopic analysis and RT-PCR quantification were carried
out

2100 Quantitative real time PCR ( QRT-PCR)

The concentration of viral DNA in samples was quantified by QRT-
PCR. A method was established for the measurement of BHV-1 DNA
concentration in culture supernatants. This assay was shown to be
highly specific and reproducible. The assay was then applied to the
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measurement of the reduction of BHV-1 DNA levels in the presence of
increasing concentrations of Cidofovir® (HPMPC) and decreasing
titre of BHV-1 virus, For more details see Supplementary material
(52).

3. Results
3.1. Cationic lipids

3.1.1. In vitro cytotoxicity

Cytotoxidty of new cationic lipids was tested on MDBK cells
(which were used in in vitro viral model) and on several cancer cell
lines. The lowest cytotoxicity was demonstrated by the compound
LD1 (IC5p> 100 puM) the (Fig. 2B). Thus, this compound was selected
for further in vitro studies. The relatively low cytotoxicity of this com-
pound was confirmed also on other cell lines (Fig. 2A). Both cationic
lipids with a B30 hydrophobic tail (LD1 and LD2) exerted lower cyto-
toxicity than those cationic lipids with cholesteryl hydrophobic tail
Neither plain cationic liposomes nor free or liposomal HPMPC exerted
cytotoxic effect in the tested range of concentration (Fig. 2C).

3.2. Physico-chemical characterization of liposomes

The lipid film hydration method followed by extrusion through
0.1 um polycarbonate filters produced monodisperse liposomes as
demonstrated by TEM (Fig. 3A). The size of the liposomes composed
of 0-20% of LD1 was around 80-90 nm and PDI=0.12. The increase
of the LD1 content (to 30%) significantly influenced the size of the li-
posomes, These liposomes were smaller in size (55-60nm;
PDI=0.1) (Fig. 3B).

Zeta-potential of the liposomes increased with an increased con-
tent of cationic lipid LD1, as expected (Fig. 3C). The values of zeta-
potential for 20 and 30% of LD1 were high enough to prevent any ag-
gregation of the liposomes when stored in refrigerator. The similar
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course of zeta-potential versus a content of cationic lipid was
obtained for all the tested cationic liposomes (results not shown).

MTT test was used to measure the in vitro toxicity as described in
the section Material and Methods.

Due to the strong positive charge of spermine and negative charge
of HPMPC we expected a positive effect of the electrostatic interaction
on the encapsulation efficacy of cationic liposomes. Indeed, the en-
capsulation efficacy increased significantly with an increase of LD1
content in the liposomes (Fig. 3D). In comparison to plain EPC lipo-
somes (zeta-potential of 6 mV), the liposomes with 20 and 30% of
LDl demonstrated an increase in the encapsulation efficacy 2.5 and
3 times, respectively. This enormous improvement is indicative of a
strong effect of electrostatic forces on the encapsulation efficacy.

323. Interaction of cationic liposomes with MDBK cells

Cationic liposomes composed of both commercial (e.g., DoDab, DC
cholesterol — results not shown) and our LD cationic lipids interacted
strongly with MDBK cells and were internalized more intensively in
comparison with EPC liposomes. This was demonstrated both by
flow cytometry and fluorescence microscopy (Fig. 44 and B inset).
The incorporation of cationic liposomes reached its maximum after
about 6 h (Fig. 4B). The course of the concentration of the internalized
cationic liposomes revealed saturation kinetics, too with a limit of
about 10-25 pg/ml (total lipid) ( Fig. 4C). The incorporation of cationic
liposomes was rapid and effective even if low concentration of lipo-
somes (1 pg/ml; 1 h of incubation) was used. Around 85% of cells
were found positive for the cationic liposomes labelled by Lys-Rhod
PE after 1 h of exposure, At higher concentrations, more than 97% of
cells were found positive (Fig. 4D). DoDab and DC-cholesteral lipo-
somes (cationic liposome concentration of 1 pg/ml) resulted only in
5 and 26% of positive cells, respectively, after 1 h of incubation (re-
sults not shown),
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Fig. 3. Physico-chemical charaderization of cationic liposomes, A) TEM of cationic iiposomes composed of 20% LD1. B) Size distrbution of liposomes composed of EPC and 0; 10;20
and 30 mols of D1 (Dynamic light scattering ). C) Distribution of 2eta-potential of liposomes composed of EPC and 0; 10; 20 and 30 mol% of LD ( microekectophoresis and Doppler
velocimetry). D) Effect of positive surface charge on encapsulation efficagy of HPMPC (liposome composition: EPC and 0; 10; 20 and 30 molEof LD1)

80




3 Z Korvasowd et al | Journal of Controlled Refease 160 (2012) 330-338

Events

Events

B s

| Bh
on /1 3"l
| I|1
l\f; TRE
"'| :

Fig 4 Interaction of caionic liposomes with MDBK cells as determined by fluorescence microscopy and flow cytometry Liposomes labelled by F-PE or Lyskthod PE and composed of
particular LD lipids (20%, 16 pg /ml) were incubated for 6 h with MDBK cells and the internalization was measured by flow gtometry. Meutral noncationic liposomes prepared of
EPC served as a control (2 - neutral EPC liposomes). A) Effect of particular cationic hipids on the internalization of ationic liposomes into MDBK cells as determined by flow cytom-
etry. Liposomes were marked by F-PE (exposure time 6 h). 1- control MDBK cells; 2 - neutral EPC liposomes; 3 - LD cationic liposomes; 4 - LD3 cationic liposomes. Data on LD2
and LD4 are similar to those of LD1 and LD3, respectively. Therefore, they were omitted to keep a clarity of the graph B) Effect of exposure time on the internalization of LD1 @ationic
liposomes into MDBEK cells as determined by flow cytometry. Exposure time 1, 3, and 6 h. ( liposomes marked by F-PE). Inset: fluorescence microscopy pictures of MDBK cells with
the internalized liposomes. Picures were taken at 1,3, and 6 h of exposition. C) Effect of the concentration of LD1 cationic liposomes (total lipid 0.1, 1.0, 10,0, and 250 pM} on the
intemalization of the cationic liposomes in MDBK cells as determined by low cytometry. LysRhod-PE-labelled cationic liposomes were used in this experiment. D) Localisation of
LysRhod-PEJabelled cationic liposomes (red) with encapsulated hydrophilic lluorescence marker cakeein (green) in MDBK cells (cationic liposomes composed of 20% LD and 80%
EPC). The internalization of fluorescence-labelled iposomes (red) into MDBK cells and a release of caleein into cytoplasm are evident. The liposomes which e leased their caloein

content into oytoplasm are marked by arrows.

3.4 The intracellular localisation of liposomes

Liposomes double stained with LysRhod-PE (lipid marker) and
calcein (anionic soluble marker of the liposome interior) were used
to study the fate of liposomes in MDBK cells. The liposomes were
found accumulated in cytoplasm. Individual liposomes as well as
large fluorescence structures were observed. Co-localization of red
and green fluorescence showed that the liposomes were stable
enough to preserve their content during incubation in medium and
were able to deliver it into cells. After 3 h of incubation, some lipo-
somes in cytoplasm released their content (fluorescent marker cal-
cein) into cytoplasm, as demonstrated by a disappearance of green
fluorescence of the liposomal content while red fluorescence of a li-
posomal membrane was observed. Slight green fluorescence of cyto-
plasm stained with the released calcein was observed as well
(Fig. 4D).

3.5, In vitro effect of free and liposomal HPMPC on suppression of viral
replication

3.5.1. Cytopathic effect

The antiviral effect of free and liposomal HPMPC was evaluated by
microscopy. Both free and liposomal HPMPC produced significant
suppression of cytopathic effect induced by BHV-1 virus in MDBK
cell monolayer (Fig. 5). Compared to control cells (Fig. 5A), where
all the untreated cells infected with BHV-1 virus were in a late stage
of apoptosis and the monolayer was destroyed (Fig. 5B), the cells
treated with liposomal HPMPC were of nommal meorphology and
their nucleoli were deady visible in the nucleus (Fig. 5C). The mono-
layer was preserved almost unimpaired with rare holes in it. Free
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Fig. 5. In vitro effect of free and liposomal HPMPC on oy topathic effect induced by BHY-
1 virus in MDBK cellsCationic iposomes were composed of LD1 (20 molE). Microscop-
ic evahuation of cytopathic effect of BHV-1 virus on MDBK cells treated with free and
liposomal HPMPC was done on T200 Nikon, Hofmann modulation contrast. The virus
titre was 10 * P, exposure time was 40 h (cells in various stages of apoptosis are
marked by arrows). A) control untreated MDBK cells. B) infected cells without treat-
ment, C) infected cells treated with free HPMPC (12 uM).D) infected cells treated
with liposomal HPMPC ( 12 uM).
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HPMPC at the same concentration prevented a strong damage of the
cell monolayer as well. However, many cells were found to be in a
preapoptic stage (initiation of de-adherence and detachment accom-
panied by initiation of slight swelling of cells in monolayer ) (Fig. 5D).

3.6. Quantification of viral replication by quantitative real time PCR
(QRT-PCR)

In the first experiment we compared the antiviral activity of free
forms of (R) HPMPC (inactive optical isomer) and (5) HPMPC (active
optical isomer) up to the concentration of 50 M. As expected, the R
form did not suppress the viral replication at all and the (5) form sup-
pressed the viral replication in the range of one order of magnitude.
The antiviral activity of the R form was not observed even if HFMPC
was encapsulated in the liposomes (results not shown).

In the second experiment we tested the effect of the content of
cationic lipid on the antiviral effect of liposomal HPMPC. The optimal
content of cationic LD1 lipid was around 20% (ie. 80% EPC and 20%
cationic lipid) and these liposomes demonstrated the highest inhibi-
tion effect (Fig. 6A). HPMPC encapsulated in neutral EPC liposomes
was not very potent and this data were in accordance with the flow
cytometry data on the internalization of these liposomes in MDBK
cells (Fig. 4). Other cationic lipids (LD2, 3, and 4) demonstrated a
pattern similar to that presented in Fig. 6A for LD1 (data not shown).

In vitro antiviral effect of the optimal liposomal formulation of
HPMPC (20% LD1 and 80% EPC) was compared with that of free
HPMPC, plain cationic liposomes, and infected control cells. A broad
range of virus titre was used for the infection of MDBK cells. In com-
parison to the control, plain liposomes demonstrated a slight antiviral
effect only at the lowest virus titre used for the infection. At a lower
virus titre used for the infection, liposomal HPMPC was about 100
times more effective than the free drug as regards the inhibition of
BHV-1 replication in MBDK cells (Fig. GB).
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Fig. & Inhibition of BHV-1 replication in MDBK cells quantified by QRT-PCR Represen-
tative data from one sedes of expedments are based on triplicates. A) Effect of lipo-
some composibon on the antviral effect of liposomal HPMPC, LD1 catonic lipid (0,
10, 20, and 30 molx) was used for the preparation of posomes. Liposomal and free
HPMPC at a concentration of 50 uM, virus titre used for the infection of 10 % 107 %,
and 107 % PFU. B) Comparison of antiviral effect of plain liposomes, free HPMPC, and li-
posomal HPMPC at abroad range of viral titre (102,105,107, and 10~ *PFU). LD1
lipid [20%) was used for the preparation of cationic liposomes (HPMPC of 25 uM).
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3.7. Inhibition of viral replication studied by TEM

Typical signs of BHV-1 infection of MDBK cells are as follows: a
disappearance of nucleoli together with chromatin, a massive accu-
mulation of immature 120-550 intranuclear regular viral capsids in
inclusion bodies (viral capsids are arranged in paracrystalline arrays)
a presence of maturating particles in cytoplasmatic vacuoles and, fi-
nally, a release of mature viruses with DNA in capsids into extracellu-
lar matrix.

This is clearly documented in Fig. 7AB,.C. The application of
HPMPC in the liposomal formulation reduced significantly the num-
ber of virions in nucleus. Nudeoli were not destroyed and less than
30 immature viral particles as well as the absence of paracrystalline
arrays were observed in nucleus. The maturation of viral particles in-
side vacuoli was suppressed and defective viral particles were ob-
served both in vacuoli and in extracellular matrix (Fig. 7D,EF).
These observations are in good accordance with the data obtained
by a microscopic observation of the cytopathic effect as well as with
the quantification of viral replication by QRT-PCR. The effect of free
drug on maturation of BHV-1 viruses is documented by TEM in the
Supplementary material (53).

4. Discussion
4.1. Cationic liposomes as drug delivery systems

Selective functional delivery of membrane-impermeable mole-
cules from sites of ad ministration to desired target sites of action in
cells of an organ of interest has long been a goal that would improve
the therapeutic potential of many drugs. Certain antiviral drugs in-
cluding antisense oligonudeotides and small interfering RNAs (siR-
MNAs), acyclic nucleoside phosphonates, and protease inhibitors are
polar drug agents that act directly on intracellular targets. However,
biopharmaceutical agents and membrane-impermeable drugs suffer
from a huge limitation. Although undeniably effective at their target
site(s) of action in the body, these agents are either inappropriately
soluble and/or too unstable to reach a target site of interest in the
body without assistance. In short, these drug agents each require a
purpose-designed “vector system” that (1) assists such drug agents
to overcome solubility problems and/or the biological barriers that
stand in their way of reaching target disease sites in the body, and
(2) which can also mediate functional delivery and release of these
drug agents once target sites were reached. In principle, synthetic
nanotechnology products based upon liposomes are ideal vector sys-
tems to target drug agents to disease lesions of interest in the body
with minimum effective doses and hence minimum (if any) potential
drug-related side effects. The combination of drug agents with syn-
thetic nanotechnologies has the capacity to bring about a healthcare
revolution focused on thousands of new but currently inaccessible
therapeutic targets leading to the creation of highly effective, next-
generation, personalized pharmaceutical products.

Liposomes are formed by lipid self-assembly when appropriate
amphiphilic lipids are mixed together in an organic solvent at an ap-
propriate molar ratio and then arranged or formulated into uni- or
multi-lamellar vesicles each with a single aqueous cavity by any one
of a number of methods induding reverse-phase evaporation (REV),
dehydration-rehydration (DRV), and extrusion [8,9]. Lipid molecular
shape is an important determinant of both liposome size and the pos-
sibility that micelles are formed in preference to liposomes. Indeed,
according to their structure and local environment, lipids encourage
a formation of different mesophases. However, the mesophase pre-
ferred for a liposome formation is Ly-lamellar mesophase, Cationic li-
posomes represent an important varation formulated with an
appropriate molar ratio of a synthetic cationic lipid (cytofectin) that
confers a net positive charge on wesicular membranes. Cationic
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Fig 7. Replication of BHV-1 viruses in the MDBK cells studied by TEM. Replication of herpes viruses in MDBE cells, which were treated with 50 pM liposomal HPMPC. Mature
herpes viruses occur in the extracellular compartment (EC). Pictures were taken by TEM Philips 208 § Morgagni . A) Large indusions of BHV-1 virus particles in nudeus of untreated
control cells (black arrow), ¢ cytoplasm, n nudeus, B) Detail of an inclusion of BHV-1 virus particles in nudeus. Individual virions marked by white arrows. C) BHV-1 virus particles
in extracellular space (ec) (untreated cell culture). D) View of the MDBK cells with defective virus particles inside the nucleus (black arrow) and in extracellular space (white
arpow). Nucleoli (ne) are well preserved. The cells were treated with liposomal HPMPC. E) Detail of nudeus (n) with preserved nudeoli (ne). lImmature or defective vinons ane
dispersed in nucleus (n) (an immature vidon is marked by a black arrow). No indusions are formed inside nucleus. F) Detail picture of cytoplasmatic vacuoli (o) and extracellular
space (ec) with defective virions [ black arrow ). Sporadic maturing virions (white arrows) are visible in cytoplasm (¢}, mostly in vacuoles (ov) and in extracellular space (ec). A

liposome preserved in cytoplasm is marked by asterisk

liposomes are capable of complex interactions with large nucleic
acids such as plasmid DNA (pDNA) resulting in the formation of lipo-
plex nanoparticles (LD nanoparticles) that consist of a multilamellar
core comprising multiple Ly, fluid mesophase cationic bilayer mem-
branes separated by layers of equispaced DNA helices. This core ap-
pears surrounded by a bilamellar liposome-retaining layer.
Apparently, lipoplex nanoparticles with the capacity to attain an in-
verse hexagonal Hy; mesophase structure are the most efficdent at me-
diating functional delivery of pDNA into cells. Consequently, such
lipoplex nanoparticles are generally unstable with respect to colloidal
aggregation in biological fluids. Therefore, they have little ability to
affect a substantial functional nucleic-acid delivery in vivo. However,
they certainly have a role in vitro and ex vivo [8,9]. Smaller nucleic
acids such as oligonucleotides may also benefit from cationic
liposome-mediated functional delivery to cells in vitro or ex vivo. In-
deed, the potency of an antisense oligonucleotide acting on human
endothelial cells in vitro can be increased by at least 1000-fold with
cationic lippsome mediation. This results from the increased cell
entry of oligonucleotides and an improved intracellular distribution
of the oligonucleotide [10]. So far, only a limited number of studies
have reported the encapsulation of a single nucleotide-based antiviral
drugz. These studies had different zoals and showed conflictine data
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about antiviral effects. Neutral liposomes with the encapsulated anti-
viral drug foscarnet were studied in an in vitro model and no substan-
tial increase of antiviral activity was found against the
cytomegalovirus infection in comparison with the free drug, It could
be mainly due to the weak interaction of liposomes with embryonic
fibroblasts and low foscarnet content in the liposomes or indeed
poor intracellular release characteristics [11]. The goal of our work
here was to determine whether the entrapment of the antiviral nucle-
otide drug Cidofovir® - HPMPC into cationic liposomes could improve
its antiviral properties in vitro. New cationic lipids (CZ national patent
applied 2012) were designed and synthesised to decrease cytotoxici-
ty and improve stability of the negatively charged nucleotide-based
antiviral drugs. Our design principles were based upon the need to
develop cationic lipids that tend to form Ly, fluid mesophase cationic
bilayer in the expectation that such systems should retain liposome
integrity and entrap Cidofovir® - HPMPC nuclectide (within the cen-
tral aqueous cavity of each cationic liposome) without resulting in
uncontrolled aggregation that might blunt the effidency of cationic
liposome-mediated delivery of nucleotides to cells. Therefore, the
preferred hyd rophobic lipid moieties were a branched B30 fatty add
giving rise to the cationic lipids LD1 and LD2 (Fig. 1) or cholesterol
therebv eiving rise to cationic linids LD3 and LD4 (Fig. 1). These
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cationic lipids were then formulated with EPC asa co-lipid. EPC tends to
form Ly fluid mesophase bilayer like the hydrophobic lipid moieties of
the LD cationic lipid series owing to a cylindrical molecular shape. In
contrast, since successful functional delivery of larger nudeic adds
such as pDNA requires cationic liposomes to interact with the nucleic
acids to form lipoplex nanoparticles, the cationic liposome lipid compo-
sition in this case should allow for more structural plasticity and meso-
phase interconversion. Hence, dioleoyl L-ce-phosphatidylethanolamine
(DOPE) that is known to favour inverse hexagonal H;, mesophase struc-
tures owing to its inverse conical molecular shape is frequently used as
a co-lipid. In support of these design principles, we have observed in
preliminary experiments that cationic liposomes prepared of commer-
dally available lipids (N-[1-(2,3-dioleyloxy )propyl]-N,N,N-trimethyl
ammonium chloride [DOTMA], 1,2-dioleoyloxy-3-( trimethylammo-
nio)propane [DOTAP] as well as 3p-[N-( N,N'-dimethyl-aminoethane)
carbamoyl]cholesterol [DC-Chol]) were not as effective mediators of
Cidofovir® delivery to cells as LD1-containing cationic liposomes
(more than one order of magnitude lower in vitro antiviral effect). On
the other hand, cationic liposomes comprising LD1 or LD2 formulated
with DOPE did not enable a high effective transfection of cells with
pDNA (coding green fluorescent protein [GFP]) as well as cationic lipo-
somes prepared with DOTMA, DOTAP or DC-Chol (results not shown).

4.2. Toxicity of cationic liposomes

A general issue with the application of cationic liposomes, both in
vitro and in vivo, is their potential for toxicity and cytotoxicity. Cation-
ic lipids used for the gene therapy are composed of three basic do-
mains: a positively charged head group, a hydrophobic chain, and a
linker that joins the polar and non-polar regions. The polar and hy-
drophobic domains of cationic lipids may dramatically affect both
transfection and toxidty levels [12]. Indeed, the cytotoxicity of some
commerdally available lipids is a major hurdle in their application
in vivo [13]. This toxicity has been attributed to their unnatural,
non-biodegradable nature, The amphiphile incorporation in cell
membranes produces pores and disrupts signalling by inhibition of
protein kinase C, too [14]. Generally, the disruption of membranes
and production of reactive oxygen spedes (ROSs) are supposed to
be responsible for the cationic-lipid mediated toxicity. In this case,
mitochondria seem to be the most sensitive organelles. The need to
minimize the toxicity of the lipids has constituted a priority for this
field of research. The use of biodegradabile lipids is one of the suggested
approaches. Hence, LD1 could be a prototype of fully biodegradable cat-
ionic lipid which does not destabilise biological membranes.

4.3_ In vitro antiviral effect of lipesomal Cidofovir

Considering that more than 1000 capsids may be produced within
a single nucleus, the amount of the nudear membrane required for
budding of virus is enormous. Cells infected with BHV-1 disintegrate
in the course of virus multiplication, which is reflected by the mor-
phological changes in the cell monolayer that is diagnostic for a cyto-
pathic effect. The rapidity of the cell disintegration suggests dramatic
distortions within the nucleus and/or at the nudear envelope. Al-
though the integrity of membranous compartments was lost to vari-
ous extents in cells shown to be intact or healthy by light
microscopy, intact plasma membranes and fragmented nuclei or nu-
clei with peripheral chromatin condensation, capsids, and membra-
nous inclusions could be seen.

Herpes simplex viruses (HSVs ) comprise the capsid containing the
viral genome, the viral envelope consisting of a lipid bilayer with em-
bedded glycoproteins, and tegument proteins filling the space be-
tween the capsid and the envelope. DNA double strands formed
during replication are packed into capsids built of proteins imported
from the cytoplasm. The capsids are transported to the nuclear pe-
riphery. Their pathway through the nucleocytoplasmic barrier and

the acquisition of tegument and envelope are yet not fully understood
[15-17]. We are delighted with the observed effects of cationic lipo-
some mediation on Cidofovir® - HPMPC antiviral effects in MDBK
cells. There appears to be a substantial reduction in numbers of ob-
served viral capsids in the nudeus. In addition, the synthesis of viral
DNA plus its incorporation into capsids is prevented owing to the in-
hibition of viral DNA polymerase, Taking into account the strong re-
duction of the number of capsids in cell nuclei, there may be a
positive regulation loop between viral DNA synthesis and proteo-
synthesis of capsid proteins. Considering the slight inhibition of
virus DMA synthesis/replication observed at the low virus titres
used for in vitro infection (Fig. 6), the cationic lipid may also interfere
with some part of virus assembly pathway.

4.4. Possible applications of liposomal Cidofovir

Very recently, Coremans described an effective treatment of ano-
genital condylomata acuminata in human patients by Cidofovir® -
HPMPC. Complete or partial responses were observed in 65% of pa-
tients (n=46), Still, dose-related mild to moderate application-site
reactions were seen in 39% of patients, although no systemic toxidties
were noted [18]. Topical applications of Cidofovir® - HPMPC in a suit-
able formulation could improve the treatment of viral diseases effect-
ing mucosa and with much reduced side effects. There are only few
studies concerned with liposomal Cidofovir. There is an example de-
scribing the application of liposomal Cidofovir for the treatment of
viral retinitis. Remarkable prolonged anti-viral effects were observed
in a rabbit model of HSV-1 retinitis. One intravitreal injection
(100 pug) of liposomal Cidofovir appears to have a remarkably potent
and prolonged antiviral effect (up to 4 months) in this experimental
model. Since Cidofovir® - HPMPC is even more potent against cyto-
megalovirus than HSV-1, liposomal Cidofovir may prove to be a
more effective local therapy for AIDS patients with cytomegalovirus
retinitis [19].

Recently, antineoplastic activity of Cidofovir encapsulated in cat-
ionic liposomes against primary effusion lymphoma (PEL), a B-cell
neoplasm associated with human herpes virus-8 (HHV-8) infection
was demonstrated. This in vitro study suggests that liposomal deliv-
ery allows a release of HPMPC into BCBL-1 cells enabling an unex-
pected antineoplastic activity of this drug even at lower doses [20].

However, our next steps will be to consider how to develop Cido-
fovir® - HPMPC for the treatment of hepatitis B virus (HBV) infections
in vivo. As regards this task, we hope to leam from the experience of
the team of Miller who succeeded to design a lipid-based, pH-
triggered, PEGylated siRNA-nanopartide system for the functional
delivery of chemically unmodified, anti-HBV siRNA constructs to
liver hepatocytes in vivo [21], Nanoparticles of uniform small sizes
of 80-100 nm in diameter were prepared and administered to HBV
transgenic mice resulting in the suppression of HBV infection markers
by up to 3-fold relative to controls over a 28-day period. We antici-
pate that this system could be adapted with cationic lipids LD1 and/
or D2 for the in vivo delivery of Cidofovir® - HPMPC intended for
the treatment of HBV infection in liver. We are currently working to-
wards this objective.

5. Conclusion

New cationic lipids based on spermine could be potentially useful
for the preparation of stable cationic liposomes intended for the con-
struction of drug targeting systems applicable in the field of antican-
cer/antiviral therapy, genetic vacdnes and gene therapy. Cationic
lipid formulation of antiviral drugs could be developed for both
local and systemic application. This liposomal system enables also
co-encapsulation of siRNA-based antiviral drugs to enhance the in
vivo antiviral effect. The concept was proved in BHV-1 virus infection
in vitro model by the application of an established antiviral drug
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HPMPC (Cidofovir®). The preparation of liposomes with co-
entrapped siRNA and Cidofovir is in progress as well as studies on
both local and systemic application of this delivery system for the
gene therapy and chemotherapy of viral infections and cancer.

Supplementary materials related to this artide can be found on-
line at doi: 10.1016/j.jconrel.2012.01.040.
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Peudombies virus (Pry’], a causative agent of Aujeszky s disease, s dead ly to most mammials with the
exception of higher primates and men. This disease causes serious economic loses among famn animals,
especially pig, yet many European countries are today claimed to be Aujeszky' s dizease free because of
the dizcovery of an efficient vaccination for pigs. In reality, the virus is stll present inwild boar. Current
vaccinesare neither suitable for dogs nor are there anti-Prvdrugs ap proved forveterinary use. Therefore,

j;'i""':'d‘;._ the disease still represents a high threat, particulady for expensive hunting dogs that can come into close
.ﬂ:rl::u:l:m e phosp contact with infected boars. Here we report on the anti-Pry activities of a series of synthetic
DHNA viruses dliaminopu r.)e-has.-ed.?cydn: nuc lensid e phl?sl.:nhal.)a?e (DﬁF—ﬁNF?alnabgues Initially, all synthetic DAP-
it ANPs under investigation are shown to exhibit minimal cptotaedeity by MTT and XTT tests { 1-100 LM
Antiviral drugs range). Themafter in vimo infection models are established using Prv’ wirus SuHV-1, optimized on PK-
DNA polymerase 15 and RE-13 cell lines. Out of the six DAP-ANP analogues tested, analogue V1 functicnalized with a
oy lopropyl group on the & aming position of the purine ring proves the most effective antiviral DAP-ANP
analogue against Prifinfection.aided by sufficient hydrophobic character to enhance bicavailability to its
cellular target viral DMA-polymerase. Four other DAP-ANP analogmues with functional grou ps introduced
to the C2position are shown ineffective against PV infection, even with fawourable hydrophobic
properties. Cidofovir®, adrug approved against various herpesvins infections, i found to exert only low

activity against Prv in these same in vira models.
@ 2016 Elevier BV. All rights reserved.
1. Imtroduction herpesvirus 1(5uHV-1), which belongs to the genus Varicellovirus,

Pseudorabies, also known as “Aojeszky’s disease™, is an acute,
frequently fatal disease caused by PrV, also known as suid

* Comespanding author at: Department of Pharmamlogy and Immunaotherapy.
Veterinary Research Institute Hudeova 70 621 00 Brmao, Crach Republic.
E-mail address: turanek@vri oz (| Turanek )
! Thess authars contributed squally ta this wark

httn: Fdx doiare 10106 i _vetmic 201601010

in the Alphaherpesvirinae subfamily of the family Hempesviridae
(Pomeranz et al., 2005). Among the most known viruses in the
Varicellovims  genus  are wvaricellazoster wirus (VEV], bovine
herpesvirus 1 (BHV-1) and equine herpesvirus 1 (EHV-1)
(McGeoch and Cook, 1994). PrV' is a pathogen spread mosty
among swine and is lethal for almost all mammals except for
higher primates and humans. Only wild pigs are able to survive
infection and they serve as a natural reservoir of Prv. Dogs,
especially hunting dogs, can be infected with this virus by close
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Consumption of contaminated raw pork or offal is another source
of fatal infection in farm and companion dogs (Zhang et al., 2015;
Cay and Letellier, 2009 ). Much has been discovered so far about Prv
neuroviruence, newropathogenesis, the properties of viral pro-
teins involved in those processes, and genome sequences. P has
also been used as a model herpesvirus to study vires biology and
may be used for tracing neural pathways (Pomeranz et al., 2005).
While in swine, PrV is transferred tovarious organs by viremic and
lymphatic pathways (Wittmann et al., 1980), there is no evidence
of wiral replication in the tissues of experimentally infected dogs,
except for in tissues of the nervous system. Therefore, the non-
neural tissue damage in infected dogs is primarily induced
indirectly by Pr. Histological findings in the central nervous
systems (CNS) of Priv-infected dogs were found to be restricted to
the brainstem (Zhang ot al, 2015). Secondary findings of ardiac
lesions were made in both the naturally and experimentally Prv-
infected dogs (Olson and Miller, 1986). At present only vacdnes for
swine are available for the prophy lxis of Aujeszky’'s disease in pig
farms. Inactivated vaccines are noteffective in dogs and atte nuated
vaccines are lethal for dogs as well as for farm animals like lambs
and sheep (Kong et al, 2003; Van Alstine et al, 1984) Some
attem pts to develop recombinant protein (rPrv] and DNA vacdnes
for swine were described in literature. Many of the rPrV vaccine
candidates that have been reported in literature albeit they have
not been further pursued so are not yet commercially available
(Krishnan, 2000; Dong et al., 2014; Kim etal, 2008; Van Rooij etal.,
2010} Despite the signifiant progress made, the efficacy of
potentially safe DNA vacanes requires considerable improvement
owing to the high mortality rate from the disease in vacanated
animals (Woodland, 2004; Yoon et al, 2006; Fischer et al., 2003 ).

In the cse of chemotherapy, there are no currently a pproved
veterinary drugs against Aujeszky’s disease, and there are only
limited re ports concerning inhibition studies focused oninhibition
of PV proliferation by warious preparations. Some natural
compounds have been found to be effective i vitro against
various herpesviruses, but failed against Prv (De Almeida et al.,
1998 ). In vitro inhibition of Pry replication was demonstrated for
combination of Aceclovir and Ribavirin (Pancheva, 1991) The
antiviral effects of lithium chloride and natural compound
diammonium glycyrrhizinate were demonstrated in vitro on VERD
cells (Sui et al, 2000). Several nucleotide based drugs like
bromovinyl deaxyuridine, agedovir and 2-nor-2'-deoxy guanosine
have been studied as in vitro inhibitors and in mice models in vivo,
Mice survival was most prolonged post administration of 2’ -nor-2'-
deox yguanosine (Field, 1985).

Recently, a new largescale method for synthesis of antiretrovi-
ral agent 9-[2-{R H phos phonomethoxy) propyl]-26-diaminopur-
ine, (R)}-PMPDAP, was developed (Krecmerova et al., 2013) and
used for synthesis of analogues of diaminopurine-based acydic

Table 1
Malecular farmulae and weight of chasen antivirotics

Compaund Malecular frmula Malecular weight (Da)
1 CaHpNa P 288
n Cal Mgl P 352
m Cighl N P 318
n Crghl s Oy 302
v CoHinNa O PP 365
vl CoHyN0P 28
CIDOFOVIR CaH NP 279

Noie: I 9+ 2 phos phonomethay ) ety |-=26-d iami noparine; 11: ($)-8- [2-hydroy -
3-( phosphonomethasy) propyl}-2 S-disminopurine; 11: (K-S 3 -hydroas- 2- phes-
phonomethaxy] propyl]- 26 diaminopurine; 1V (R)-9-] 2-(phos phonomethaxy)
propyl]-2 G-diaminopurine; W  (RE)9-]33 3-triffuaro-2-{ phas phonomethaxy)
propyl]-2 Gediaminopurine; V1: N G=cpclopropyl=9+] 2« phos phonomethaxy ) eths
¥l | 26-di amino purine.
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2012). We tested these compound in vifro various herpesviruses,
espedally strains resistant against established antiviral drogs,
including Prv which is of importance in veterinary medicine. Two
of these DAP-ANP analogues were found to be highly active against
PrV in model in vitre cell culture studies, while Cidofovir®, a
marketed drug active against many viruses induding herpes,
adeno, polyoma, papilloma, pocviruses and retroviruses (De
Clercg, 1998; De Clercg, 2002), only exerted low anti Prv activity.
This is the first study focused on the antiviral effects of DAP-ANP
analogues against Prv.

2, Materials and methods
2.1 Syntheses and structure of nucleotide analogues

A series of 6 DAP-ANP analogues { Table 1 and Fig. 1) differing in
their hydrophobiaty and substitution in the side chain were
synthesized acoording to previously reported methods (Kreoner-
ovactal., 2013; Holy et al, 1999; Jansa et al., 2012; Holyetal., 2001;
Jansaetal, 2011 ). Cidofovir™ {active compound (5)}-HPMPC); (5)-1-
[ 3-hydroxy-2-{phosphony Imethoxypropy )| oytosine as well as its
inactive (R)-isomer were kindly gifted by prof. Antonin Holy.

22 (hromatographic analy ses HPLC-MS/MS and hydmophobidty of
tested compounds expressed as capadty factor

Sample analyses were performed by using high performance
liguid chromatography in tandem with mass spedrometry. An
Agilent 1200 chromatographic system (Agilent Technologies,
Germany), consisting of binary pump, vacuum degasser, auto
sampler, UV detector and thermostat column compartment, was
used Separation of modified nudeotides was carried out using
Zorbax Edipse Plus, 2.1 «150mm, 3.5 pm particle size column
(Agilent Technologies, USA) under isocratic conditions. Mobile
phase contained 0.8% of methanol and 0.1% of formic add in water.
The flow rate of the mobile phase was 0.25 ml/min, the column
temperature was set at 40°C. UV detector was used for
determination of nuckeotides Gpacity factors, A tripke quadrupole
mass spectrometer Agilent 6410 Triple Quad LCMS (Agilent
Technologies, USA) with an eledrospray interface (ESI) was used
for guantification of tested compounds in cells. The mass
spectrometer 'was operated in the positve ion mode. Multiple
reaction monitoring (MRM) with the mass transitions m/z 329.1-
191.2, 216.9, 247.0 and 281.2 was used. Relative hydrophobicity of
tested compounds was expressed as capacity factor k' to compare
their potential to penetrate cell membranes.

23 In vitro testing—fissue culiure

MDCK, MDBE, PE-15, RE-13, VERD Il lines were tested to
select appropriate cell line for in vitro assays. Cell line PK-15 and
RE-13 were selected as the best model with respect to virus
multiplication and sensitivity for XTT/MTT cytotaxiaty tests. The
data obtained on these cell lines gave long term coherent results.
The cltures were grown in Dulbeco’s minimal essential mediom
{DMEM [High Glucose, HyClone, Thermo Sdentific ) suppleme nted
with antibiotics, fungizone and 10% foetal bovine serum (FBS). The
cells were cultured at 37 #Cina humidified atmos phere containing
5% COy (HERAcell 150i CO2 incubator, Thermo Sdentific, Germany).

2.4 In vitro festing —virus sirain
SuHV-1CAPM V-166 isolate was obtained from the Collection of

Pathogenic Microorganisms (Veterinary Research Institute, Brono)
and was used throughout these experiments. This isolate was
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Fig. 1. Structural formul 2= of tested DAP-ANP analogues.

found to be the most aggressive in vitro against tested cell lines,
Virus working stock was prepared by infecting a monolayer of cells
at low multiplicity of infection and stored at —70°C in aliquots
until used. Working solution of virus was prepared at the titre of
107% PFLL

25 In vitro cyfolaxicity

MITT (Sigma—Aldrich) or XTT Cell Viahility Kit (Cell Signalling
Technology ) test were wsed to determine cell viability. The test
was performed according to manual provided by the producer. All
kinds of cell cultures were plated at a density of 1.5« 10° cells fml
(100 pl per well) in 96-well plates for 24h and subsequently
exposed to tested compounds. Antivirotics were tested at the
concentration range of 0.78-100 M, exposure times were 24h.
The volume of 20 pl of MTT (2.5 g/l) was added to each well and

plates were incubated for 3 hoat 37+C, then 100l 10% SDS was
added and incubated 24h at room temperature. In @se of XTT
(solubilisation step based on 5D was omitted), 50 pl was added
to each well and plates were incubated for 24 h at 37+C. The
absorbance of the formazan solution at MTT was measured at
HM0nm and at XTT at 450 nm using ELxE00 Absorbance Micro-
plate Reader {BioTe k Instruments Ltd., USA] and analysed through
GenS Data Analysis Software (BioTek Instruments Ltd.). Cytotox-
iaty data were confirmed by direct observation by opticl
microsoopy (Eclipse TS200, Nikon, China) (Li et al., 2008, 2009

26, Assaying of antiviral activity—XTT test
Cell cultures were plated at density of 1.5 = Iﬂ'sn:llsj'ml (100 pul

of cells in each well) in 96-well plates for 24 h and subsequently
exposed to tested compounds, Virus SuHV-1CAPM V-166 isolate
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was added (titre 107 PFU) into each well 4 h later. After 6 days of
incubation with virus the cell viability was determined by XTT test.

2.7. Inhibition of replication of viral NA assayed by quantitative PCR

DMA isolation was done using DMeasy Blood & Tissue Kit
(QIAGEN) following the producer’s protocol. DNA isolabon was
based on a manufacturer protooml (DMeasy Blood & Tissue,
QIAGEN) slightly modified to include mechanical homogenization
with zirconiafsilica beads (0.2 mm) in a MagMA Lyser instrument
(Roche, Mannheim, Germany | at 6400 rpm for 605 (Slama et al,
2010). The isolated DMNA was used as a template for the duplex
gPCR assay. The detedion of Pseudorabies virus was achieved via
primers and probes specific for g8 gene (Accession KF711983 ).
Primers (gB718F 5-ACAACTTCAAGGCCCACATCTAC-3, gBRI12R 5'-
GTCYCTGAMGCCGTTOGTGAT- ¥ ) were adopted from Ma et al
(2008) while probe was newly designed (gBprobel 5'-FAM-
ACGTCATCGTCACGACCCTGTGGTC-Cy5-3'). Previously published
internal amplification control (IAC) was introduced to eliminate
false negative samples (Slana et al, 2008). A typical optimized
reaction mixture (ol volume 20 pl) contained 1x 480 Probe
master qPCR Kit (Roche ), 10 pmol of the primerset, 2 pmolof the g8
probe, 3.5 pmol of the IAC probe, 0.2 U of Uradl DNA Clycosylase
[Roche), 5 x 107 copies of IAC diluted in TE buffer and 5 pul of DMA
template, Each run consisted of the following steps: initial
denaturation at 95°C for 7min and 47 cycles at 95°C for 5s,
56°C for 30 5 and 72°C for 10 s. The instrument LightCycler 480,
(Roche, Switzerland) was used for gPR analyses of viral DNA.
Inhibition curves were calculated by the software PRISM version
5.0 (GraphPad, USA)

2 8 Quantification of tested drugs in cells in vitro—cell preparation

Cell cultures of PK-15 line were plated at dersity of 2 = 10°
cellsiml (3ml of cells in each well) in G-well plates for 24h and
subsequently exposed to tested compounds (10 pM concentration
of compounds). After certain intervals of time (0 h; 1h; 1.5h; 2h;
4h; Bh; 24 h) the cells were rinsed with PBS { phosphate buffered
saline) and harvested by scraping and centrifuged (2800 rpm,
2min) and the supernatant was discarded.

219 Penetration of drugs into cells and assay of intracellular
oncentmtion

Cells (samples in triplicates) wemr resuspended in 500 pl
methanol and sonicated for 1 min (SonoPlus 200, Bandelin,
Germany). 50pl of the mixture was taken for the protein
gquantification { BCA method —Pierce BCA Protein Assay Kit, Thermo
SCIENTIFIC), which is correlated to the amount of cells, The rest of
the mixture was centrifuged, the supernatant was used for
gquantification of tested drugs by HFLC-MS/MS as described above.

210 Transmission electmon microscopy—ulrathin section method

3% Glutaraldehyde-fixed PK-15 cells untreated or treated by
10l and 50 pl within ATV exposed to PrV were centrifuged at
B00rpm. The pellets were rinsed in Milonig buffer, post-fised in 1%
0s0y solution in Milonig buffer, dehydrated in 50, 70, 90, 100%
acetone, embedded in Epon-Durcupan mixture (Epon 812 Serva;
Durcupan, ACM Fluka) and polymerized at 60-C for 72 h. Ultrathin
sections (the thickness of 60 nm) were cut with glass knives on UC
7 ultramicrotome (UC 7, Leica, Austria)l The sections were
contrasted by 2% agueous uramyl acetate and 1% aqueous lead
citrate. The sections were examined under a Philips EM 208 5
Morgagni transmission electron microscope (FEI, Czech Republic).
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&
3. Results

3.1 Chromatographic sepamtion and hydrophobicity of tested
compound

The hydrophobidty of tested DAP-ANP analogues was mea-
sured to get a better insight into the ability of various analogues to
penetrate through the cell membrane. Hydrophobidty of each
compound was estimated by HPLC and expressed in terms of a
capacity factor K as defined below (see Table 2). This method is
sensitive and relatively simple to allow comparison of various
structural modifiations in various positions with respect to their
contribution to the overall hydrophobicity of the molecule. The
expected hydrophobidty of tested compounds based on their
structural formulae is in 2 good agreement with the capacity factor
k' calculated from chromatographic data (Fig 2 and Table 2}
Tested DAP-ANP analogues possessed a range of hydrophobicities
as measured by their corresponding capacity factors (Table 2).
Analogues 1, 1 and Il possessed very similar hydrophobicities.
Therefore, addition of 2'-hydroxyl (1) or 2'-hydroxymethyl (1)
functionalities did not change hydrophobicties wery much
compared with parent analogue L On the other hand, 2°-methyl
(V) and espedally 2'-trifluormethyl (V) functionalizations had
more profound effects on analogue hydrophobidties. The most
hydrophobic analogue VI was modified by opclopropylation of the
G-aminogroup of the purine ring. An overlay of chromatograms for
individual compounds is presented (Fig. 2.

32 (haracerisation of in vitro cytotoxic effect of DAP-ANF ana o gues

All tested DAP-ANP analogues, inchuding Cidofovic™ as a
positive control, were found not cytotoxic against PK-15 and RK-
13 cell lines within the conoentration range 1-100 pM and 24h
exposition time. Both ¥TT and MTT tests gave the same results
which were in a good accordanoe with direct obse rvation by optical
microscopy (data not shown ) Representative data on viability of
PE-15cells treated by compound [or V1is presented at Fig. 3. These
analogues demonstrated significant antiviral activity on both cell
lines although differing in their hydrophobidties.

332 Antiviral effect of the tested compounds

Thee ¥TT test was wsed for prescreening antiviral actvities of the
DH.P—H.NPan.all:lgLl.uwil:hCil:ll:}fl:r\.'il"t as positive contmol. Analogoes
I, 11 and IV were not able to protect cells against viral infection
resulting in visible cytopathic effects and dereases in loal cell
viabilities. As expected, optical isomer [ R)}-HPMPC was inactive in
bath cell lines, while Cidofovir™ was inactive in PE-15 cell line and
weakly active at 100 pM concentratdon in RE-13 cell line (deta not
shown). Analogues | and VI were able to inhibit signifiant
cytopathic effect cused by PrV infection Therefore, these two

Table 2

Hydraphobicities of DAP-ANP analogues expresed as capacity Botars.
Compound Capacity facior & ETD
1 0.7 W06
1 0885 113
m 0.7 008
v 2114 LT i)
v 7698 030
Wl S04 Q035

Moabile phass: 081 of methanal and Q1T of rmic acid in waber The fow rate:
025 miimin. The column temperature was set at 40°C UV detector was used for
determi nation for capacity factors af nucleotides; capacity factor K isexpresed as
k7 = RefP where is R retention time, and By is dead valume (B for non netained
standard ).
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Fig. 2 HPLC == paration of individual analogues (chromatgraphic anditions are described in Sedion 21 Analogues 1, 11 and 11 weere ehuted in similar Re, therefore the
chromatogram was prepansd as overlay of individual separations for analogues L 1L 1L and chromamgram of the mixture of analagues 1V, ¥ and V1.

compounds were advanced to more detailed wviral replication
assays making use of gPCR. Indeed, viral DMA replication was
inhibited by both analogues 1 a V1 in dose dependent manner as
demonstrated by gPCR analyses (Fig. 4). Indeed only compounds 1
and V1 were able toinhibit viral DMA replication in a concentration
dependent manner (Fig. 4) leading to essentially total inhibition of
viral DMA replicationat higher concentrations of both, reducing the
level of residual viral DNA by approx six orders of magnitude to
detection imit. [Csa wene estimated to be in submicomolar range
and their selectivity index was estimated to higher then 100 for
compound [ and higher then 1000 for compound V{51 = 100(1Cs, L
Incomparison, § optical isomer of HPMPC reduced the levelof vial
DMA in RE-13 cells by only two orders of magnitude at a
concentration of 100 pM {dota not shown).

The antiviml effects of analogues 1 and V1 were confirmed by
optial microscopy, which demonstrated preservation of cell
monolayers and significant reductions in gytopathic effects
induced by Prv. Infected control cells lost monolayer organisation,
and were observed dead or in final stapes of apoptosis
characterised by disintegration of nudeus and release of cyto-
plasm. Cells treated with analogues | or VI remained adherent,
nuclei were of normal appearance with 1-4 nuclkeoli and cells
exhibited well organised structures. 5ome oellular debris originat-
ing from dead cells was observable on a2ll monolayers, whichisan
event common during long term cultivation. Micrographs (Fig. 5)
clearly demonstrate the antiviral effects of analogue V110 M) on
the PE-15 cell line.

Cytotewicity of compounds on PH-15 cells

-

Y] 1 i .
Compound concantration logic) (M)

Fig. 3. Vishility of PK-15 cells treated by DAP. ANPanalagues 1and VI PE-15 cells
wereexposed fr 24 h to DAP-ANP analogues | or Wl within the concentration rangs
of 8- 100 A Viahility was aecaped by XTT test (riplicate setting) and confirmed
by optical micrescopy. Owing i logarithmic s le of @naesntration, point at 01 pM
represents untreated controls without added drugs.

Relative percentage of ive calis (%1

34. Demonstration of antiviral effects at subcellular levels by electron
microscopy

Electron microscopy was used to confirm viral replication and
cessation of viral repli@tion in tissve culture. Typical signs of
massive production of viruses were found in the nuclei of control
infected cells. Typicl clusters of aystalline arrayed capsids are
seen in nuclei (Fig. 6C). Virus particles are shed into medium or
directly transmitted to neighbouring cells by exogytosis—-endocy-
tosis mechanism(Fig. 6B). Morphological changes incell struchures
are also typical for virus induced apoptosis. Finally detachment of
cells, condensation of chromatin, disappearance of nucleoli,
destruction of nudei and of nuclear membranes are well
recognisable (Fig 68, C, E). By contrast, cells treated with either
analogue | or VI were protected against massive viral infection
damage and virus induced apoptosis (Fig. 6F). In a small portion of
cells the process of viral repliation was induced, but most viral
particles produced appeared defective and probably without
encapsulated DMA (Fig. 6G, HL These elecron micoscopy data
confirmed results obtained by XTT viability tests (Fig. 3), gPR
(Fig. 4) and optical microscopy (Fig. 5).

35. Penetration of drug into cells as assayed by HPLC-MS/MS

The concentration of tested DAP-ANP analogues in cells was
assayed by HPLC-MSMS. Cellular penetration of drugs into cells
typically obeys simple saturation kinetic and is a rapid process. A
representative curve for hydrophobic analogue V1 is presented
(Fig. 7B}showing how analoguoes VI reached a pprox 90% saturation
in2h.

Hydrophobic analogue V as well Vi was also found to penetrate
cells rapidly in comparison to the more hydrophilic analogues|, 11,
I, W and positive control (5)-HPMPC (Fig. 7A). Curiously, although
both DAP-ANF analogues I and VI were the most potent antiviral
agents, yet analogue | accumulated much less readily into target
ells than VI given that 1is much more hydrophilic in character
than VL Therefore, increasing hydmphiliaty did not appear to
correlate directy with increasing antiviral efficacy.

4 Discussion

Viral DMA-polymerase is an established molecular target for
antiviral drugs directed against herpesviruses. The effective ness of
antiviral drugs such as ganciclovir and acyclovir that act at the viral
DMA-polymerase is  well documented in literature  against
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Fig 5. Cytopathic efect induced by Prv in PK-15 cell and protective effect of analogue ¥W1at 10 pM @ncentration. (A ) antral PK-15 cells exhibit intaotand well-organisesd
manolayver. Muclsi with 1-4 nucleali are recognisable, black arrow mark s debris upon cell monolayer ; | B)destrudtion af a1 monolayer induced by Prv_The mastafithe cells
ame shrivelled a5 the sign of the final stage of necrosis; (O cells tre 2isd by 10 pM concentration of compound V1. Necrotic mor phalagy is observed insome a=lis, but the cell
manolayer is preserved ; black armows mark locations of cel] debris, white armows pick out necrotic cells. Micrographs wens taken at day 6.afiter inoculation of tissue cultureby
vins.
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Fig. & |nhibition of viral neplication in PK- 15 cel ks demonstrated by slectron microscopy. (A) Contral untreated and uninfected PE-15 aelks. (N —nucleus; Ni-nucksali; Nm—
nuchear membrane; C-oytopleem; Cm-cyoplem membrane] (B) PK-15 cells infscted by Prv. Chromatin is condensed clase to the rest of the nuclear membrane (blad
arrow ], nuclsoli have disappe ared, the cell has lost adherence, mmplete viral particles are shed ine medium (white armws )L note the vaouali with viral particles whichare
dirsctly transported into a neighbour el {white arrow head | (C) PK-15 c=lls infected by Prv. Two clusbers of oy stalline amayed cpsids (capsids of A type) are s==n in the
mucheus (black armowe L (D) Detail from (CL Two clusters of orystalline amayed apsids (black armows ) are poasitionsd cloge to the rest of condenssd nuclear DNA (blad
arrowhead | In some apsids the process ol incorparati onofvir 2l DNAstarts (note bla g dot inside the capsid) (E )M asive sheddingof viral particles from PE- 15 eIk Cell has
last adherence, the nudeus is completely destroyed and vacuali are filled with matured viral particles {white armowhead | Some immature and matune viral particles are
pre sented in oyt plasmi white arrow ) and matuned viral particles arerelessed from the c2llinta the medium in large namibersithick black arrows] Insent shows matuned viral
partides shed intk medium. (F) PE-15 cells treated with compound V1 (10 M) and infected with Prif. The gbserved cell is in 2 monalayer sumounded by other cells No
pathal ogical changes areolservable in mucleus orin cytopl asms. Viral particles are mtobserved inmastcells (G) PE-15 cells unnnd.w.ld\m:pnmd W10 M Jand infected
with Prv_Small portionaficells become infected and produce viral particlkes_ The produdion is notm assive and infedi ondoes not cause pathological changes in the nuclei and
cyoplesms of mostol cells Only a sma ll number of apopiotic ks are abserved and the monal ayer is kept intact The viral particles produced are in large portion defedivein
DNA mntent. Viral particles are seen invaali (whitearmow ) and released into intercellular spaces (black armowes L{H) Detail of viral particles produced by PK-15 cel] treated
with anadogue W (10pM)L Maost of the particles are defective and do not @ntin viral DNA (Blad armows)

92



D. Zouharova et al. /Veterinary Microbiology 184 (2015) 84-83 o

Compound V1 {10um) - detailed scale
A 4004015 B A000=
PEE—— e S
= I
-l -
- |V
n ] -V 2 i
i £ - Y g 007 .
£ & SHPMPC ]
[= =
E 3
F EE
20040 4 = N
gg ; g 2000
(4
% 3
: £
f 3
o 1000 g tooo
L] ] T T T T T 1
1] 4 8 12 16 20 24
Time (h)

Fig. 7. Penetration of drug into cells a5 assayed by HPLC- MSTMS. (A Intr o] lular concentr ation of tested DAP-ANP analog ues in PE-15 o=l at time 2 and 8 hofincubation. PK-
15 cells woers incubated in triplicates Br 2 and 8 h with tesied compounds | 10 ML Obtained smples wens analysed by HPLC-MSMS{ detail s are descaibed in Ssction 2L (B)
Penetration of analogus V1 into PK-15 aells. PK-15 c=lls wene incubated in triplicate for various times with analogue V1 (10 pb) Obtained samples were analysed by HPLC-

ME/ME {details are describad in Saction 21

herpesvirus infections in both human and animals (Garré et al.,
2007; De Clercq et al, 2006). Overall we have tested about
30 acyclic nudeoside phosphonate (ANP) analogues looking for
active molecules gmuped according to their nucleobase strudure
into various structural families. Here we re port on the screening of
six bespoke diaminopurine-based acyclic nucleoside phosphonate
{DAP-ANP) analogues. Of these, two analogues land VI (Fig. 1 jwere
found active against PrV infection and were studied in more detail.

In in vitro infedtion assays, penetration of drugs through cell
membranes is a primary obstade to reaching cellulartarge ts. Inour
previous paper we have shown that entrapment of Cidofovir into
cationic liposomes can significantly improve antiviral effects in
vitro against BHV-1 ( Korvasova etal., 2012 ). The primary reason for
this was that nanodrriers like liposomes cn fadlitate drug
delivery to cells by promoting improved internalization into oells
by endocytosis. Alternatively, ANPs have been rendered more
bioavailable to their cellular targets by preparation of prodrugs
increasing their hydrophobic character through esterification of
their phosphonate moicties. Indeed, hydrophobicty s a cucial
factor that correlates with cell penetration in the absence of
transmembrane transport mechanisms. For this reason, increasing
drug hydrophobidty can be an important way to improve drug
binavailahility to cellular targets in vitro and even @ vivo,

Here weobserve that the two analogues V' and VI are rendered
maore hydrophobic than parent DAP-ANFP analogue | by introduc-
tion of C2-CFz- and No-cyclopropy] maoieties respectively, Yet the
most active DAP-ANP analogues wene actually found to be parent
analogue | and N-cyclopropyl analogue V1{ compare Table 2 Figs. 2,
4 and TA). Having said this, apparent cellular ICso vahues estimated
from Prv cellular infection models (Fig. 4)clearly demonstrate that
analogue VI is 10-fold more effective than parent L On the other
hand, analogue V1 appears to be 10-fold more bioavailable to target
in cells than parent | (Fig. 7A) It cannot be determine for now

93

whether higher hydrophobicity or lower inhibitory constant K; (or
both} are responsible for higher antiviral activity of compound VI
in comparison to compound 1 Therefore we would suggest that
both analogue land V1 are in fact likely to have equivalent levels of
efficacy once at target. Accordingly, the importanoe of ensuring
optimal drug binavailability to target is clear in order to optimise
drug performance. All cell lines tested in preliminary experiments
(MDCE, MDBE, PE-15, RK-13, VERO) were susceptible towards Priv
viral strain SuHV-1CAPM V-166 and cytopathic effects were
observed after virus inoculation in all @ses. On the other hand,
all tested DAP-ANF analogues did not exhibit cytotoxicity towards
any of these @l lines. Therefore, it can be assumed, that analogoe s
I and VI are selective inhibitors of viral DNA polymerase, but not
eukaryotic host oell DNA polymerase.

Viral infections of cell lines PE-15 and RK-13 were studied in
detail in each case since both represent standard model tssue
culture models for in vitro PrV infecton. The course of viral
infection domumented by electron microscopy (Fig. 6B-E) is in an
accordance with data published by others in Priv-infected cell
cultures (Klupp et al., 2001 ; Klupp et al, 2005; Robbins etal., 1985)
orpig's tissues (Aleman et al, 2003 ). Contrary to some publica ions
(Aleman et al., 2003), production of L-particles appeared low. The
multiplication of PrV in cell lines was documented by electron
microscopy and g PCR, including the presence of aystal-like array s
of capsids in nuclei, viral particles plus agglomerates of tegument
protein in cellular oytoplasm, and shedding of complete viral
particles into extracellular medium followed by apoptosis of the
infected cells. In non-treated cells the numbers of mpies of viral
DMA reached the value of 10°F-107 (6 days after cultivation) (Fig. 4).
Administration of analogues | and VI was seen to reduce the
number of copies of viral DNA to basal levels comparable to DNA
levels in viral inoculum added to cell culture, Inhibition of viral
DMA replication was also accompanicd by a reduction in numbers
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ofviral particles in cells and culture medium, Proteins of late phase
of virus replication cycle were not found present. Further mare,
nuclear capsid and aggregates of tegument proteins—typical
products of late phase of viral repliation — were not observable
in cells treated by the active compounds either, All these facts
implicate the inhibition of viral DNA polymerase resulting in
suppressed replication of viral DNA, as expected for ANP analogues
related to the well established inhibitors of viral DMNA poly merase
such as Cidofovir™, Intriguingly, when Cidofovir™ was evaluated in
the assays described here, mild antiviral activity was seen (vimal
DMA repliationwas reduced by 1-2 order of magnitude at 100 M
concentration) against both bovine her pesvirus BHV-1 (Korvasova
etal, 2012) and PrV (data not shown), whereas analogues [and VI
{as well as [1, 101, IV and V] were not active i vitro against BHV-1 in
MDBEK cells, Such selectivity is of interest for future studies on
structural relationship between herpesvirus DNA-polymerases
and different classes of ANP inhibitors.

Although antiviral chemotherapy has become a standard
practice in treatment of herpesvires infection in humans, the
veterinary use of antiviral drugs & rare. Treatment of feline
herpesvirus-1 infecions could be mentoned as an example
{Williams et al, 2005). Nucleotide based drugs like bromoving
deoxyuridine, acyclovir and 2'-nor-Z' -deoxyguanosine were tested
for their anti-PrV effect @ vitre and in vive using lab mice.
Substantial prolongation of mouse survival has been demonstrated
with 2-nor-2-deosyguanosine (Fiekd, 1985). Correspondingly,
while there has been intensive research running in the feld of
PrV vaccine development, only imited attention has been focused
on antiviral drug therapy. Currently most published studies are
focused on in viro experiments. These include the use of the herb
Houttuynig cordata belonging to traditonal Chinese herb medidne
that was tested in vitro (Ren etal, 2001 Jaswell as Glyoyrrhizn, the
mast important bioactive compound of liquorice root (Glycyrrhiza
radiz), that was wed in combination with lithium chloride (Suw
et al, 2010} Direct antiviral effects have yet to be demonstrated in
in vive model experiments. In our c@se, now that antiviral effeds
have been demonstrated in vitro, with minimal cytotoxicities, and
lead analogues | and V1 are now ready for studies with the mouse
model of Aujeszky’s disease, followed by early stage “clinical™
studies with dogs infected by PrV. Anti-viral drug therapy of
Aujeszrky’s disease in dogs is a real challenge because of the short
time between the first symptoms of infection and death (1-3 days)
and the tendency of PrV to replicate inside of neurons { Kramer and
Enquist, 2013; Zhang et al, 2015). Accordingly, anti-viral drugs
should be administered as soon as first symptoms of disease are
observed although this will lead to litthe im provement unless the
drugs are properly bicavailable to the sites of PrV replication in the
nuclei of nearons as well. Another important aspect of future
potential treatment should also be the preservation of newro-
motoric function of treated dogs and suppression of wviral
reactivation. These aspects are of importance in general too in
the treatment of other herpesviruses infections.

5. Conclusion

Two 2 6-diaminopurine-based acyclic nucleoside phospho-
nates (DAP-ANPs)] were selected as promising structures for
further development into potential drugs with antiviral activity
against PrV. In vitro data demonstrated considerable antiviral
activity by both analogues | and VI although the greater
bioavailability of VI to target appeared to promote a 10-fold drop
in apparent cellular ICs, com pared with L Further modification of
the purine G-amino functional groupis of interest to prepare future
AMNPs that might be more effective even than analogoe V1. On the
other hand, the sorts of functionalizations of the acyclic bridge
moiety from purine to phosphonate that gave rise to inactive

analogues, [, 1L, IV and V did not appear to promote antiviral
activities at all so can be disregarded going forward. In vive studies
with analogue 1 and VI will now be progressed in order to
demonstrate antiviral activity and safety in the standard murine
model of PrV infection.
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2.2. LATKY ROZPUSTNE V NEPOLARNICH ROZPOUSTEDLECH
(HYDROFOBNI, LIPOFILNI LATKY)

Tyto latky se v zéavislosti na svém koeficientu rozpustnosti (rozdélovacim
koeficientu) oktanol/voda véazi na jiné hydrofobni struktury (hydrofobni domény
transportnich proteind, lipidni struktury v bunikdich — membrany, tukové kapénky).
Obecné se hromadi v tukovych tkdnich, pokud nejsou rychle metabolizovany a vylouceny
z téla. Z farmakologického hlediska je problém jejich mala rozpustnost a tendence tvofit
agregaty nebo krystaly. Z hlediska 1ékové formy pro parenterdlni aplikace je nezbytné
sledovat dva hlavni cile: a) stabilni systém solubilizace farmaka, ktery brani tvorbé
krystalti nebo agregatti; b) cileni farmaka do mista uréeni — v ptipad¢ nadort — pasivni
nebo aktivni cileni pomoci nanopartikuldrni formulace a piipadné povrchové modifikace
castic, kterd zajisti dlouhodobou cirkulaci v krevnim feciSti, penetraci fenestracemi
v endotelidlni vystelce kapilar nadorové vaskulatury. Zde se opét uplatnily liposomy, jako
vhodny systém pro piipravu nanopartikuldrnich nosic¢t lipofilnich 1é¢iv. Vyzkum byl

zaméfen na tfi rozdilné typy lipofilnich latek s protinddorovym ucinkem.

2.2.1. Hydrofobni komplexy cis platiny

Protinddorova 1éCiva na bazi cisplatiny jsou nedilnou soucasti celé tady
protinadorovych chemoterapeutickych postupti. Bylo syntetizovano vice nez 1000
riznych komplext s cilem snizit vedlej$i neZzadouci Uc€inky a potlacit vznik rezistence
nadorli na cisplatinu po opakované chemoterapii. Obecné¢ pfijimanym mechanismem
pusobeni cisplatinovych cytostatik je poskozeni DNA a indukce apoptdzy. Vyzkum
novych komplext cisplatiny probihal v ramci dlouhodobé spoluprace s podnikem
Lachema, pozd¢ji Pliva-Lachema a.s. Byla navrzena a pfipravena série komplexi
cisplatiny v oxida¢nim ¢isle I a IV. Tyto komplexy se liSily svoji hydrofobicitou
v zavislosti na velikosti a struktufe uhlovodikového ligandu. Strukturni vzorce

platinovych komplext v oxida¢nim ¢isle IV jsou na nasledujicim obrazku.
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Obr. 19 Cis-platina komplexy Pt IV se vzrustajici hydrofobicitou.

Studie cytotoxického ucinku byly provadény na vice nez Sedesati riznych
nadorovych liniich a jejich resistentnich variantach. Prokazali jsme, ze hlavnim faktorem
cytotoxického ucinku nového komplexu oznacovaného jako LA-12, je rychld penetrace
pfes bunécnou membranu, jeho vysoka reaktivita s DNA a také thiolovymi skupinami,
obtizné opraveni poskozené DNA bunécnymi reparacnimi systémy a rychlé navozeni
apoptdzy. Podstatnym zjisténim byla také zanedbatelna zktizena resistence vici LA-12.
Faktor rychlé penetrace pies bunécnou membranu se ukazoval jako kli€ovy pro rychlé
navozeni apoptozy.

Latka LA-12 je vSak velmi malo rozpustna (50ug/ml) a tudiz nevhodnd pro
parenteralni aplikaci. Solubilizace bylo dosaZzeno pomoci B-hydroxypropy-cyklodextrinu
a tyto inkluzni komplexy byly také vhodné pro intravendzni aplikaci. Symetricka
hydrofobni skupina adamantylového ligandu velmi dobfe zapadne do hydrofobni kavity
cyklodextrinu a tento inkluzni komplex je pomérné stabilni.

Pro formulaci LA-12 do liposomi se ukdzala limitujici pravé snadnd penetrace
pfes membrany, kterd omezovala stabilitu liposomalnich preparatii spolu s reaktivitou
samotné latky. LA-12 je tak ndzornym piikladem, jak lipofilni modifikace vyrazné
zvysuje uinek farmaka. Na druhé strané je také ptikladem typu latek, pro které je obtizné

vyvinout liposomalni formulaci.
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2.2.1.1. Podané patentové prihlasky k tématu kapitoly

e Zak, F.; Mistr, A.; Poulova, A.; Melka, M.; Turanek, J.; Zaluska, D. Platinum
complex (II), its preparation and therapeutic application. PCT/CZ99/00014; US
6350737 B1(2002)

e Zak, F.; Mistr, A.; Poulova, A.; Melka, M.; Turanek, J.; Zaluska, D. Platinum
complex (II), its preparation and therapeutic application. PCT/CZ99/00014; EP
1082329 B1 (2003)

e Zak, F.; Mistr, A.; Poulova, A.; Melka, M.; Turanek, J.; Zaluska, D. Platinum
complex (IV), its preparation and therapeutic application. PCT/CZ1999/000015; US
6503943 B1 (2003)

e Zak, F.; Mistr, A.; Poulova, A.; Melka, M.; Turanek, J.; Zaluska, D. Platinum
complex (IV), its preparation and therapeutic application. PCT/CZ1999/000015;
EP1082330B1 (2003)
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Platinum(IV) Complex with Adamantylamine as Nonleaving Amine Group:
Synthesis, Characterization, and in Vitro Antitumor Activity against a Panel of

Cisplatin-Resistant Cancer Cell Lines
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Procedure of the synthesis is described for new platinum(IV) drug LA-12 [(OC-6—43)-bis-
{acetato)(1-adamantylamine)amminedichloroplatinum(IV)]. The X-ray diffraction analysis shows
that the structure is created by molecules with octahedral arrangement of ligands around a
platinum atom and contains one Hz0 molecule that is not a part of the coordination sphere of
platinum. This new drug is more reactive with glutathione than cisplatin and is lacking cross-
resistance with cisplatin as proven on the panel of cancer cell lines.

Introduction

Clinical tests with cisplatin began in 1972, and this
drug is included in the basic armament in antitumor
chemotherapy. There are two major limitations of
cisplatin in anticancer therapy. The first, it has serious
adverse effects (nephrotoxicity, neurotoxicity, severe
nausea and vemiting, ototoxicity) and second, many
tumors exhibit resistance, either ab initio (e.g., non-
small-cell lung cancer and colon cancer) or it is acquired
during therapy (e.g., small-cell lung cancer or ovarian
cancer).! The phenomenon of drug resistance is very
complex, and little information is available on how
disparate mechanisms are coordinated with each other.

The development of orally active platinum drugs led
to synthesis of several compounds, some of which are
in Phase II evaluation. The leading compound is Pt(IV)
complex JM-216, [(OC-6—43)-bis(acetato)amminedichloro-
{cyclohexylamine)platinum(IV)], which entered clinical
testing in 1892 We have synthesized a series of
platinum complexes with bulky hydrophobic ligands.
The platinum(IV) complex (OC-6—43)-bis{acetata)(1-
adamantylamine)amminedichloroplatinum(IV) (Figure
1) expressed a rapid and high cytotoxic effect without
cross-ressistance to cisplatin, and the mode of synthesis
was acceptable with respect to industrial manufactur-
ing. Therefore, this compound was selected for the
further evaluation.

* Corresponding authar: BMDr. Jaroslav Turdnek, CSc. Veterinary
Ressarch Institute, Laboratory of Immunopharmacology and Tmmas-
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Figure 1. Structural formula of new anticancer platinum
drug 1.
Scheme 1. Preparation of 1 fam = l-adamantylamine)
cis[PHCLINH:L] + HTl = NHPICINHL
MH[PICI{NH;)] + CIF = [PICIHNH,) + NHGI
[FCLINHL] + HCL — HIFCLNHL] + G
HIPECINHL] + KC1 = KPECIINH] + HC)
KIFICHMHZ)] + am — els-[FICIam)(NH, 1] (2) + KCI
[FICLIEM)NHL)) + H:Oy — cis, trans, ois-[PICL{OH):{am)(NH,]] (3
cis, frans, e [PRCIAQH{am)(NHy)]) + 2 (CHCO0RD —
» Gz trans, Cls-[FICh[CH,CO0 am)(NH)) (1) + 2 CHyCOOH

Results and Discussion

Chemistry. Scheme 1 shows the reactions invelved
in the synthesis of the tested substance ((C-6—43)-bis-
(acetato) (1-adamantylamine)amminedichloroplatinum-
(IV), coded as LA-12.

A complex with platinum (oxididation state II) was
prepared from Cossa’s salt and l-adamantylamine.
After purification, the complex was oxidized by a dilute
solution of hydrogen peroxide at high temperature and
consequently acetylated with acetic anhydride at ambi-
ent temperature. The final product was obtained as an

10.1021jm030858+ CCC: $27.50  © 2004 American Chemical Society
Published on Web 12/23/2003
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anhydrous substance from a acetone—ether system and
contains only one contaminant at a 0.25% level. The
platinum complex was chromatographically pure (purity
= 89.5%). The composition of 1 as determined by
elemental analysis showed a good agreement between
the theoretical and actual values.

The band assignment in IR spectroscopy was per-
formed based on data from the literature’ and is in
accordance with possible vibrations of structural units
in the complexes under study. The results of NMR
measurements and their interpretations were compared
with data from the literature regarding measurements
of platinum complex JM-216.% It enabled the assignment
of the structure cfs, trans,cis-[PtClz{CH;CO0)2(CpH,y5-
NHz){NH3)| to 1.

The structure is formed by octahedral molecules, as
expected, with a water molecule putside the coordination
sphere of Pt. In the crystal structure, the molecules are
arranged in layers with no apparent bonding between
them. However, within one layer the molecules are
bonded by a system of both intra- and intermolecular
hydrogen bonds via NH; and H;O hydrogens. The
structure of 1 can be compared with (0C-6—43)-bis-
(acetato)ammine-dichloro(cyclohexylamine)platinum-
(IV) (JM-216)," both having the same coordination
sphere around Pt atom. While the Pt—ligand distances
for both compounds are the same within 3o, there are
some differences in corresponding interatomic angles.
Generally, the angles in the coordination sphere of JM-
216 tend to be more even, B6.7—94.3" and 174.7—178.3"
as compared with 1, 81.5—95.2" and 172.1-178.0°. The
maost apparent difference is in a mutual orlentation of
the acetato groups. In JM-216, the angle between the
best planes through both acetato groups is 76.2° while
in 1 these groups are almost eclipsed, the angle being
9.97. The ammonia nitrogen Is thus almost equidistant
from both carbonyl axygens which lead to much stronger
intramolecular H-bonds between ammonia hydrogens
and carbonyl oxygens in our structure. Corresponding
donor—acceptor distances are 2.65(1) and 2.79(1) A as
compared with those in JM-216, 2.78(3) and 2.84(3) A,
respectively.

Biological Activities. Platinum complexes are known
to react readily with sulfur ligands; hence, elevated
cellular glutathione (GSH) may reduce the cytotoxicities
of platinum drugs. However, the evidence for the
involvement of GS5H- and GSH-dependent enzymes in
platinum drug resistance still remains equivocal. The
role of GSH in modulating Pt(IV) drug cytotoxicity has
not been investigated extensively.’

We have found 1 much more reactive toward glu-
tathione than cisplatin. Velocity constants for pseudo-
first order are in Supporting Information. This high
reactivity is unique for 1 and was not found within the
set of tested platinum(Il) and (IV) drugs (e.g. oxaliplatin,
JM-216, 2) (unpublished results). The reason for this
high reactivity is not clear at present, but we speculate
that structure of water molecules surrounding the bulky
hydrophobic symmetrical adamantylamine ligand can
affect the reaction with glutathione and other thiols.

Antitumor Evaluation. We tested cytotoxicity of the
new platinum complex 1 on a panel of cisplatin resistant
cancer cell lines to find boundaries of cisplatin cross-
resistance. Results and used cell lines are summarized

Erief Articles

Table 1. Cytotoxicity of Pt Complexes agalnst
Cisplatin-Resistant Tumor Cell Lines (24 h continual exposure)

1Cs0 (uM)

cancer cell line cisplatin 1
chronic myelogenous lenkaeamda K562 >80 3
chronlc myelogenous leukaemia KG-1 48 2
arute myelogenous leukasmia ML-2 >80 1
mause mellanoma BIG =80 G
colon cancer HT-Z9N =80 12
colon cancer HT20 50 B
colon cancer HCTT16 =80 a
lung rarcinoma A427 63 i}
breast carcinoma HEL 10D 63 G
breast carcinoma MCF-T Tl B
lung carcinoma CORLZ3CTR =80 25
ovarian carcinoma AZTE0 4 4
ovarian carcinoma A2780kls 40 3
ovarian carcinoma AZTEQcis90 =80 T

in the Table 1. The cytotoxic effect of 1 is rapid and
strong in comparison with cisplatin. Only lung large cell
carcinoma cell ine CORL23/CTR, which is cisplatin-
resistant and slow-growing, demonstrated relatively a
higher degree of resistance toward 1, even if lower than
toward cisplatin. High cytotoxic effect against leu-
kaemic, melanoma, and colorectal cancer cell lines is
promising for the perspective application in therapy of
corresponding tumors.

Ovarian epithelial cancer cell line AZ780 1s a well
described model for studies of the cisplatin resistance.
The resistant sublines, prepared by gradual treatment
with cisplatin, are available, and some mechanisms of
resistance are described. 1 has proven also very low
cross-resistance with cisplatin in both A2780/cis and
A2TB0/cis90 sublines. In the case of A2TB0Vcis90 subline
we have seen some increase in ICso from 4 M to 7 uM,
but this is not a dramatic change when compared to
cisplatin, where a 13-fold increase of ICzp was observed
(Table 1). There was no cisplatin cross-resistance with
intermediate resistant A2780/cis. Interestingly, we have
found substantial cross-resistance on the A2780 and
A2T80Vcis90 pair of cell lnes for JM-216 platinumi(IV)
complex {unpublished result) and cross-resistance was
published also for another new generation platinum-
(IT) complex ZD0473 [{5FP-4-3)-amminedichloro(2-me-
thylpyridine)platinum(II)] (Phase IT 2002) on the AZ780
and AZ7B0/cis pair$

We have also compared the effect of various exposure
times on ICg, because various protocols are used by
researchers for estimating ICsp. Longer exposure time
(72 or 96 h) is giving lower ICs, but this value is
inevitably affected by exhaustion of nutrients and
growth factors from the medium. Short exposure time
(24 h) can underestimate the cytostatic effect in slow-
growing cell lines or cell lines with longer period
required for induction of the executive phase of apop-
tosis. The sensitive A2780 cell line exerted a sudden
drop of ICs for both tested drugs after 48 h incubation,
and prolongation of incubation time to 72 h did not affect
IC:zn significantly. It might be linked with reaching
confluency after 48 h of incubation. In comparisen with
AZTB0 cells the AZ780/cis cells were slower growing and
no sudden decrease in ICs was observed. Cytostatic
effect of LA-12 on the A2780/cis cell line was increasing
during exposure time but remained in the same order
of magnitude.
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Conclusions

In summary, the synthesis of new platinum(IV) drug
1 [{OC-6—43)-bis(acetato)(1-adamantylamine)ammine-
dichloroplatinum(IV)] with bulky hydrophobic ligand
was developed. This new drug demonstrated high cy-
totoxic effect in cisplatin-resistant cancer cell lines and
no cross-resistance with cisplatin was seen. Studies on
physical—chemical features of 1 and their relations to
high cytotoxicity toward cancer cell lines are central to
our further investigations of platinum complexes with
bulky hydrophobic ligands. Experiments are running to
find cellular target and pathways leading the cancer
cells to apoptosis after the exposure to this drug.

Experimental Section
5 is of Platinum lexes. Synthesis of (OC-
)-Bis{acetato) (1-adamantylamine)amminedichlo-
roplatinum(IV) (I). The Cossa’s salt was prepared from
cisplatin by method described by Oksannen.”?

The solution (8.72 g 5765 mmol) of 1-adamantylamine in
B0 mL of ethanol was added under stirring to the filtered
solution (2000 g ie., 54.56 mmol) of Cossa’s salt. All operations
with free amine were performed in inert atmosphere (pre-
dominantly nitrogeneous). After 5 h of stirring at 50 °C and
cooling of the reaction mixture to laboratory temperature, the
insoluble fraction was separated, washed with ethanol, an
dried. The filter cake was mixed with 200 mL of dimethylfor-
maminde (DMF) and then filtered. The crude product was
precipitated from a yellow-orange filtrate with 760 mlL of 0.5
M HCL, separated, and washed with diluted HC1 of the above
concentration and ethanol. After air-drying, the crude product
was precipitated from the mentioned system DMF/D.5 M HCI
as described above. The yield following drying in a vacuum
dryer was 15.0 g (B3, 3%} of (5P-4-3}—(l-adamantylamine)-
amminedichloroplatinum (11} (2). Anal. {CioHzClMNzPt). Then
14.0 g {3224 mmol) of 2 was resuspended in 54.5 mL of water,
and 40 mL of 30% H:0: was added within 50 min. The system
was maintained at a reaction temperature of 80 °C for another
50 min. After cooling to laboratory temperature, the crude
product was separated, washed with water, and dried in a
vacuum-dryer. This procedure was followed by extraction of
impurities to DMF, separation of the solid fraction, and
washing of the filter cake with DMF and acetone. After being
dried in a vacoum dryer, 12.0 g (T95%) of (OC6—43)—(1-
adamantylamine)amminedichlorodihydroxoplatinum(IV)  (3)
(anal. (CgHzCLNAD:Pt)) was obtained. Then 108 g (23.06
mmaol) of 3 was resuspended in 85 ml of acetic anhydride at
laboratory temperature. The reaction mixture was stirred at
dark for 48 h, and then the solid fraction was separated and
washed with acetic anhydride and diethyl ether. After being
dried in a vacuum drver until a constant weight, 9.7 g (76.1%)
of crude product 1 was obtained with 98.5% purity according

Joumnal of Medicinal Chemistry, 2004, Vol. 47, No. 3 763

to HPLC. Purification consisted of the product extraction with
methanol followed by recrystallization. [t was performed by
precipitation from an acetone—ether system with a yield 80%.
Anal. (CHxCLMN;O,Pt) C, H, N, CL IR (v, cm ") 3450 (br),
3300 fw), 3175 {m). 3095 (m, br), 2000 is), 2850 (w), 1660 (s),
1600 (s}, 1370 {m), 1306 (s), 1280 (s). TOT (m). 'H NMR (Me0D)
& 2,05 (s, CHa, 6H), 2.04=2.03 {br, CHz, 6H), 1.74-1.67 (m,
CHg, 6H), 2.08 (br, CH, 3H); C NMR (Me0OD) & 182.91 (C—
), 23.42 (CH5). 59.10 {CNH_), 42.07 {CH,), 36.94 (CH;), 31.13
[CH).
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New platinum(lV) complex with adamantylamine ligand as a
promising anti-cancer drug: comparison of in vitro cytotoxic
potential towards A2780/cisR cisplatin-resistant cell line
within homologous series of platinum(lV) complexes

Jaroslav Turanek®, Andrea Kadna® Dana Zaluska™®, Jiei Neéa® Veronika
Kvardova®, Pavlina Knétigova®, Viktor Horvath®, Lenka Sindlerova®, Alois
Kozubik®, Petr Sova®, Ales Kroutil®, Frantisek Zak® and Adolf Mistr®

The aim of this study was to compare anti-tumor potency of
platinumiIV) complexes with increasing hydrophobicity of
their ligands. Cytotoxic potential of the new platinum(IV)
complex, coded as LA-12 [{OC-6-4 3rbis(acetatol 1-ada-
man tylamine}ammine dichloroplatinumi{IV)], was compared
within the series of complexes of the general formula (OC-
6-43)-bislacetato Malkylamine)amminedichloroplatinu-
milV). Alkylamine ligands with increasing hydrophobicity
were: isopropylamine, cyclohexylamine, 1-adamantylamine
and 3,5-dimethyl1-adamantylamine. Particular platinu-
milV) complexes were coded as LA, LA-2 (known as JM-
216), LA-12 and LA-15, respectively. Cylotoxicity was tested
with the microplate tetrazolium (MTT) assay on the panel of
cancer cell lines and the results were verified by micro-
scopy. HPLC was used to measure hydrophobicity, stability
of complexes in various buffers and velocity constants for
their reactivity with glutathione. PlatinumiIV) complexes
with bulky hydrophobic ligands (LA-12 and LA-15) de-
monstrated about one order higher velocity constant for
pseudo-first-order reaction with glutathione in comparison
to cisplatin, LA-4 and LA-2, whose velocity constants wene
close to those measured for cisplatin and related platinu-
mill) complexes. Cytotoxicities of LA-12 and LA-1 5towards
cisplatin-resistant epithelial carcinoma A2780/cisR were

Introduction

Many different analogs of cisplatin have been svnthesized
with the hope of reducing toxic side-effects to wercome
mul tidrug resistance and to facilitate the preparation of a
suitahle formulapion for application. Abour 1000 com-
plexes have been studied in various laboratories so far, but
only 10-20% of them wmwmed out o be active against
cancer cells in preclinical smdies. A novel series of
amminefamine platinum{IV) dicarboxvlate complexes
represents the first class of complexes prepared as oral
agents. Among them, [M216 [(0C-6-43)-bis(acerato)am-
minedichloro(cvelohexylamine)platinum(IV)] has been
found to show significant antitumor aceviey via the oral
route and now € is currently in phase 11 erials [1-3].

Preclinical v oire smudies of the new  hydrophobic
platimum(IV) complex (0C-6-43)- bis{acerato){1-ada-

0858-4873 @ 2004 Lippnaott Wiliams & Wikins

superior to cisplating LA~ and LA-2 in both 24- and 72-h
continuous exposure MTT tests. Rapid induction of
apoptosis in the treated cancer cell lines and no cisplatin
cross-resistance were found for LA-1 2, which is a candi-
date for dinical testing. Anti-Cancer Drugs 15:000-000 @
2004 Lippincott Willams & Wilkins.
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mantylamineamminedichloroplatinum(IV), coded  as
LA-12, showed that the complex is very efficient against
many cancer cell lines resistant towards cisplatin [4] and
its favorable s oo toxicological profile is auspicious for
human application.

some  question on the effect of the
hydrophobic ligand on the cyotmiciey of plagnum{IV)
complexes, thewr stabihity in vanous media and reactviey

To  address

rowards biological thiols, we have prepared plagnum{IV)
complexes forming a homologous series with respect o
hydrophobiciey and bulkiness of ligands.

Materials and methods
Chemicals
C'L.tiplatin

mi[I}].

[CDDE  (SP-4-2)-diamminedichloroplatinu-

DO 10108701 cad (0001 27147 57788.05
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IM-216  [{OC-6-43)-bis(acetato)amminedichloro{cyclo-
hexvlamine jplatnum(IV}], coded in this article as LA-2.

LA-4  [{OC-6-43)-bis{acerarn Jamminedichloro{isopropy-
lamine ) platinum (V) .

LA-12 [{0C-6-43)-his{acerato}{ 1-adamantyl ami ne jammi-
nedichloroplatinum (IV}].

LA-15  [{0C-6-43)-bis(aceraro)(3,5-dimethyl-1-adaman-
rylamine jamminedichloroplatinum IV} ].

The platinum{IV) complexes were synthesized and
kindly donated by PLIVA-Lachema (Brno, Czech Repub-
lic). The strucrural formulae are shown in Figure 1.

MTT-based cytotoxicity test

We used the microplate tetrazolium (MTT) assay [5.6]
o measure the cytotoxicity of the tested drugs in cells in
exponential groweh phase. The cells were seeded on 96-
well flac-hotrom microplates ar densities of 2.5-3.0 % 10
ml, 100 plfwell, and let to grow for 16-24h in culture
medium (RPMI supplemented with 109 fetal calf
serum). The drugs dissolved in phosphate-buffered saline
{PBS) (toral volume 20 pl) were added to wells and the
cyveotoxic effect was evaluated after 24 and 72h of
exposure o the concentration range 0.3-160 pM.

MTT (Sigma, Czech Republic) was dissolved in PBS at a
concentration of Smgml and sterilized by filtration.

MTT solution was added into all wells of 96-well flar-
botrom microplates with cells ata dose of 20 plfwell. The
plates were incubated at 37°C and 5% CO; for 3h To
enhance the dissolution of dark-purple cryseals of
formazan, 110 pl of 109 SDS in PBS (final pH 5.5) was
added o all wells. The microtiter plates were stored ina
highe-nght box at room temperature and evaluated the
next dav using the micro-plate reader IEMS {Labsystem,
Finland) at 540 nm. All experiments were performed in
triplicates.

Cancer cell lines

Cancer cell lines having 1Csy = 40 pM (for cisplatin, 24 h
continual exposure) were selected from the panel of
cancer cell lines tested in our laboratory and were used
for the study of cross-resistance. Highly resistane AZ780/
cis®0 ([Cg~90pM for cisplating 24h exposure) was
established from AZ2780/cis (1Csq~40pM for cisplatin)
during 15 months by cultvavon in medium  wicth
increasing  concentrations  of  cisplatin (1-12 pM).
HBL100, MCF-7 (breast carcinoma and adenocarcing-
ma), HT-29, HT-29M and HCT-116 {colon carcinoma and
adenocarcinoma)  were obrained from the Masaryk
Memorial Instrute of Oncology (Beno). K-562 {chronic
mvelogenous  leukemia), KG-1 (chronic mvelogenous
leukemia), ML-2 (acute myelogenous leukemia) and
B16 (mouse melanoma) were obtained from the Instimute
of Hemarology and Blood Transfusion, Prague. A427,
CORLZICTR  (cisplatin resistant)  (lung large cell

Fig. 1
OCOCH,
OCOCH, | i
HEN\ -Gl H?N/| “gl
HN | o OCOCH,
H:,NH\PI_,,CI 4( OCOCH,
o Ty
HaN C
cisplatin 300,04 g/msl LA 462,21 gimol LA-2 50228 g/mol
OCOCH,
DOOCH, HaN_ | .cl
HN_ | ol HaN |
HNT | ~a DCOCH,
OCOGH,

Structuml formulas of the ested platinum compleses.

LA-12 554,35 gimol

CHy
LA&-15 5BZ.78 g/mal
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carcinoma), A2780, AZ780/cis (ovarian carcinoma) were
purchased from ECACC

The cell lines were grown in RPMI 1640 medium
{Sigma) supplemented with 10% feral calf serum (Giboeo,
Czech Republic), 50pg/ml penicillin, 50 pg/ml strepro-
mycin, 100 pg'ml neomyein and 300 pg/ml 1-glutamine.
AZTH0 cell line and its cisplatin resistant sublines were
cultivated in RPMI 1640 medium supplemented with
insulin (40 [US100 ml of medium).

The cyrotoxiciey of LA-12 agiinst cancer cell lines was
examined by the MTT rest, and the results were
confirmed by Hoffman modulation conerase and fluor-
escent microscopy (epifluorescent inverted microscope
T200; Nikon, Japan) exposing morphological changes of
the cells treated with platinum complexes. Propidium
indide and YO-PRO-1 {Molecular Probes, Eugene, OR)
were used o distinguish dead or apoprotic cells from viral
living ones [7].

Reactivity with glutathione
Reaceiviey of platinum complexes with glutathione was
determined as a velocity constant for the pseudo-first-
order reaction at pH 7.5 (20mM sodium phosphate,
150 mM NaCl), 37 x C, 1 mM glueathione. Concentration
of platinum complex in reaction mixture was 10 pML
Samples of reaction mixture were analyzed by HPLC and
reaction was monitored in 30-min intervals for 3h.
Cisplatin was analvzed on the column Zorbax NHs,
25cm x 4.6 mm. Mobil phase: 90% methanol, 10% water;
flow rate 1 ml/min; 25°C. Chromatographic conditions for
analysis of LA-2, LA-4, LA-12 and LA-15 are described in
the following section. Reaction conditions were chosen o
approximate the @ oo conditons with respect w
reactant concentrations, pH and ions.

Hydrophobilcity of platinum complexes

Hydrophobicity of platinum complexes was estimated by
HPLC and expressed as the capacity factor & for each
complex. Chromatographic separations were run on the
column ABZ plus Supeleosil LO-18-S, 150 =« 3 mm, 5 pm
{Supeloo, Prague, Czech Republic). Mobile phase: 406
methanol in water. Flow rate: 0.5 mlmin. Temperamre:
40°C. Deection: UV 210 am. Instrument: Waters chro-
matographic system consisting of the Waters 600 gradient
pump, the Waters 717 plus autoinjector and the Waters
996 diode array detector. The system was controlled by
the programme Millennium 2010. Mobile phase: metha-
nol with water in the rato 41:59 (ww), flow rate 0.7 ml/
min, room temperature, detection at 206 nm.

Stability of platinum complexes in various media

Swability of platinum(IV) complexes LA-4, LA-2, [A-12
and LA-15 (10pM) was rested after 24 h incubation in
various media at pH 7.2, 37°C (Media: 50 mM sodium

phosphate buffer, pH 7.2, 50 mM Tris—HCI, pH 7.2, PBS,
pH 7.2). The contents of platinum(IV) complexes were
analyzed by HPLC and expressed as a percentage of the
original concen tration.

Statistics

Survival curves, [Csq and velocity constants  were
calculated by the programme GraphPad Prism, version
3.03. (GraphPad Software, San Diegp, CA).

Results

Hydrophobicity of plainum complexes
Hyvdrophobicities of platinum complexes were measured
to get a berter insight into the effect of the hydrophobic
ligand on the ability of various drugs o penetrate through
the cell membrane. Hydrophobicity of platinum com-
plexes was estimated by HPLC and expressed as the
capacity factor # for each complex. This method is
sensitive and relatively simple o allow comparson of
various ligands with respect w their contribution to the
overall hydrophobicity of varous platinum complexes
within the homologous ser. The expected hydrophobi-
cities of platinum complexes based on their serucrural
formulae are in a good agreement with the capacity factor
& caleulared from chromarographic data (Fig. 1 and Table
1).

Stability of platinum complexes in various medla

The platinum complexes lose their chloride liginds in
media containing low concentrations of chlonde w form
positively charged moncagqua and diaqua species which
migrate much faster on chromatographic reverse phase
column. The comparison within the set of plannuem(IV)
complexes showed that there were no  substanmal
differences among them with regard to stabilities in
media with both low and high chloride contents (50 mM
phosphate buffer versus PBS). Stabilities in PBS were
somewhat higher, as expected. Replacement of chloride
by water in the platinum{IV) complexes was more rapid
in Tris-HCI buffer in comparison w phosphate buffer.
Resules are summarized in Table 2.

Reactivity of platinum complexes with glutathlone

Platinum{IV} complexes LA-12 and LA-15 with bulky
hydrophobic adamaneylamine or 3,5-dimethvl-1-adaman-
rylamine ligands exerted about one order higher velocity
constant for the pseudo-firse-order reaction with glu-

Table 1 Hydrophobicity of platinum complexes expressed as
capa factor k

Platinum comgax Capadty aoior K
Cisplatn [Ty ]

LA [iEy]

LA-Z 230

LA-12 B54

LA-15 4085
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Table 2 Stability of platinum (V) complexes LA-4, LA-2, LA-12 and
LA-15 after 24 h incubation in varous media at pH 72 37°C

Table 5§ Cytotoxicity of cisplatin, LA-2 and LA-12 platinum com-
plexes against cisplatin-resistant tumeor cell lines

Mndum PlafrumilV) camplex 6 of arginal corant) Cancer odl inas 050 (pM
L4 LAZ LA12 LA1S Cingplatin LA-12 LA
Phosphata 861 883 1] 814 K582 ] a [
buffer KG1 48 2 [=]
TRIS 711 27 720 713 L2 Y i 58
PES 883 ] e84 3.3 B1e >80 ] =80
HT2aM >80 12 >80
Midia: 50 m sodium phasphate buffer, pH T2, S0mM Tris-HO, pH 7.2, PES, HTZS 50 8 70
T2 HCTI16 >80 9 =80
A427 [ ] 12
HBL100 [ ] >80
MCFT 71 a8 70
Table 3 Velocity constants for the pseudo-first-order reaction of CORLYVCTR =80 a5 58
platinum drugs with glutathione AnTa0 o & a7
: n AITB0cEd0 40 E] ag
Planum drug Valodity constant (s7') ADTROAES0 e 5 a4
Cisglatin 223 % 10°%
LA-d 200 « 10~ ICae was caloulated for 24bh axposum fma.
LA-2 256 x 107"
LA-12 A28 = 107
LA15 453 = 1074

Valodty constant for the pseudo-frstorder reacton at pH 7.5 (20mM sodium
phosphate, 150 md Malil 37°C, 1 mM giutathiona. Cancantragion of planum
oompinmms in reaction mixira was 10 ud

Table 4 Effect of pH on the velodty constants for pseudo first
order reaction of LA-12 complex with glutathione
pH
85 75
k(x107%s™") 1a7 ]

Vilodity constamt for tha psoudo-first omdor reacfon at pH 8.5 and 75 (20 mM
sadium phosphata, 150 mM Nall), 37°C, 1 mM giathione. Concentmfan of
patinum compinens in reacion micturs was 10 phd

wthione in comparison o cisplatin, LA-4 and LA-2.
Results are shown in Tible 3. The values of velocicy
constanes for cisplating LA-4 and LA-2 were very close
those ones measured for platinum (1) complexes related,
with respect to the same alkylamine ligands, w LA-2, LA-
4, LA-12 and LA-15 (results not shown). Reacuvity of
LA-12 was studied at pH 6.5 and 7.5 to get experimental
evidence on higher reactivity of =87 in comparison o —
SH function in glueathione. The obrained dara (Table 4)
supported the view that —=S7 is more efficient than -SH
with respect tw nucleophilic aresck of the central
platinum atom.

Antitumor evaluation

We rested cyrotoxicities of a new platinum complex LA-
12 on the panel of cisplatin-resistant cancer cell lines w
find the boundaries of cisplatin cross-resistance. Cyro-
static effeces of LA-12 after 24 h exposure were compared
with those of cisplatin and LA-Z, which represent drugs of
clinical relevance or drug in clinical trials, respectivels
Resules are summarized in Table 5. The cyrotomic effect
of LA-12 on cisplatin-resistant cell lines is rapid and
serong in comparison o cisplatin and LA-Z. Lung large

cells carcinoma cell line CORL23(CTR, which is cisplatin
resistant and slow growing, showed the highest degree of
resistance towards LA-12, even if lower than towards both
compared drugs. A427 (cisplatin-resistant lung large cell
carcinoma) was the only cell line sensitive to LA-2 ina
24-h exposure test. LA-12 did not demonstrate cisplatin
cross-resistance within the series of AZ780 cell sublines
{Table 5). The cisplatin-resistant AZ780 sublines repre-
sent the rypes of cisplatin-resistant cells in which several
mechanisms of resistance are well balanced; hence, we
have used these cell lines o compare the cytostatic effece
of various platinum(IV) complexes. Both short contin-
wous exposure (24 h) and long continuous exposure (72 h)
were wsed o0 compare cytosmatic effects of various
platinum{IV) complexes. Cisplatin non-resistant parent
epithelial ovaran carcinoma cell line AZ780 demonstrated
high sensitivity towards LA-12 and LA-15. Surprisingly,
LA-2 and LA-4 were not as effective as cisplatin in both
24- and 72-h exposure experments. The difference in
cyviotoxicity berween LA-2 and LA-4 became negligible
after 72 h exposure. Dose—response curves are shown in
Figure 2.

The cisplatin high-resistant cell line A2780/cis90 did not
demonserate substanual differences in sensitiviey towards
platinum(IV) complexes in comparison with the cispla-
tin-sensitive AZ780 parental cell line. A grear difference
was only seen in the sensitviry towards cisplatin. [t was
found for both the cisplatin-sensitive AZ780 parental cell
ling and the high-resistant cell line AZ2T7B0Vcis90 cell
subline, that within the series of the tested platinum(IV)
complexes the cyroroxic effect was in direct proportion to
their hydrophobiciey. In conerast o LA-12, LA-15 and
cisplatin, both LA-4 and LA-Z2 did not prevent a
substantial fracuon of AZ2780/cis90 cells from survival
after 72h exposure (Fig. 3). Resules obuined by the
MTT assay were confirmed by microscopy (results not
shown).
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Fig. 2
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Diose-response cylolascity curves for the cisplatinesensifve ovanian epithelial carcinoma A2 780 cell line treated with various platinum(lV) compleses
and cisplatin. (A) Continual exposure 10 vanous compleces for 24 h (B} LA-12 (ICsy 5.5 M), LA-15 (IG5, 2.7 pM), LA-2 (ICs, 366 pM), LA-4 (IC g,
B7.0 M) and cisplatin (s 8.7 M. (C) Continual exposure to vanous complexes for 72 R (D) LA-12 (ICg, 2.6 M), LA-1S (ICs, 1.0 pM), LA-2 (IC 54

15.6 M), LA-4 (ICg, 17.2 M) and cisplatin (ICsq 6.9 uM).
Fig. 3
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Dose-—response cyDncly curves for the cizplatin-resstant ovanan epithelial carcinoma A2T80/ciz00 cell line treated with vanious platinem (V)
complexes and cisplatin. (A} Continual exposure to vanous complexes for 24 h. (B) LA-12 (ICsy 4.7 pM), LA-15 (ICg, 4.2 pM), LA-2 (ICg, 33.0 M),

LA (ICsq 65.0 pM) and cisplatin (ICs: B83.8

M) (C) Continual exposure to varnous compleses for 72 h (D) LA-12 (1Csa 1.6 pM), LA-15 (ICsa

1.2 M), LA-2 (ICs, 19.4 uM), LA-4 (ICs, 16.3 M) and cisplatin (IGsg 184 uM).

Morphological changes of cancer cell lines after trearment
by platinum complexes were observed by fluorescent
microscopy. Well-developed morphological symproms of
apoprosis, such a forming of blebs and increased
permeability of the cell membrane w YO-PRO-1, were
seen in dying cells. Photographs of apoprone HCT-116
cells are presented in Figure 4.

Discussion
With various platinum{ll) compleses, an increase in
ligand hvdrophobicity s positively correlated with an

increase of cyrotaxic effects due w enhanced penetration
of particular platinum complexes via non-specific diffu-
sion to the cancer cells [B]. We have obtained a similar
correlation within the ser of platinum(IV) complexes for
both cisplatin-sensiove and -resistant AZ780 cancer cell
lines. However, mere correlation berween hydrophobiciey
and cyrotoxic effeces of platinum drugs is a simplification
which does not wake into account possible specific
interactions of ligands wich cellular strectures, especially
with the proteins involved in recognition and repair of
platinum—DNA adduces. The hydrophobic character and
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Momphology of HCT116 exposed to 10 pM LA-12 for 4 h. Vaiows
sages of apoplotic cells were slained by YO-PRO-1 (green amows).
Well-developed blebs and apoptotic bodies are apparent Dead cells

are gtained red by propidium iodide (secondary necrosis) (red amows).
Vital cells (white amows) are not stained and remain adherent. The cellz
in the transibon phase between apoptosis and secondary necrosis are
stained by both dyes (orange amows).

the structure of a particular ligand inevirably influences
the structure of the molecules of water solvating the
hydrophobic  platinum  complex.  Differences in the
structure of the water coat could be responsible for
different reactivities of platinum{IV) complexes with
glutathione. Approximately one order higher reactiviey of
LA-12 and LA-15 wicth glutathione, in comparison o
cisplatin, LA-Z, LA4 and other related plannum(ll)
complexes {results not shown), represents data pointing
o the relevancy of the water coat o the reactivity of
platinum complexes. The comparison of X-ray crystal-
lographic dara showed only minor differences between
LA-12 and LA-Z (JM216) with respect to the bond length
and angles [4]. However the geomery of solvated
complexes in the water environment may be different
from those seen by X-ray crvstallography.

Octahedral  platinum (V) complexes undergn  ligand
substitution reactions that are slow compared to those
of their platinum{Il} analogs and have been considered as
the compounds which are unable to react directly with
DMNA [9.10]. [t was shown thar reactivity of hydroxopla-
tnum{IV) complexes with glutathione is low in compar-
ison with chloroplatinum(IV) complexes [11]. Because
the hydrophobic ligands did not change the velocity of
the chloride substtution reaction in platinum{[V} com-
plexes, as seen from the resules on their stability afeer
24 h incubation in various media at pH 7.2, 37°C (Table
2), the differences in reactivity with glutathione were not
related to the different suability of chloroplagnum(IV)
complexes.
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The anti-tumor activiey of platnum{IV) compounds has
been suggested o require o froe reduction to the
kinetically more labile, and therefore reacuve, platinu-
mill) derivatives [17,18]. The presence of reduced
glutathione is required for the reaction of tetraplatin
with DNA & zorre. [t was postulated thae platinum(IV)
complexes are activated intracellularly by glutathione or
other intracellular reducing agenes [11,12]. On the other
hand, there s evidence that platinum(IV) species can
enter cells and reace with DNA [10]. With respect to
involvement of glutathione in activation of platinum(IV)
complexes, the role of glutathione in the resistance of
cancer cells towards cisplatin-based drugs is equivocal,
and results based on a ample correlation berween
ineracellular level of glurathione and cywmxicity are
misleading. A more significant role of glutathione is
linked with an organic anion pump, multidreg resistance
protein (MRP), which could be involved in cisplatin

resistance. High expression of MRPZ was found in the
AZTBOcisTD cell line rogether with increased levels of
glutathione, whose comjugates are the subserates for this
ATP-driven pump [9]. The ovarian epithelial carcinoma
cell line AZ780 and the cisplatin-resistant A27B0/cis%0
subline represent the types of cisplatin-resistant cells in
which several mechanism of resistance are well coordi-
mated [9]. Cisplatin-resistant A2780/cis70 cells demon-
serated enhanced efflux as compared to parent AZ780
cells [13]. In spite of that, cveoroxic effects of LA-12 and
LA-15 rowards cisplatin-resistant AZTB0/cis90 cells were
strong and rapid. [t can be explained by rapid penetration
through the cell membrane, activaton by glutathione and
interaction with DNA Rapid induction of apoprosis,
when the first morphological changes were seen after 3—
4 h of incubation {Fig. 4), implicates thar LA-12 and LA-
15 can activate pro-apoprotic pathways immediarely after
entering the cell and forming DINA adducts. Such a rapid
onset of apoptosis in treated cells can avoid the
replication bypass.

In conclusion, the phenomenon of drug resistance is very
complex and lictle information s available on how
disparate mechanisms are coordinared with each other.
Resistance to cisplatin is multfactorial and in general it
may consist of mechanisms either limiting the formation
of DNA adduces and/or increasing the tolerance of DINA
adduces. It has been shown that the wlerance to
cisplatin-induced damage of DNA was the fundamental
mechanism which caused increased cisplatin resistance in
some ovarian carcinoma cell lines. Resistance rwowards
cisplatin displaved by the cisplatin-resistant AZ780 cell
subline could not be solely explained by enhanced repair
of the lesions, but was more likely related o some
15 of damage tolerance [14-16]. Both signaling
and executive mechanisms of apoprosis can be sup-

e ha nis

pressed in cisplatin-resistant cancer cells o induce the
tolerance towards DINA damage. LA-12 proved to be very
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cytoraxic in the 24-h MTT rest against various cancer
cells representing different types of cancer and employ-
ing different mechanisms of cisplatin-resistance towards
cisplatin (Table 5). The strong cyrotoxic effect is relevant
o the presence of bulky hvdrophobic ligands in the
platinum(IV) complex. Further studies on the mechanism
of cytotoxic effeces of LA-12 are focused on its interaction
with DNA, the DNA repair system and apoprotic
pathways. Highly cyooroic effects aguinst leukemic,
melanoma and colorectal cancer cell lines s promising
for the prospective application of the therapy of the
corresponding tumors.
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Abstract

[{EHC-6-43 )-bis(acetato ¥ 1-adamanty lamine Jamminedichloroplatimum (V) ], coded as LA-12, is an octabedml platnum{IV) complex
contamning a bulky hydmophobic ligand — adamantylamine. The use of bulky hydrophobic amines as non-leaving ligands, may increase
uptake af the compound by the cancer cells. Therefore, the effects of LA-12 on sensitive (AZ780) and cisplatin resistant {A2780cis)
ovarian cancer cell lines were investigated and compared to those of cisplatin, 1Ce and 1Ceg concentrations of LA-12 wens 6- (A2780) or
18-fold (A2780cis) lower than thase for cisplatin (MTT assay). Equitoxic concentrations (ICs, or 1Cqq) of hoth compounds caused a
significant and similar tme- and dose-dependent inhibition of cell proliferation and an increase in the number of floating cells which
comesponded to the decrease of total cell viability. A different type and dynamics of cell cycle perturbation after cisplatin and LA-12
treatment were detected. Exposure to LA-12 resulted in transient accumul ation of A2780 and A2780cis cells in § phase, while cisplatin
camsed Gy/M armest in sensitive and 5 phase arestin resistant cells. A relatively low rate of apoptosis after exposure to 1Cs, or [Ce, of bath
complexes was observed, markedly higher in resistant A2780cis cells. Western blot analysis indicated a concentration-dependent pS3
level increase in both lines (higher after cisplatin treatment). PARP cleavage was observed only in A2T8(cis cells. In conclusion, LA-12
wis found to be significantly more efficient than cisplatin, and it was able to overcome the scquired cisplatin msistance (showing
resistance factor 2.84-fold lower than those for cisplatin). In spite of the low rate of apoptosis, LA-12 caused increase of p53 level and cell
cycle perturhations in the ovarian cancer cell lines studied.

i@ 2004 Elsevier Inc. All nghts reserved.
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1. Introduction

Cisplatin [cis-diamminedichloroplatinum(II}] (Fig. 1) is
currently one of the three most widely utilized antitumour
drugs, with high efficiency in eating testicular and ovar-
ian cancers [1,2]. Despite its strong antitumour activity,
cisplatin therapy can lead to a number of side effects such
as nephrotoxicity, neurotoxicity, and emesis. The toxicity
of cisplatin limits the dose that can be given to patients.
These facts together with the aim to find platinum-based
derivatives with higher antimmour activity and overcom-
ing resistance of many tumour types have led many
investigators to attempt the synthesis and characterization
of new platinum (Pt} analogues. Since the early studies by
Rosenberg et al. [3] it has been known that PilV) com-
plexes can display antitumour properties.

PH(1V) compounds which contain lipophilic non-leaving
ligands have generally greater lipophilicity than currently
used Pu(ll) derivatives [4] which could enable them to
overcome cisplatin resistance caused by a decreased Pt
accumulation in target cancer cells [5.6]. The lack of cross-
resistance with cisplatin reported for some PUIV) com-
pounds and the clinical development of the first orally
active platinum derivative-IM216 [7.8] have helped to
increase the interest in this type of platinum compounds.
FiilV) complexes are much more inert to ligand substit-
tion reactions than their Pl counterparts [9], and offer
some pharmacological advantages in comparison with
cisplatin [10.11].

(CHC-6-43 )-bis(acetato) 1-adamant ylamine jamminedi-
chloroplatinuwm( IV ), coded as LA-12(Fig. 1), represents an
octahedral platinum(lV) complex, containing a bulky non-
leaving hydrophobic ligand-adamantylamine. LA-12 was
synthesized by the method described previously [12]. The
presence of cyclic amines reduces the toxicity of platinum
compounds. especially for large rings like cyclopentyla-
ming [13].

With this background Zik et al. [12] designed and
synthesized a series of platinam(1V) complexes with
amino derivatives of adamantane as one of its six ligands.
According to the evaluation of in vitro antitumour activity
of adamantylamine Pr(IV) complexes. LA-12 displayed

Tcm:H,

HM_| €l
HEN/|“C|

N A OGOGH,
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NH; G

clsplatin LA-12

Fig. 1. Chemical struciures of clspltn [cis-dismminedichloroplatinu-
milI)] and LA-12 [{((AC6-43)-bsfacetin) 1- adamanty|lamine ) ammine d-
chloroplatinum{TW)).
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the highest biological effect from the panel of PtIV)
evaluated complexes with the general formula (OC-6-
43 -hisiacetato) (alkylamine jammine dichl oroplatinum(1'V)
on the model of ovarian cancer cell lines, parent cisplatin
sensitive AZTH0, and AZT780cis (with acquired cisplatin
resistance). In addition, LA-12 has shown a higher cyto-
toxicity than JM216 in the in vitro MTT test for mitochon -
drial activity on A2780 and A2780cis cells [4]. Therefore,
we aimed to study in more detail the cytotoxicity, cell cycle
perurbations, and the type of cell deathinduced by the LA-
12 derivative in sensitive and cisplatin resistant ovarian
cancer cell lines.

2. Materials and methods
21, Materials

Cisplatin (cis-DDP, cis-diamminedichloroplat num(11);
FW 3010.1) (Sigma-Aldrich Corp.)and LA-12 [((C-06-43)-
bis{acetato) 1-adamanty lamine)amminedichloropl atinu-
m(IV); FW 552 4] (PLIVA-Lachema as.) were dissolved
in DMSO (Sigma-Aldrich Corp.). The stock solutions of
cisplatin and LA-12 were freshly prepared before use. The
final concentration of DMSO in cell culture medium did
not exceed 0.2%.

2.2 Cell lines and culture

The AZTHO (parent cisplatin sensitive) and A27H0cis
(with acquired cisplatin resistance ) ovarian carcinoma cell
lines, obtained from the European Collection of Animal
Culure (ECAC) [14-16], were grown in RPMI 1640
medium (Sigma-Aldrich Corp.) supplemented with gen-
tamycin (50 pg/ml; Serva) and 10% heat inactivated fetal
hovine serum (PAN Biotech GmbH). The cells were
cultivated in a humidified incubator at 37 °C in a 5%
CO, astmosphere, and subcoltured twice a week with a
plating density of 1:4. The acquired resistance of A2780cis
cells was maintained by supplementing the medium with
1 pM cisplatin every second passage. For the experiments,
the cells were seeded at a density of 30,000 cellsfem”,

2.3, Cyrotoxicity assay

The cells were seeded in 96-well tissue culture plates.
After overnight incubation, the cells were treated for 72 h
with the derivatives studied. Then 10 pl of MTT (2.5 mg/
ml; Sigma-Aldrich Corp.) was added to each well and
incubated for 4 h in culture conditions. At the end of the
incubation period the medium was removed, the formazan
product was dissolved in 50 pl of 10% Triton X-100 in
0.1 M HCL, and optical densities were measured at 570 nim
using a microplate spectrophotometer reader (ASYS
Hitech GmbH). The reading values were converted to
the percentage of control (% cell survival). Cvtotoxic
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effects were expressed as 1Csy and [Cq. which were the
concentrations inducing 50% and 90% inhibition of meta-
bolic activity of the cells wreated, respectively.

24, Cell number, floating cell quantification, and
vighiliry assay

The cells were seeded in 60 mm tissue culture dishes
(30,000 celdem"'}. After overnight incubation. the cells
were treated with the calculated 1Cs; and 1C,, concentra-
tion of cisplatin or LA-12 for 24 h, 48 h, and 72 h. The
numbers of cells were determined using a Coulter
Counter™ ZM (Beckman-Coulter). The attached and float-
ing cells were counted separately, and the amount of
floating cells was expressed as the percentage of the total
cell number. Total cell viability (attached + floating) was
analysed using staining with 0.15% eosin via light
MiCroscopy.

2.5, Cell eyele analysis

At each time points, floating cells were collected and
attached cells were harvested by trypsimization (trypsin/
EDTA in PBS; PAN Biotech GmbH), total (floating + at-
tached) cells were washed twice in PBS (4 °C), fixed in
T0% ethanol, and stored at 4 °C. The PBS washed cells
were subsequently rinsed with 0.2 M phosphate-citrate
buffer at pH 7.8 according to Darzynkiewicz et al. [17]
— after pelleting the cells were stained with 200 pl staining
solution (20 pg PLiml PBS + ribonuclease A (DNA free;
5 Wml); both Sigma—Aldrich Corp.) for 30 minat 37 “Cin
the dark. The DNA content of the cells was analysed using
flow cytometry (FACSCalibur™,  Becton Dickinson,
488 nm argon laser for excitation). For each sample,
1.5 = 10% cells were acquired, and the percentages of cells
in the individual cell cycle phases were analysed using
MaodFit 2.0 software (Verity Software House). Single cells
were identified and gated by pulse-code processing of the
area and the width of the fluorescence signal. Cell debris
wis excluded by ap propriate increase of the forward scatter
threshold.

2.6, Fluorescence microscopy of apoptotic morphology
and DNA fragmentation analvsis

At each time point, the samples for apoptotic cell
quantification (nuclear morphology analysis) were har-
vested by trypsinization and collected floating and har-
vested attached cells were washed twice in PES. The total
cells, fixed in 70% ethanol, were stained with DAPI
(Sigma—Aldrich Corp.: final concentration 1 pgfml) for
30 min at room temperature in the dark. After incubation,
the cells were centrifuged, mixed with Mowiol 40-88
solution (for mounting of the cells under coverslips)
(Sigma—Aldrich Corp.) with DABCO as an anti-bleaching
treatment of the DAPI-stained cells (0.6%, Sigma-Aldrich

Corp.) and mounted under coverslips. The incidence of
apoptotic bodies was evaluated by fluorescence micro-
scopy (Olympus 1X-70; Olympus). The apoptotic index
was counted from at least 200 cells.

Subsequently, DNA fragmentation analysis was per-
formed. At 72h time point, 2 x 10% cells treated with
cisplatin or LA-12 with ICs, and 1Cs, concentrations were
washed twice with PBS (4 °C) and subsequently DNA
isolation was performed using the Invisorb Apoptosis
Detection Kit I (Invitek: Invitek GmbH). Gel electrophor-
esis was performed in 1.5% agarose (Sigma—Aldrich
Corp.). using 1 kbp DNA ladder as a marker (MBI Fer-
mentas). DNA was stained with SYB R Green I (Molecular
Probes, Inc.) and scanned by Storm (Molecular Dynamics,
Amersham Biosciences).

2.7, Westem blor analysis

At each time point, the treated cells were harvested,
washed twice in cold PBS and lysed in lysis buffer
(100 mM Tris-HCL pH 7.4; 1% SDS; 10% glycerol and
protease inhibitor cocktail (P2714, Sigma-Aldrich Corp.))
for 10 min on ice. The cell lysates were sonicated (Soni-
fier® B-12, Branson Ultrasonics Corp.) and centrifuged.
The protein concentration of the samples was determined
using a detergent-compatible protein assay (Bio-Rad
Laboratories, Inc.). The samples were diluted to the same
concentration and equal amounts (20 pg proteins) with
0.01% bromphenol blue and 1% 2-mercaptoethanol were
separated on 7.5% SDS-polyacrylamide gel, and blotted
onto a PYDF membrane (Millipore Corp.) in a transfer
buffer containing 192 mM glycine, 25 mM Tris, and 10%
methanol. The membranes were blocked overnight in TES
(20mM Tris—HCl, pH 7.6: 150 mM NaCl) containing
0.05% Tween 20 and 5% non-fat milk at 4 °C. Then the
blots were washed with TBS-Tween and incubated with
rabbit polyclonal anti-PARP (#sc-7150, 1:1000, Santa
Cruz) or mouse monoclonal anti-p53 (DO-1, 1:2000:
[18]) primary antibodies for 2h at room temperature.
The membranes were incubated with secondary anti-
mouse lglG (#NAY31, 1:3000) and anti-rabbit IgG
(#NAG3E, 1:6000; both Amersham Biosciences) antibo-
dies conjugated with horseradish peroxidase for 1 h after
washing in TBS-Tween. Detection of the antibody reac-
tivity was performed with an enhanced chemilumines-
cence detection kit ECL+ (Amersham Biosciences) and
visualized on X-ray films (AGFA-Gevaert N.V.). Equal
sample loading was verified by immunodetection of B-
actin (A5441, 1:10,000, Sigma-Aldrich Corp.) or staining
of PYDF membrane with 0.1% amido black (in 1:3:6 (viv/
v) of acetic acid, methanol and water) for non-specific
visualization of proteins. Quantification of visualized
bands was performed by densitometry using AIDA soft-
ware (Advanced Image Data Analyzer; Rayiest) allowing
assessment of increases in the expression of protein levels
compared with untreated controls.
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2.8 Statistical analysis

All the data are expressad as the means + 5.D. of at least
three independent experiments. With all statistical ana-
lyses, the associated probability (p walue) of <5% was
considered as significant. Comparisons between the groups
were calculated using One-way Analysis of Variance
followed by the Tukey range test (*, #). If the variances
were non-homogenous, Mann—Whitmey [-test analysis
was used (= ). All statistical analyses were calculated by
the software Statistica for Windows, ¥. 6.1 (StatSoft, Inc.).
The dose—response curves were analysed by the software
SigmaPlot™, V. 8.0 (SPSS International B.V.).
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3. Results
3. Cyeoroxicity af the drugs

Exposure to the compounds in a concentration range
between 0.3 pM and 256 pM resulted in a dose-dependent
inhibition of cell survival in both A2780 and A2T80cis cell
lines (Fig. 2). After 72 h treatment, 1, and 10y, valnes of
LA-12 were 6.09-fold and 6.17-fold lower, respectively, in
A2T80 cells, and 17.31-fold and 18.14-fold lower, respac-
tively, in A2780cis cells, than those of cisplatin. Displayed
effects were also characterized by the value of resistance
factor which is defined as the ratio of 1Cs, concentration

AZ780cS

60D O h m42h  @TEh
500

400

Fig. 3. Effecss of equitoxic concentratims of clsplatin or LA- 12 on cell growih. The A27T80 or A27T8els cells were unirested {eonirol ) or sustained treated with
IC, and Iy concenrations of csplatinor LA-12 and harvested at 24 h, 48 h, and 72 h. The cells collected were measuned for the number of anac hed cells per
aurface ares of culure dish {em®), The reaulis are expressed 2 mean + standard deviations (S.10.) of at least firee independent experiments. The symbaols (*),
() denote dgnificant difference (p < 0.03) from unireated control; (#) denote significant difference (p < 0U05) between equitmic cisplatin and LA-12 effects.
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values of the derivative in resistant A2780cis cells to
sensitive parent A2780cells. Cisplatin showed a resistance
factor 18,08 while resistance factor of LA-12 was 6.36. It
means that LA-12 overcomes cisplatin resistance in
A2TR0cis cells showing a resistance factor 2.84-fold lower
than those for cisplatin.

3.20 Determination of cellular growth and viability

In order to confirm the higher effectivensss of LA-12
found by MTT metabolic assay, the effects of equitoxic
concentrations (1Csq and 1Cq) of both compounds on the
total cell number, percentage of floating cells and viability
were imvestigated.

As shown in Fig. 3, 1C g, and ICy) concentrations of LA-
12 and cisplatin caused a similarly time- and concentra-
tion-dependent decrease in the number of attached cells per
em” significantly different from the untreated control at all
the time points studied in A2780 and A2780cis cells.

@) AZ780

O2ah Bd4ah
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Parallely, a significant increase in the percentage of float-
ing A2780 and A2780cis cells was detected in all smdied
groups (Fig. 4a). After 72 h, in cisplatin resistant A2780cis
cells the effect of 1Cy, of LA-12 on both parameters was
even significantly greater than that of cisplatin. The total
cell number (adherent and floating cells together) was also
significantly decreased after drug treatment without sig-
nificant differences between equitoxic concentrations of
cisplatin and LA-12 (data not shown).

These results corresponded with the time- and concen-
tration-dependent decrease in cell viability compared with
untreated control cells (Fig. 4b), in which no significant
differences in cisplatin versus LA-12 effects were
recorded, either.

3.3 Cell eyele perturbations

Ananalysis of cell eycle perturbations was performed in
A2780 and A2T780cis cells exposed to 1Cs, concentrations

AS780cis
X
100 O4h  D4sh mTEh ¢
590
E]
gso
S
*

24 h 4 h W72h =

0

Fig. 4. Effecisof equitoxe concentrations of cisplatinor LA-12 on the percentage of floating eells and viability. The ATTR0 and A2 TRieis cells we re unireated
foontrod ) o sustained treated with 1, and 10, concentratons of claplatin or LA-12 and harvesed ot 24 h, 48 h and 72 h. The percentage of floating cells in
relation io the total number of cells per dish was delermined (a). Visbility was messured in the total amount collecied { Boating + sttached) of cells by eosin
staining (b). The resulis are expressed asmean + tandand deviations (S 1) of at least three independent experimenis. The symibols (*], () denode significan
difference (p < (U05) from untreated control; (#) denoie significant difference (p < 0L0S) beween equitoxic csplatin and LA-12 concentrations.
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of cisplatin or LA-12 at 24 h, 48 h, and 72 h of drug
exposure. The results of the cell cycle distribution for
one representative experiment are shown in Fig. 5. Com-
parison of the cisplatin versus LA-12 effects in sensitive
A2T80 cells showed several significant differences. At the
24 htime point, cisplatin caused transient accumulation of
cells in the GuM-phase of the cell cvcle while LA-12
induced accumulation of cells in the S-phase fraction. At
the other time points, there were no significant differences
compared to controls. On the other hand. resistant
A2780cis cells were arrested in the S-phase of the cell
cycle after reatment with both cisplatin and LA-12 at the
24 h time interval, cisplatin being more effective (Fig. 5).
This block was shifted to G2M-phase in later time inter-
vals.

3.4 Nuclear morphology

A concentration- and time- dependent increase in the
percentage of A2780 and A278(0kis cells with apoptotic
morphology in comparison to the untreated control cells
was observed (Fig. 6). While for cisplatin treated cells the
significance of the increase was proved already after 48 h,
LA-12 did not significantly increase apoptosis until 72 h.
That is why cisplatin showed a significantly higher rate of
apoptosis in comparison with LA-12 in the 48 h interval.
However, this difference was balanced out after 72 h.
CGenerally, the percentage of apoptotic sensitive A2780
cells was low (about 5—8% maximum) after reatment with
bothdrugs, and itwas ahout two to four times higher (about
15-200%) in resistant A2780cis cells.

3.5, Analysis of DNA fragmentation

In order to investigate whether nuclear fragmentation
observed after the reatment of cells was associated with
DNA fragmentation typical of apoptosis, the agarose gel
electrophoresis of extracted genomic DNA from both
control and drug-treated cells (72h sustained treatment
with 1C 55 or 1Cy, concentrations) was performed (Fig. 7).
DNA in A2780 and A2780cis cells appeared as a band of
high molecular size corresponding to genomic DNA.
However, no typical 180-base pair integer oligonucleo-
some “DNA ladder” that would be indicative of intranu-
cleosomal cleavage was detected in any samples. DNA
appeared unspecifically degraded as a smudge in both
A2780 and A2780cis cells after the 72 h reatment with
cisplatin or LA-12,

3.6. PARFP and p33 expression

In order to compare the path way leading to the induction
of A2780 and A2780cis cell death in response to DNA
damage cansed by cisplatinor LA- 12, the expression of the
wmour suppressor p33 and poly-ADP ribose polymerase
(PARF) cleavage was examined by Western blotting,
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In AZ780 cells, only the full-length PARP (113 kDa)
was observed in all tested groups and time points of drug
exposure (Fig. 84 left panel). In contrast. in A2780cis cells
(Fig. #a, right panel) the same treatments were associated
with time- and concentration-dependent cleavage of full-
length PARP. While the cisplatin effect of 105, was appar-
ent already after 24 h, after LA-12 (1Cs) treatment the
PARP fragment (8% kDa) was not apparent until 48 h. At
the 72h time point, PARP fragmentation was observed
after cisplatin and LA-12 treatment with both ICsq and 1Ca,
concentrations.

Fig. 8b displays the expression levels of p53 protein after
treatment of A2780 (left panel) or A2780cis cells (right
panel) with 1Csq or 10 concentrations of cisplatin or LA-
12, In comparison with the untreated control, a concentra-
tion-dependent increase in p33 levels was observed in both
cell lines studied. However, in comparison to that with L A-
12, wreatment with cisplatin caused a markedly higher
expression of p33 protein levels in both cancer cell lines.
Densitometric quantification of visualized bands of p53
level is presented in Fig. 8¢ In comparison with untreated
control significantly (p < 0.05) higher expression of p53
was detected for both derivatives in both cell lines. At the
same time significant increase of p33 expression after
cisplatin treatment in comparison with LA-12 in both cell
lines was detected. In these experiments time- and con-
centration-dependent results were proved.

4. Discussion

In the present sudy the ability of the PuIV)-complex
LA-12 to induce cytotoxicity, cell cycle perturbations, and
cell death in ovarian cancer cell lines A27TH0 (parent
cisplatin sensitive) and A2780cis (with acquired cisplatin
resistance) has been characterized and compared to the
well established anticancer drug — cisplatin. LA-12 exhib-
ited the highest antimmour activity in vitro from the panel
of evaluated platinum(Il} and (IV) complexes with ada-
mantane in the MTT test of cytotoxicity on both ovarian
cancer cell lines tested (our unpublished results). Maore-
over, LA-12 was able to overcome the acquired resistance
to cisplatin in A2780cis cells (showing a resistance factor
of 2.84-fold lower than those of cisplatin). The efficacy of
the LA-12 complex to produce similar or higher cytotoxi-
city than cisplatin in lower determined 1Cs, or 1Cs, con-
centrations was confirmed in several other parameters
including decrease in the total and attached cell numbers,
increase of the percentage of floating cells, and decrease of
cell viability. The ability to overcome the resistance was
similar to JM216 and JM221, the first PtV )}-containing
anticancer agents for oral administration that have been
evaluated in a number of intrinsic and acquired cisplatin
resistant cell lines. These compounds displayed a lack of
cross-resistance with cisplatin, particularly in those cases
where reduced platinum accumulation plaved a dominant
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Fig. 5. Effecs of 10y, concenirations of cisplatin or LA-12 on cell cycle digribution. Unireated { control) cells or cells treated for 24 b, 48 b, and 72 h wene
harvested, fived, gained with propidium jodide and ssessed for cell cycle digrdbudon by FACS analyss. One representatve tme course of A2T80 and
A2TR0cis cell excle digribuion Mstograms 3 analysed by MoedFir'™ 2.0 software is reported. The estimated percentages of ATT80 or A2780ck cell in
different phases of the eell eycle are shown. Dark grey color filing represents GOAG 1 -phase, hatched filling S -phase and light grey color filling G2M-phase of
modeled cell cyele. The resuhs ane expresed & mean + standard deviations (5.D.) of & least three independent experiments. The symbok (*), () denote
significant difference {p < 0.05) from unireated contrel; (#) denote significant difference (p < 0.05) between equitoxic cisplatin and LA-12 concentrations.
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{p < 0.05) between equitoxic ciiplatin and LA-12 concenratons.

role [ 5,6]. This suggests that the greater lipophilic nature of
FilV) compounds [4] might help to overcome the cisplatin
resistance that is primarily due to a decreased Pt accumu-
lation.

Activation of cell cycle checkpoints is a general cellular
response after exposure to cytotoxic agents. These check-
points become activated in order to enable some critical
cellular functions, such as DNA repair, to be performed
before the cell cycle may resume [19]. Previous fow
cytometric studies have indicated that cisplatin and other
platinum agents predominantly inhibit cell cycle progres-
sion at 5- andfor GyM-phase. independent of drug con-
centration in a range of (1-5) »x 1Csq [20]. Our results point
out possible reasons of differences between cisplatin and
LA-12 at the level of cell cycle regulation and cell death

induction. We detected a different type and dynamics of

cell cycle perurbation of these compounds. Moreover,
differences were observed between the response of cispla-
tin sensitive A27TH0 and resistant A2780cis cells. While
cisplatin blocked sensitive A2780 cells in the Gy/M-phase
and resistant A2780cis cells in the S-phase, LA-12 blocked
hoth types of cells in the 5-phase only. The cell cycle arrest
was found to be transient, which is a typical response to a
number of cytotoxic agents, including cisplatin [20.21].
Owr findings are consistent with other reporns describing
transient - and Gy/M-phase arrests after other platinum-
containing agents in a number of cell lines [20,22] or
slowed progression through the S-phase following cisplatin
treatment [ 23]. The differences in the extent and duration
of Ga/M arrest observed in studies with different cell lines
could depend on differences in the cellular capacity for
DMNA repair [24].

Cur previous results showed that a high concentration
(10 wh) of LA-12 can induce rapid (4h) apoptosis in
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colorectal cancer cells HCT116 [4]. However, the amount
of apoptotic ovarian cancer cells afier reatment with 1C 5,
and 1Cqy; doses of LA-12 was low and similar to cisplatin.
In general, it was markedly higher in cisplatin resistant
A2T80cis cells. No detected “DNA ladder”™ and the
appearance of smears of non-specifically degraded DNA
confirmed the induction of a low rate of apoptosis in both

Fig. 7. Agarpse gel elecirophoress of genomic DNA fsolated from
untreated control and caplatin or LA-12 treaed A2TR0 and A2TH0CS cells
for T2 h with IC g or 10 concentrations of the drugs. The exiracted DNA
wis abjected 1 gel electrophonesds. One representative experiment o of
theee is reponted. Positve conrol (HL-80 cells treated with 10 pM etopo-
side for 4 h).
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studied cell lines after exposure to both drugs. To clarify
this type of apoptotic response in more detail, cleavage of
PARP and expression of p33 protein were investigated.

PARF. a 1 13-kDa nuclear protein, has been among the
first proweins shown to be specifically cleaved during
apoptosis [25]. PARP cleavage to the 89 kDa fragment
was observed in diverse models of apoptosis [ 26-28] and it
is considered to be a sensitive parameter of apoptosis even
when only limited numbers of cells in the total population
undergo apoptosis [29]. In our experiments, time- and
concentration-dependent PARP cleavage was detected
only in cisplatin resistant A2780cis cells. Moreover, it
was detected earlier after cisplatin than after LA-12
reatment.

Owr results corresponded to the fact that although A2780
cells are the most sensitive ovarian cell line to cisplatin,
they show the lowest percentage of apoptosis (6-14%) [30]

and display low levels of DNA degradation [31]. They are
also in agreement with Henkels and Turchi [31]., who
reported different processing of apoptosis between the
sensitive AZTH0 and resistant A27H{cis cell lines in
response o cisplatin. While in A2780 cells low caspase-
3 activation and a very small increase in cytoplasmic
cytochrome ¢ was detected, in resistant A2780cis cells a
dramatic increase of both parameters was observed. More-
over, they have found evidence for an alternative apoptotic
pathway in A2Z780 cells by demonstrating increased FADD
expression in response to cisplatin treatment. This supporis
a model in which cisplatin-induced programmed cell death
in the cisplatin-sensitive AZT780 and -resistant A2780cis
cells proceeds via caspase-3 independent and -dependent
pathways, respectively. The lack of DNA fragmentation in
our experiments may also be due to the fact that apoptosis
may occur in earlier time points. Thus, after 72h, we
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observed mainly secondary necrosis (our unpublished
results from PLHoechst viable staining and evaluating
by fluorescence microscopy). Therefore, no apoptotic
DNA could be extractable with a consequence of no
intran uclensomal fragmentation with typical DNA ladder-
ing on gel

Since p53 protein is implicated in apoptosis induction
and modulation of the cell cycle, as a resalt of cellular
response to DNA damage [32], we analvsed whether the
cell cycle perturbations and induction of cell death by
cisplatin or the LA-12 complex in A2780 and A27R0cis
cells were associated with changes in the expression levels
of this protein. An accumulation of p53 in response to
cisplatin that could be connected with its prolonged half-
time [33] has been observed in a majority of tumour cells,
thus supporting the view that the wild-type p53 protein may
inhibit cell growth to allow DINA repair, and in case of
irmeparable damage. initiate apoptotic cell death [34]. Our
data showed that while the A2Z780 and A2780cis cell lines
appear to differ in their p53-dependent apoptotic response
o P-DNA adducts, transient § or Go/™ arrests in the cell
cycle displayed no apparent correlation with p53 induc-
tion. The levels of p53 expression remained elevated
during the whole interval of cisplatin or LA-12 treatment
with IC 55 as well as 1Cq concentrations in both A2780 and
A2780cis cells. Moreover, higher levels of p53 expression
were found in both cell lines after treatment with cisplatin
comparad to equitoxic concentrations of LA-12, This may
be due to the fact that cisplatin caused primarily DNA
damage and the biochemical mechanisms of its cytotoxi-
city involve the binding of the drug mainly to the DNA in
the cell nucleus and the subsequent induction of cell death.
This may occur not only via apoptosis [35] but in our
ovarian cancer cell lines A27R0 and A2780cis also via
some kind of alternative cell death as seen from results of
Henkels and Turchi [31]. They poswmlated caspase-3-
dependent and -independent pathways in cisplatin induced
apoptosis for these cells. Both ovarian cancer cell lines
(parental and resistant) treated with cisplatin or LA-12
exhibited either signs of apoptosis (DAPL staining) or
necrosis and secondary necrosis (PL/Hoechst 33342 viable
staining evaluated by fluorescence microscopy, our unpub-
lished results) as demonstrated in our experiments, in
selected time-points. On the other hand. the mechanism
of the LA-12 effect may predominantly involve the binding
of the drug also to non-DNA targets such as cytoplasmic
and nuclear proteins producing DNA-protein crosslinks
(our unpublished results). Differences in cell cycle pertur-
hations and lower expression of p533 after LA-12 versus
cisplatin treatment are very important finding s and they are
currently under investigation in our laboratory.

In summary, the PIV) adamantane complex LA-12 is
characterized by significantly higher cytotoxicity than
cisplatin in both parent cisplatin sensitive A27H0 and
cisplatin resistant A278lcis ovarian cancer cell lines and
overcomes the acquired resistance to cisplatin. We con-
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clude that apoptosis is probably not the major type of cell
death caused by LA-12 in doses around 1Csq and 1Cq in
these cell lines, even though this platinum complex
strongly increases the expression level of p33 protein.
These facts could be associated with cell cyele perturba-
tions. An impaortant finding is the different dynamics of
LA-12 effects on cell cycle and apoptosis compared to
cisplatin. Based on our results, octahedral platinum(I¥)
derivative, LA-12, was selected for further evaluation, in
which a more detailed analysis of cell cycle modulation
and cell death pathways will be realized.
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Abstract

A new hydrophobic platinum{ V) complex, LA-12, a very efficient anticancer drug lacking cross-resistance with cisplatin { CDDP), is
now being tested in clinical trials, Here we investigated the apoptogenic activity of LA-12 and its effect on gap-junctional intercelh lar
communication (GIIC) in the rat liver epithelial el line WB-F344. LA-12 induced apoptosis much more efficiently than did CDDP due
to a combination of rapid penetration mto the cell and attack on DNA, leading to fast activation of p53 and caspase-3. Exposure of WB-
F34 cells to LA-12 led to rapid induction of the tme- and dose-dependent decrease in GJIC. On the molecular level, loss of GIIC
mnduced by LA-12 was mediated by activation of extracellular signal-regulated kinase (ERK)-1 and ERK-2, s demonstrated by the
use of inhibitors of ERK activation. Inhibition of GIIC was linked to rapid hyperphosphorylation of connexin-43 and disap pearance
of connexon clusters from membranes, which was not observed in the @se of CDDP.

@ 2007 Elsevier Inc. All nghis reserved.

Kepworde Cisplating LA-12; Gap-junctional intercellular communication; Connexin-43; MEK/ERK pathway, WE-F344 cells

Cisplatin  (CDDP'}) and cisplatin-based complexes
belong to well established armament in anticancer chemo-
therapy, which has two major characteristics. Firstly,
CDDP is one of the most toxic anticancer drugs and sec-

° Comesponding author, Fax: +420 5 4121 1229,
E-mail address: turanek@vricz (1. Turdnek).

! Abbreviativns ised: CDDP (cisplating, (SP-4-2)-diamminedichloroplat-
inum{Il); cx43, connexin-43; DBalP, dibenzofa,]] pyrene; ERK, extmcel-
lular signal-regulated kimase, GJIC, gap-junctional intercellular
communication; LA-12, (0C-6-43)-bis{acetato)( | -adamant ylaminejamm-
inedichloroplatinum{IV), MTT, 344, 5-dimeth ylthiaz ol -2-y1)-2, 5-hiphenyl-
tetrazolium bromide;, PARP, polyl ADP-ribose)polymerase; PMSF,
phe nylmethylsul phonylfivonde; TPA, phorbol ester (12-O-tetradecanoyl-
phorbol 13-acetate); tranaplatin, {§F-4-1-diammined ic hloroplatinumd 0.

MN3-9R618 - see fromt matter © 2007 Elevier Inc. All rights reserved.
doi: 10 1016]j.abb. 2007.03.021

ondly, many tumours exhibit CDDP resistance, either
ab imitio (e.g., non-small-cell lung and colon cancer) or
acquired during therapy (e.g.. small-cell lung or ovarian
cancer) [1]. Many different analogues of CDDP have been
synthesised with the hope of reducing toxic side-effects and
overcoming multidrug resistance (1]

PLIVA-Lachema researchers designed and synthesised a
new hydrophobic platinum(I¥) complex [(OC-6-43)-bis
{acetato)( |-adamantylamine)amminedic hloroplatinum  (1V)]
coded as LA-12, which is more toxic to cancer cells than
CDDP and efficiently kills CDDP-resistant cancer cells
[2-4] as also documented in pre-clinical studies [3.6]
Moreover, it has been shown that LA-12, although being
superior in killing cancer cells. does not possess the high
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deleterious  side-effects associated with application of
CDDP, with the maximum tolerated dose in the mouse
as high as 1 g/kg [6] This third-generation platinum(IV)-
based anticancer drug is in the phase I clinical trial.

The role of gap-junctional intercellular communication
(GIIC) in cancer biology and drug resistance is now studied
to understand the phenomena responsible for the failure of
cancer treatment on one hand and association of inhibition
of GIIC with carcinogenesis on the other hand [7] Gap junc-
tions are formed by protein subunits known as connexins
and are found in large numbers in most tissues. These chan-
nels mediate electrical and chemical coupling between cells.
GIIC, together with other communication mechanisms,
control cell proliferation, differentiation, apoptosis, and
adaptive response to endogenous and exogenous signals.
GILC is required for completion of embryonic development,
maintenance of tissue homeostasis, and regulation of normal
cell growth [8-10]. Thus far, 20 members of the connexin
family have been described, of which connexin-43 (cx43) is
a widespread short-lived protein [11,12] Connexins are reg-
ulated by multiple mechanisms, including MAP kinase-
dependent phosphorylation [13-15] as well as lysosomal
and proteasomal degradation [16,17]

We have been interested in the molecular mechanism by
which platinum-based anticancer drugs induce cell death.
Besides the established mechanisms, evidence shows that
CDDP toxicity is also modulated by a MAP kinase path-
way, for example contributing to cytochrome c release
[18.,19]. though opposing data have been also repored
[20]. In spite of no definitive understanding the mechanism
of the link between the functional status of connexins and
regulation of apoptosis, there are emerging data suggesting
that CDDP can also affect GIIC, possibly by regulating the
MAP kinase-dependent phosphorylation of specific sites on
cx43, although the data are inconclusive [14,15].

Expression of cx43 and the functional status of GIIC
were documented in human ovarian surface epithelial cells
and ovarian carcinomas in vive and in vitre as the major
gap-junctional protein [21]. Secondary transfer of mole-
cules. e.g. glutathione, from resistant to sensitive cells
may induce the transfer of drug resistance [22]. A contribu-
tion of a bystander effect based on connexin to the overall
tumour drug resistance is not clear. Albeit, experimental
evidence was published that Ca'® is the most probable
cell-killing signal pervading through gap junctions [23.24]

We used the rat liver epithelial cell line WB-F344
expressing cx43 and wild type p33, to study the effect of
CDDP and the platinum(IV) complex LA-12 on GIIC
inhibition and apoptosis. To our knowledge, this is the first
study addressing this topic.

Materials and methods
Chemicals

Cisplatin [CDDP, (§FP-4-2)-diamminedichloroplatinumi{IT) ] and a new
platinum{I¥)  complex  LA-12,  [OC46-43)-hig acetato ) | -adamantyl-
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amine jamminedichloroplatinum{IV})], were synthesised by PLIVA-Lac-
hema, Broo, Czech Republic. Chemical structures of both platinum
complexes are presented in Fig. 1A, Fluorescent dye Lucifer Yellow and
Hoechat 33258, MTT, 12O-<tetradecanoylphorbol-13-acetate (TPA),
dibenzofal] pyrene (DBalP), were purchased from Sigma-Aldrich (Pra-
gue, Czech Republic), as were other chemicak unless indicated otherwise.
Chemical inhibitors used were: SPS00125, GF 109203x (Sigma), U126
{ Calhiochem), SE202190 and AG 1478 (Alexiz).

LA-12 and cisplatin were mixed with fecyclodextrin in molar ratio 1:3
and dissolved in DMEM and sonicated.

GC mhibition assay

WEB-F344 mt liver epithelial cells, a kind gift from Dir. James E.
Trosko [25], were cultured in DMEM supplemented with pyruvate
{110 mg/L), 10mM Hepes, and 10% fetal bovine serum. Confluent cells,
grown in 2M-well plates, were exposed to CDDP or LA-12. After the
exposure, a modified protocol of scrape-loading dye transfer assay
{SL/DT) was wed to asmess GIIC [26] The cells were washed twice
with PBS, the fluorescent dye (Lucifer Yellow, 0.05w/fv in PBS) was
added, and the cells were scraped using an adapted chisel-like surgical
steel blade. After 4 min, the celk were washed twice with PBS. The
migration of the dye from the scrape line was measured wsing an
inverted epifluorescent microscope (T 200, MNiken, Japan). Three
independent experiments were camied out in duplicates; at least
three scrapes per well were evaluated. The ratio of GIIC inhibition
related to the megtive control was evaluated and expressed in
percentage (fraction of control, %FOC). Maorphaological changes of the
confluent layer of WEB-F344 cell were assessed during the exposure to
the platimum complexes wsing & microscope equipped with the Hoffman
modulation  contrast.  Typical apoptotic morphology  (blebs  and
prolapses of cytoplasm, apoptic bodies and shrunken cell) was easily
distinguishable in WE-F344 cells treated with toxic doses of the
platinum dmgs

Cytotoxicity test

Cells were grown in DMEM supplementsd with pyruvate (110 me/L),
10 mM Hepes, and 10% fetal bovine serum. Cells wem seeded in
6-well fat-bottom microplates at the density 2 5-3 % 10* per mL, 100 pL
per well, and weme grown for 16-24h, The drugs (20 pL) were added to
the welk and the cytotoxic effect was evaliated afier 24 h of exposure
to the dmgs at 0380 pM.

The MTT assay [27,28] was wsad to measure cytotoxic effects of the
tested drugs on the WE-F344 cellk. MTT (Sigma) was dissolved in PBS at
the concentration of Smg/mL and sterilised by filtmtion, The MTT
solution was added into the welk of %-well flat-bottom microplates with
cell at the dose of 20 pl per well. The plates were incubated at 37 5C and
5% 00; for 3 h. To enhance the dissolution of the dark-purple crystak of
formazan, 110 pl of 10% SDS in PBS (final pH 5.5) were added to all
wells, The microtitre plates were stored in a light-tight box at room
temperatune and evaluated on the next day wing the microplate reader
iIEMS (Labsystem, Turku, Finland) at 540nm. All experiments were
performed in triplicates.

Immumostaining of connexin-43

The cell were cultured to confluency on glass coverdips in four-well
plates, treated with the tested compound and fived in methanaol/acetone
1:1 for 20min at —=20°C, Cells were incubated with PBS containing 3%
bovine serum albumin and 3% dried non-fat milk and 0.1% Tween for | h
and subsequently with anti-cx43 antibody (Sigma) and with FITC coupled
anti-rabhit IgG [29] The coverslips were mounted on glass slides with the
Vactashield™ Hard Set mounting medium. Tmmunoffuorescence images
wem captured wing the inverted epifluorescent micmscope T 200 equip-
ped with a digital camera (CCD-1300, Nikon, Japan) and the LUCIA
software (LIM, Czech Repuhlic).
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Fig. 1. Dose-response cytotoxicity curves and time course of morphological changes of WE-F344 monolayer after treatment with CDDP and LA-12. [ A)
Shows the structure of CDDP and LA-12. WB-F344 cells were seeded and exposed to CDDP (B) or LA-12 (C) as shown and cytotoxicity was assessed
using the MTT assay as described in Materiak and methods. WB-F344 cells were seeded and left untreated (I or were exposaed to 10 pM LA-12 for 4 h
{E) and Th (F), and their images wem then taken wing Hoffmann contrast microscopy, The insets show nuclei of the cells after staining with Hoechst
33258 and visnalisation using an epiffuorescence microscope. The IC g, values for CDDP were 35,5 pM, 26.9 pM, and 199 pM {exposure time 24 h, 48 h,
and 72 h respectively). The BCgy vahues for LA-12 were 10 pM, 2.7 pM, and 0.7 pM (exposure time 24 h, 48 h, and 72 h respectively).

Western hlotting

Cells were grown in é-well plates to the same confluency as for the SL/
DT assay, treated as required, and harvested in 120 pl. of the lysis huffer
(1 mM MNaF, | mM Ma; Vi0y | mM PMSF, 1% Triton X- 100, 10 mM Tris,
0.1% SDS). The samples were then sonicated, and the protein concen-
tration determined using the bicinchoninic acid method and the iIEMS
meader. The samples were then diluted with the reducing sample buffer to
equal protein levels and boiled for 3 min, Extraction and SDS-PAGE
separation of proteins was performed as published eadier [30].

Phosphorylation of ccdd

Protein extraction, SDS-PAGE and Westermn blotting of exd43 wem
performed according to the described methods [9] Anti-cxd3 polyclonal
Ig(i (Sigma), mcogniing the C-terminal segment of the cytoplasmic
domain corresponding to the amine acid residues 363382, was wed for
immunostaining the cxd3d protein transferred to a nitrocellulose mem-
brane. Detection was performed wsing the solution of 0.03% {wiv) diam-
inebenzidine and 0.1% HxO: in PBS. Cxd3 immunoreactive bands wemne
designated Pl (unphosphorylated conmexdin, P1, P2, and P3 { phosphory-
lated connexing) according to the nomenclature recommended by Matesic
et al. [29]. The sample extracts from the WE-F344 cell treated with 20 nM
TPA were used as a postive control for highly phosphorylated cxd3 (P2,

P3) to compare the extent of connexin phosphorylation after the treatment
of WE-F344 cells with the platinum compounds,

Activation af Erk

Cells were deprived of serum for 24 h to reduce the background levels
of ERK activity. For detection of phesphorylated Erkl and Erk2, the
PYDF membrane was incubated with an anti-phospho-Erk polyclonal
Ig( in 5% milk for 3h (New England Biolabs, Beverly, MA, USA). The
Erk protein bands wene detected using the BCL kit { Amersham Bioscience,
UK).

p33fserls), PARP, factin
Other proteins wemre detected using the following antibodies: anti-
p33serls) IgG (Cell Signalling), anti-PARF Igl (Cell Signalling) and

anti-fractin [gG (Sigma). Detection was performed using the BECL kit as
deseribed above.

Hoechst staining

WE-F344 celk were grown to confluency in a G-well plate with 2.5 ml
media per well and treated as specified, after which 125 pL of 1% Triton
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X-100 in PBS was added per well, and the celk wem left for 3 min
and Hoechst 33258 atain (Sigma) then added at the final concentration of
2 ppfml After 3 min, the cells were gyun down (200, 5 min)and observed
in an epiffuomacence microscope.

Statistics

Lucifer Yellow diffusion zomes were evaluated wsing the LUCIA
imaging analyses software. The mtio of GJIC inhibition related to the
negative control was evaluated and expressed in percentage (fraction of
contral, %FOC). The cytotoxicity cures wem constructad and the 1Csq
values calculated wing the GraphPad PRISM software {GraphPad Soft-
wame, Inz. San Diego, CA).

Results and discossion

Previous repons showed that LA-12 was much more
toxic to cancer cells than the prototypic drug CDDP
(see structures of the drugs in Fig. 1A). Fig. 1B and C
shows that this is also the case for the rat liver epithelial
cell line WB-F344, revealing higher efficacy of LA-12 by
~2 orders of magnitude. Fig. 1D-F shows Hoffmann
modulation contrast and fluorescence microscopy of con-
trol and LA-12-exposed WB-F344 cells after staining
with Hoechst 33238, revealing significant changes in the
nuclear morphology of the cells following incubating
with LA-12. High cytotoxic potential of LA-12 is also
reflected by its strong effect of the exposure time on
the [Cs values in comparison to CDDP, and by a very
sharp transition from non-toxic to toxic concentrations
of LA-12 (Fig. 1B and C). Contrary to other plati-
num({ 1) or (IV) complexes (e.g. cisplatin, oxaliplatin, car-
boplatin, and satraplatin) tested in our laboratory, rapid
initiation of apoptosis in cancer cell lines occurred at rel-
atively low levels of LA-12 [2-4].

Treatment of WB-F 344 cells with lower concentrations
of LA=12(1or 10 pM) neither disturbed the cell monolayer
nor increased the number of apoptotic cells within 4 h of
treatment. Fig. 1D-F shows Hoffmann contrast micros-
copy pictures of the monolayer of control WB-F344 cells
and cells exposed tol0 pM LA-12. The monolayer was
intact at least for 4 h. After 7h of exposure the rips sur-
rounded by high number of cells in apoptosis appeared in
the monolayer. Morphological signs of apoptosis were well
developed. Fluorescence staining with Hoechst 33258
showed significant changes in the nuclear morphology of
the cells (see inserts in Fig. 1D-F following incubation with
10 pM LA-12. After a 9 h exposure, the monolayer was
completely destroved and a high mumber of cells were in
varous stages of apoptosis (micrograph not shown).

Increased number of cells displayving morphological
changes specific for early stage of apoptosis and a number
of rips in the monolayer were seen after a 3-h exposure of
the cells to high concentrations of LA-12 (80 pM). In con-
trast to LA-12, more than 9 h were needed for high concen-
trations of CDDP (80 pM) to see the first morphological
signs of apoptosis and appearance of the first rips in the cell
monolayer (micrograph not shown).
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Since the nuclear fragmentation of WB-F344 cells
exposed to LA-12 as shown in Fig. 1F is reminiscent of
apoptotic morphology, we camied out experiments whose
aim was to confirm or rule out the apoptotic tvpe of cell
death. One general feature of apoptosis is activation of
caspases, which then cleave the so-called ‘death substrate’
in a specific manner. One of the caspases activated during
apoptosis is caspase-3, which efficiently cleaves PARP into
two specific fragments [31] As shown in Fig. 2A, LA-12
caused PARP fragmentation after 6 h of treatment, sugges-
tive of a typical apoptogenic activity. Since CDDP is
known to induce apoptosis by activation of the transcrip-
tional activity of p53 due to formation of adducts with
genomic DNA, we studied whether the superior toxicity
of LA-12 was due to faster kinetics of p33 activation, as
documented by phosphorylation of the protein on Serl3.
Fig. 2B reveals that LA-12 caused Serl3 phosphorylation
and thereby activation of p33 in WB-F344 cells as soon
as within 60 min, while CDDP exerted this effect much
later, i.e. 22 h after addition to the cells. The intensity of
p53 phosporylation was comparable to that observed with
DBalP, which was used as a positive control [32] These
results confirm the apoptotic type of cell death induced
by LA-12 and indicate that it occurs with fast kinetics,
most likely due to rapid activation of p53.

While there has been extensive research into the role of
p53 in apoptosis induction by CDDP and similar com-
pounds, little is known about the effect of these agents on
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Fig 2. LA-1? induces apoptesis and cawses p33 phosphorylation.
{A) WEB-F344 cells were exposed to 10 ph LA-12 for the time periods
indicated and inspected using Westem blotting for the cleavage of PARP.
(B} WB-Fi44 cells were treated with 10 pM LA-12, 30 pM CDDP or
100 M Dhal P for the periods shown and assessed for ps3 phosphory-
lation at Serl3 by Western blotting. The middle part of (B) shows p33
phosphorylation in celk exposed to 30 pM CDDP and the bottom part of
{B) shows p33 phosphorylation in celk exposed to 10 pM LA-12 in earlier
phases of the experiment. DBaLP was used as a positive contral.
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GIIC, although it has been shown that compounds like
CDDP may suppress intercellular communication [14,15]
We therefore studied if LA-12 affects GIIC in an estab-
lished model, the cell line WB-F344, using the Lucifer Yel-
low diffusion assay. As documented in Fig. 3, CDDP
exerted only a low effect on GIIC at concentrations of up
to 80 pM, while LA-12 showed an ~40% and almost
100%% inhibition at 10 pM at 30 min and 2 h, respectively.
Fig. 3C shows the sigmoidal curves for GJIC inhibition
by exposure of the cells to LA-12, which allowed to calcu-
late the ECsy values to be 12.3 and 6 pM for the 2- and 3-h
exposure, respectively. Transplatin, the non-cytotoxic plat-
inum complex, was used as a negative control. The 1Cs,
value for transplatin was =160 pM, and incubation of the
WB-F344 cells with transplatin (80 pM) for 24 h did not
induce any morphological changes. Moreover, transplatin
did not induce any inhibition of GIIC at the dose of
80 pM (data not shown).

O M
& R

0 il 120 180 240
Time (min}

3
u [
= 50 O 10M
2 @ Exlo M
o & 120 180 240
Time (min}
Cwo f______________1
= 1
25l i
B i
1
1
\
)
1
0 .
.01 1

0.1
log ¢ (UM}

Fig. 3. LA-12 inhibits intercellular communication. WE-F 344 cells wene
exposed to CDDP (A) and LA-12 (B) at concentrations and for times
shown and asessed for GIIC by the Lucifer Yellow diffision method as
detailed in Materiak and methods. (C) Shows the effect of different
concentrations of LA-12 on GIIC following 2- and 3-h exposure. Thene
was no effect of CDOP on inhibition of GIIC, o the graph for CDDP was
omitted. The [Cg, valies are 12 pM for 2 hoand 6 pM for 3 h of treatment.

These results indicate that the ability of LA-12 to inhibit
GIIC may reflect the high apoptogenic activity of LA-12in
contrast to CDDP. The effect of LA-12 on GJIC inhibition
is in a good correlation with the cytotoxic data shown in
Fig. 1B and C. We have also found a direct correlation
between cytotoxicity and inhibition of GIIC in the homol-
ogous series of platinum(Ll) and (IV) based drugs (unpub-
lished results), but LA-12 is unique among them with
respect to induction of rapid onset of apoptosis in various
cancer cell lines at concentrations relevant to levels found
in sera of CDDP-treated patients.

Due to the time needed for penetration of LA-12 into
the cells, interaction with DNA, formation and recognition
of DNA-platinum adducts leading to triggering irreversible
pro-apoptotic signals, LA-12 required more than 30 min to
induce significant inhibition of gap junctions in the WB-
F344 cells (Fig. 3B). The GIIC inhibition induced by LA-
12 was a relatively slow process when compared to the
effect of non-genotoxic xenobiotics, e.g. low-molecular-
weight polyevelic aromatic hydrocarbons, which inhibit
GIIC within 15-30min after exposure, or phorbol esters
such as TPA inducing inhibition of GIIC within 3 min.
This rapid onset of GIIC inhibition induced by TPA or
polyaromatic hydrocarbons is caused by direct interactions
with protein kinases and a consequent activation of intra-
cellular signal transduction pathways [29,30]).

The assay used for assessment of GIIC inhibition is
based on diffusion of the fluorescent dye Lucifer Yellow
across rows of WB-F344 cells via connexin channels con-
necting the cells. Fig. 4 documents this assay and clearly
shows that LA-12 suppressed diffusion of the dye relative
to the control. TPA, used as a positive control [33), exerted
similar inhibition on Lucifer Yellow diffusion, while the
inhibitory activity of LA-12 was overcome by the MEK1/
2 inhibitor U0126 added to cells at 20 pM and 30 min
before LA-12. That the MEK pathway, but not several
other signalling pathways, may be involved in inhibition
of GIIC in the case of LA-12 is documented in Table 1.
It indicates that within the inhibitors tested. only the
MEEK1/2 inhibitor 10126 exerted an effect. Moreover,
results in Table | suggest that the effect of the MEK 1/2
inhibitor may involve phosphorylation of an important
component of GIIC, cx43.

We then followed the fate of cx43 in WB-F344 cells
exposed to LA-12, since an earlier report revealed its ubig-
uitination and degradation following its hyperphosphory-
lation [16). Hyperphosphorylation of cx43 induced by
LA-12 or TPA effected also relocalisation of cx43 from
the membrane into the cytosol. Immunostaining of connex-
on clusters showed their rapid disappearance from cell
membrane after treatment with TPA or LA-12 (Fig. 6).
Relocalisation of cx43 was also prevented by application
of the inhibitor U0126.

We further investigated a possible link between the effect
of LA-12 on components of the MEK pathways, ERK1 and
ERK2, and on the phosphorylation status of cx43, since it
has been shown that hyperphosphorylation of cx43 via the
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B=-LA-12

Fig. 4. LA-12 inhihits GIIC communication through the MEK/ERK
pathway. WE-F 344 cells were exposed for 3 hto 10 pM LA-12 without (B)
and with 30-min pre-incubation with 20 pM UD1I26 (D). (A) Shows the
negative contmol {f-cyclodextnin exposure) and (O) the positive control
{exposure to 20 nb TPA for 30 min). Following treatment, the cells wene
siaimed with Lucifer Yellow as detailed in Materials and methods and
visualised by epiffuo rescence microscopy wsing a 100-fold magnification.

MEK pathway causes GJIIC inhibition [16,29]. Fig. 5A
shows Western blots documenting that, indeed, LA-12
caused ERK-dependent phosphorylation of ex43. Thus,
exposure of WB-F 344 cells to LA-12 resulted in phosphory-
lation of both ERK1 and ERK?2 and in hyperphosphoryla-
tion of ex43 (appearance of the band designated cx43 P2),
which was abrogated by U0126. A very similar pattern was
observed in the case of TPA that is known to activate ERK
and inhibit GIIC via cx43 hyperphosphorylation. On the
other hand, in comesponding experiments, we did not
observe any alteration of the phosphorylation status of
cx43 in the presence of CDDP, although the drug caused
activation of ERK, albeit at a later stage (Fig. 5B). A good
comelation of the data presented in Figs. 4 and 5 imply that
activation of ERK and subsequent phosporylation of cxd3
and its relocalisation form the cell membrane (Fig. 6) is
responsible for GIIC inhibition induced by LA-12.

Activation of ERK was also found to be important for
induction of apoptosis by CDDP in various cell lines [14)
and inhibition of the MEK/ER K pathway by U0126 can
protect cells against toxic effect of CDDP [15] We tested
a possible role of the ERK pathway activation in WB-
F344 cells for the toxicity of CDDP and LA-12. We found
that application of U0126 decreased apoptosis in WB-F344
cell treated with CDDP (Fig. 7) but no effect was observed
for LA-12 (data not shown). Taken together, activation of
ERK1/2 by LA-12 is connected to inhibition of GIIC but,
in contrast to CDDP, might not be essential for induction
of apoptosis.

125

A - p-ERK
S
EEEEE
- cxd3 P2

- cd3 P

—
- = -. B -2 NP

- - - + +  TPA[Z0nM)
- - + - +  UD126 (20 uM)
. ¥ + . - LA-1Z(10 pM)
B mh—- - —— - pERKI
'“'-'_ "‘__- — - pERKZ
ity e -
— — — e - CRR2
-cxdd P2
| — =cxd3 P1
e oo
= = = L + TR (20 k)
. 5 - = + UD126 (20 uM)
. + &+ R CODP (30 uM)

Fig 5. LA-12 cawses hyperphosphorylation of cxd3 via ERK activation.
WHB-Fi44 cells were exposed to 10 phd LA-12 for 2h (A) or 30 puM CDDP
for 12h (B) in the absence or presence of 20pM U226, Exposure to
20 oM TPA was wsed as a positive contral. Following treatment, the cells
were probed by Western hlotting for phosphorylated exd3, and for total
and phosphorylated ERK1/2, as detailed in Materiak and methods.

Table |

Delineation of pathways affected by LA-12

Pathway Treatment GIIC Cxdd

status phosphorylation
atatus

MEK U2 + LA-12 Functional Basal
Ul +TPA Functional Basal

PEC GFIA203 + LA-12 Inhibited Hypemhosphorylated
GFIA203 + TRA Functional Basal

EGFR Inhibited Hypemhosphorylated
AGI4TE + TPA Inhibited Hypemhosphorylated

pif SBE2021 90+ LA-12 Inhibited Hypemhosphorylated
SE2M] %0+ TPA Inhibited Hypemhosphorylated

INK SPe001 25 + LA-12 Inhibited Hypemhosphorylated
SPa001 25 +TRA Inhibited Hypemhosphorylated

WRB-Fi44 cells were exposed to 10 pM LA-12 for 2h and to 10nM TRPA
for 30min following 30-min pre-incubation with 20 phd 0126, 10 M
GF 103, 10 ph AGL4TE, 10 pM SE202190 ar 200 nhd SPH00125, and
the cxd 3 phosphorylation status was evaluated as detailed in Materials and
methods. The GIIC status has been assigned as functional or inhibited
under the conditions of the experiment as indicated by the Lucipher
Yellow method (see Materiak and methods).

The efficacy of LA-12 to induce apoptosis and inhibit
GIIC may be due to its faster accumulation in target cells,
including those resistant to CDDP, and due to very fast
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.

Fig. 6. LA-12canses internalisation of cxd43. WB-F344 cells were allowed
to each confluence, after which they were treated with the wehicle { control
cells, A), 10 nM TPA for 30 min (B)and 10 pM LA-12 for 2h alone (C)or
following a 30-min pre-incubation with 20 pM UD1I26 (D). The cells wene
then fixed and immunostained for cxd3, The images were acquired using
epifluorescence microscopy.
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Fig. 7. Inhibitory effect of L0126 on apoptosis induced by CDDP in WE-
Fi44 cells Micrographs show WE-F344 celk treated with 40 pM CDDP
for 48 h (A) or 40 pM CDDF + 20 pM UD126 (B). Pictures were obtained
wsing Hofiman modulation contrast microscopy. (C) Shows cytotoxicity
curves for WE-F34 celk treated with CDDP for 48 hwith or without pre-
treatment with 20 pM UDL26. The [Cs values are 27 pM for CDDP and
AT pM for the cells pre-treated with U126,

formation of adducts with DNA bases (unpublished
results). Rapid connection between the DNA injury signal
and pro-apoptotic pathways is probably responsible for the
strong in vitro cytotoxic effects of LA-12. Hyperphosphory-

lation of cx43 via activation of the MEK/ERK pathway
results in disappearance of connexons and inhibition of
GIIC in WB-F344 cells treated with toxic doses of LA-
12. On the other hand, treatment of cells with non-toxic
doses of LA-12 (<1 pM) did not cause any inhibition of
GIIC. These data indicate that disturbance of tissue
homeostasis due to inhibition of GIIC may be linked to
direct cytotoxic effects of platinum drugs, rather than to
an indirect effect found for some carcinogens, such as
TPA or polyaromatic tumour promoters. The possible role
of the rapid inhibition of GIIC as a feed-back signal mag-
nifying apoptotic pathway is a topic for future research in
the intriguing field of cell proliferation and apoptosis.
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2.2.2. Paclitaxel

Paclitaxel piedstavuje zavedené farmakum pro 1éCbu zejména ovaridlniho
karcinomu. Mechanismus ucinku spo¢ivd ve vazb¢ na tubulin a inhibici depolymerace
mikrotubuld, coz vede v konecném dusledku k apoptdze bunky. Molekula paclitaxelu je
pomémne objemna asymetricka lipofilni struktura a ve vodném prostiedi je malo
rozpustnd. Paclitaxel snadno krystalizuje a vytvari jehlicové krystaly a krystalové druzy.
Tyto vlastnosti jsou pro injekcni parenteralni aplikaci nevhodné a byla testovana celd fada
zpusobd, jak vyvinout vhodnou l1ékovou formu. Byly syntetizovany rozpustné derivaty ve
formé proléciv, byly testovany solubilizaéni systémy na béazi cyklodextrind,
biokompatibilnich polymerii, emulzi a, proteinovych nanocéstic, byly pfipraveny
nanokrystaly a rtizné nanokapsule. V klinické praxi je pouzivana formulace na bazi
Cremofor®, coz je olejova emulze vykazujici vSak vedlejsi toxické ucinky. Nové jsou na
trhu prepardty na bazi proteinovych albuminovych nanocéstic (Abraxane) a samoziejme

také preparaty na bazi liposomi (napf. Lipusu, registrovan v Cing).

Obr. 20 Strukturni vzorec paclitaxelu a prostorové modely molekuly paclitaxelu

V ptipadé paclitaxelu slouzi liposomy jako solubilizator (paclitaxel je zabudovén a
vlastné solubilizovan v hydrofobni ¢asti fosfolipidové membrany) a zaroveinl jako cileny

nosi¢. Zabudovani pomérné velké a nesymetrické molekuly paclitaxelu do lipidni
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membrany liposomua pfedstavuje ur€ity stéricky problém. Neni tedy divu, Ze dochazi
k naruseni struktury fosfolipidové membrany liposomii a enkapsulacni kapacita je u
klasickych liposom kolem tii molarnich procent. Dalsi zvySovani koncentrace
paclitaxelu vede k destabilizaci systému a vypadavani paclitaxelu z membrany a nésledné

tvorbé jehlicovych krystalil, coz je z hlediska intravendzni aplikace nepiijatelné.

Obr. 21 Schéma umisténi molekuly paclitaxelu ve fosfolipidové membrané.
V horni ¢asti je paclitaxel enkapsulovan v hydrofobni kapse z lysofosfocholinu. V dolni c¢asti je
fosfolipidova dvojvrstva naruSena vmezefenim paclitaxelu, vysledkem je nizkd enkapsula¢ni kapacita

klasickych liposomd.
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Zvyseni enkapsulacni kapacity pro paclitaxel je mozné zménou lipidniho slozeni
liposomalnich membran s vyuzitim lipida tvoficich ,,hydrofobni kapsy“, do kterych se
muze vméstnat molekula paclitaxelu. Takové kapsy tvoti naptiklad lysofosfolipidy nebo
cardiolipin.

Zkoumali jsme moznost piipravy stabilnich liposomi s enkapsulovanym
paclitaxelem s vyuzitim lysolipidi. V tomto piipadé jsme dosahli vice nez dvojnasobné
enkapsulacni G¢innosti v porovnani s klasickymi liposomy. Tento systém je vhodny pro
pfipravu jak pasivné, tak aktivné targetovanych liposomil. Protinddorovy ucinek byl
prokazan na mys$im modelu plicniho melanomu, kdy bylo moZzné podavat extrémné
vysoké davky paclitaxelu v liposomech, nebot’ tato formulace paclitaxelu byla netoxicka

ve srovnani s paclitaxelem solubilizovanym v Cremoforu®.
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Publikace k tématu kapitoly

Liposomes With High Encapsulation Capacity for Paclitaxel:
Preparation, Characterisation and In Vivo Anticancer Effect
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ABSTRACT: Paclitaxel (PTX) is approved for the treatment of ovarian and breast cancer. The
commereially available preparation of PTX, Cremophor EL® is associated with hypersensitivity
reactions in spite of a suitable premedication. In general, the developed liposomal PTX
formulations are troubled with low PTX encapsulation capacity (maximal cntent, 3molS)
and accompanied by PTX erystallisation. The application of “pocket-forming” lipids significantly
increased the encapsulation capacity of PTX in the liposomes up to 10 mol%. Stable rophilised
preparation of PTX (T mal%) encapsulated in the liposomes composed of S0PC/POPGMOPC
(muolar ratio, 60:20:20) doped with § mol% vitamin E had the size distribution of 180-190 nm
(PDI, 0.1) with -potential of —31 mV. Sucrose was found to be a suitable eryoprotectant at the
lipidisugar molar ratios of 1:5-1:10. This liposomal formulation did not show any evidence of
toxicity in CSTBL/G mice treated with the highest doses of PTX (100 mg'kg administered as a
single dose and 150 mg'kg as a cumulative dose applied in three equivalent doses in 48-h
intervals). A dose-dependent anticancer effect was found in both hollow fibre implants and
syngenic B16F10 melanoma mouse tumour models. & 2008 Wiley-Liss, Ine. and the American
Pharmacista Association J Pharm Sei 98:2308-2319, 2010

Keywords:  paclitaxel; liposomes; extrusion; particle size; lyophilisation; stability; melano-

ma; B16F10; hollow fibre implants; nanotechnology

INTRODUCTION

PTX iz one of the most important compounds that
emerge from a natural source. This drug is approved
for the treatment of ovarian and breast cancer and is
one of the most exciting anticancer molecules
currently available.!”? However, a suitable drug
formulation still remains a problem, because PTX
has a low therapeutic index owing to its high
lipophilic character and correspondingly low soluhi-
lity in water. The commercially available injectable

Additional Supporting Information may be found in the online
vergion of thia article.
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preparation Taxol® is a sterile solution of PTX in
Cremophor EL® (polyethoxylated castor oil) and
dehydrated alcohol Present day cancer chemother-
apy with PTX is associated with hypersensitivity
reactions in spite of a suitable premedication with
corticosteroids and anti-histamines.” Hence, the
development of an improved delivery system for
PTX isofhigh importance. Current approaches to the
improvement are focused mainly on the development
of formulations that are devoid of Cremophor EL®,
investigation of the possibility of a large-scale
preparation and questing for a longer-term stability.
These different approaches have shown some promis-
ing possibilities to replace Taxol® by a less irritable
preparation such as: (a) micelle formulations,* (b)
water-soluble prodrug preparations,® (¢) enzyme-
activatable prodrug preparations conjugated with
antibodies or albumin,®7 (d) parenteral emulsions,®
{e) microspheres,” (f) cyclodextrins' and (g) nano-
crystals.!! However, none of these alternatives has
reached the stage of replacing Taxol ® in the clinic yet.
Nonliposomal formulations of PTX based on protein-
bound particles (Abraxane™) were recently approved
by FDA. The present-day situation in PTX drug
formulations is well reviewed by Hennenfent and
Govindan. '
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Liposomes, lipid membrane wvesicles, represent
potentially versatile drug carriers for a wide range
of drugs.!® Recent advances in this area have led to
the development of some products for human
medicine, for example, amphotericin and liposomal
doxorubicin,"* and many other liposomal formula-
tions of drugs are in various stages of clinical trial.
Various liposome-based PTX formulations were
developed in order to improve the drug therapeutic
efficiency and to eliminate its negative side-effects.
Within the range of the lippsomal PTX preparates,
different approaches had been designed, which
has resulted in the preparation of conventimal
liposomes,"*'® sterically stabilized liposomes," ™" immu-
noliposomes,'*® eationic liposomes,*'2 and magneto-
liposomes.” The liposomal PTX formulations have
been successfully tested on various experimental
in vivo models. In comparizon with PTX in Cremophor
EL¥, the lippsomal PTX was shown to exhibit a lower
toxicity, higher efficiency and an increased MTD.
However, the maximal achieved encapsulation capa-
city of the conventional hposomal formulations for
PTX was only about 3 mol%. There have been reports
to suggest that the PTX encapsulation can be further
increased using lysophospholipids in the liposome
formulation. These lipids increase the membrane
hilayer fluidity and create hilayer “pockets,” in which
the hydrophobic molecules such as PTX can be
emapsu]ated_g‘ Yet, no studies have been reported
on PTX encapsulated in pocket-forming liposomes as
regards their physical-chemical stability as well as
hiological activity. In this study we investigated the
usableness of pocket-forming lipids for the prepara-
tion of stable and nontoxic PTX liposomes. This basic
lipogomal carrier could be used for the development
and construction of next generation of advanced
targeted PTX delivery system. We report improve-
ments in this approach leading to a new optimal
lipogomal PTX formulation (7mol% PTX) that is well
tolerated and efficient for the treatment of experi-
mental cancer in mouse models. Moreover, this
formulation is stable in the lyophilised form during
storage.

MATERIALS AND METHODS

Chemicals

Lipids comprising SOPC, MOPC, POPG, PEG-POFPE
and MOPG were purchased from (Avanti Polar Lipids
Alabaster, AL). Vitamin E was obtained from Sigma-
Aldrich (Prague, Czech Republic). PTX (purity of 97%,
HPLC) was purchased from Houser Chemical
Research Inc. (Boulder, CO). All the organic solvents
used (reagent or HPLC grade) were from Sigma-
Aldrich (Czech Republic).

JOURNAL OF PHARMACEUTICAL SQOENCES, VOL. 99, NO. 5, MAY 2010

Methods for the Preparation of PTX Liposomal
Formulations

The preparation of the liposomes by lyophilisation
from 2-methyl-butan-2-0l was done as described in
literature.'* Briefly, lipids, vitamin E and PTX were
solubilizsed in 2-methyl-butan-2-ol (Sigma-Aldrich,
Czech Republicl. The mixture of lipids and PTX
(12 mg/mL; the total volume of lmL) was frozen at
~80°C and lyophilised for 24h in a Lyovac GT2
instrument (Finaqua, Finland). Stepwise hydration
of the lipids in PBS was accomplished via step-by-step
addition of an aqueous phase to the lyophilisate (20-
pL additions during 20 min, total volume of 200 pL)
under continual magnetic stirring. After lipid hydra-
tion, the volume was adjusted to 1mL in total and
optional extrusion through 0.2-pm polycarbonate
filters was performed.

Liposomes containing vitamin E and PTX were
prepared by the proliposome-liposome method and by
hydration of a lipid film followed by extrusion through
0.2-pm polycarbonate filters in an analogous way to
that deseribed previously by Turdnek et al 2% The
hand operated device Mini-Extruder (Avanti Polar
Lipids Alabaster, AL) was used for the extrusion of
small wolimes of liposomes (up to 1mL). Large
volumes of the lippsomes were extruded by means
of a high pressure cell (Millipore Billerica, MA) inked
with FPLC instrument (Pharmacia, Uppsala,
Sweden).?® The liposomes were prepared of SOPC,
POPG and MOPC according to the general composi-
tion formula: meolar ratio SOPC/POPGMOPC,
80— X:X:20; where X 1= 0, 10, 20 or 30mol% (cf.
Tab. 1). The content of PTX was 7 mol%. The freezing
and thawing step was omitted in order to prepare
oligolamellar liposomes with low water content.

Table 1. Lipids Used for the Preparation of Conventional
and Sterically Stabilised Liposomal PTX Formulations

Preparate Formulation Lipid Composition
(Molar Ratio)
Conventional Liposomes S0PC POPG MOPC
1 80 [i] 20
2 0 10 20
a B0 20 20
4 50 30 20

Preparate Formulation Lipid Compaosition

(Molar Ratio)
Stereally Stabilised
Liposomes S0PC PEG-POPE MOPC
5 75 5 20

DOl 0.1 00 jps
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Cryoprotective Effect of Various Disaccharides

The extruded (0.2 pm} liposomal PTX samples were
mixed with cryoprotectants (lactose, mannitol,
sucrose and trehalose) in various molar ratios (1:1,
1:5 and 1:10) and then lyophilised for 24h. The
effectiveness of particular oligosaccharides as cryo-
protectants was evaluated on the basis of the
following parameters: the preservation of the original
size and the lack of PTX crystals after lyophilisate
reconstitution.

Analyses of the PTX Levels

Prior to the chromatographic analysis, the liposomal
PTX zamples were ultracentrifuged (Beckman-Coul-
ter Prague, Czech Republic, Avanti J-30I) at
100,000 =« g for 30min to separate the liposome
fraction from the supernatant. All samples were
Iyophilised, redizsolved in methanol and analysed by
HPLC. The encapsulation efficiency (EEppy) was
calculated according to the following equation:
EEprx (%) = ot 100 (1
M TOTAL-FTX
where myp.prx is the molar quantity of PTX that
remains liposome-associated and mrora.prx is the
total molar quantity of PTX.

The chromatography procedure was carried out
usging a Waters system (Milford, MA) composed of a
717 plus auto-injector, a 600 gradient pump and a 996
diede array detector. A Nova-Pak (C18, 150 mm in
length, 3.9mm ID, 4-pm particle size) stainless-steel
analytical column was attached. The mobile phase
consisting of acetonitrile and water (45:55, v/v) was
degassed prior to use. The separation was carried out
isocratically, the temperature was set on 35°C and the
flow rate was 1.1 mL/min. The detector wavelength
was 220 nm. Millenium 2010 programme was applied
to the data collection and integration. The determina-
tion of the PTX levels was carried out according to the
modified procedure by Song et al.®’

Liposome Size and {-Potential Determination

The size distribution and {-potential of the Hposomal
preparations were determined by DLS and micro-
electrophoresis using a Zetasizer Nano ZS (Malvern,
UK). The measurements were carried out at 25°C
with the liposomal concentration of 1 mg/mL in PBS.
The disposable cells were used for the [-potential mea-
surements. The size of the liposomes was expressed as
the distribution by volume and by number.

Transmission Electron Microscopy

Electron micrographs were made using Philips-
Morgagni transmission electron microscope (EM

DO 10.1002/=
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Philips 2088, MORGAGNI software, FEI, CZ). All
samples were negatively stained by 2% ammonium
molybdate (pH 6.8).

Paclitaxel Crystallisation

The presence of PTX crystals in various liposomal
preparations was determined by the phase contrast
microscopy using an Eclipse 600 microscope (Nikon,
Tokyo, Japan).

Cancer Cell Lines

B16F10 cancer cell lines were obtained from the
Interlab Cell Line Collection (Milano, Ftaly). The cell
lines were grown in RPMI 1640 medium (Sigma,
Prague, Czech Republic) supplemented with 10% of
foetal calf serum (Giboo, Czech Republic), 50 pg'mL
penicillin, 50 pg/mL streptomycin and 300 pgmL L-
glutamine. B16F10 cells were applied into C57BL/G
mice and the subline with a high metastatic potential
was prepared by the ex vive recultivation from the
hing metastatic focl.

Experimental Animals

CH7BL/G (20-22g) mice (female) obtained from
ANLAB Ltd. (Prague, Czech Republic) were free of
known pathogens at the time of the experiment
Standard pellet diet and water were given ad libitum.
The research was conducted according to the prinei-
ples enunciated in the Guide for the Care and Use of
Laboratory Animals issued by the Czech Society for
Laboratory Animal Science.

MTT-Based Cytotoxicity Test

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] dye conversion ass 2 was
used with some modifications™ to measure the
cytotoxicity of free PTX, “empty” liposomes and the
optimal lippsomal PTX formulation. All samples were
measured in triplicates. The results of the MTT test
were confirmed by Hoffman modulation contrast and
fluorescent microscopy (epifluorescentinverted micro-
scope T200, Nikon) looking for the morphological
changesof the cells treated with variouspreparations.

Toxicity of Liposomal PTX and “Empty” Liposomes

The potential toxic effects of “empty” liposomes were
tested on the mice C57BL/E (20-22 g, 10 per group).
These mice were used also for the B16F 10 melanoma
cancer model. A dose of 200 pL (5, 10, 20 or 40mg

JOURNAL OF PHARMACELTICAL SCIENCES, VOIL. 99, NOL 5, MAY 2000
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phospholipids per dose) was administered iv. in 15s
via a tail vein injection. The toxicity of ocur optimal
lipogomal PTX formulation was tested in the same
way. The Berlin weight gain test was used as the
method for the evaluation of the toxic effects.

The typical symptoms of toxicity inchuding motoric
disorder, respiratory problems, apathy, horrent fur,
behavioural changes, anorexia and loss of body mass
were scored for the individual mouse immediately
after the application of the drugs as well as within the
following 10 days.

Hollow Fibre Implants Mouse Model

Hollow fibre implant model is useful for rapid in vive
screening of anticancer drugs against various animal
and human cancer cell lines without the need to use
nude mice. "™ The cells inside the hollow fibre are
protected against the attack of the host immune
gystem and this model represents the pure che-
motherapeutic effect of the preparation. Polyvinyli-
dene Difluoride (mPVDF) hollow fibres, molecular
weight cut-off of 500kDa, interior diameter of 1.0 mm
(CELMAX™ Tmplant Memhrane, Spectrum Labora-
tories, Inc. Rancho Dominguez, CA) were used in
these studies. The fibres were cut into pieces of 24-cm
lengths and processed according to the producer
instruction (CELMAX® Implant Membrane, Instruc-
tion for use, Spectrum Laboratories, Inc.). Loading of
the fibres with cells and their surgical implantation
were done according to the published procedures ™3
The mice were anaesthetised with etomidate sulphate
(0.6mg per mouse ip.) (Hypnomidate, Janssen
Pharmaceutica). Hollow fibres were implanted intra-
peritoneally using aseptic surgical procedures.
A small incision was made on the linea alba. A 0.5-
cm sgkin incision exposed the peritoneum that was
incised 2 mm to allow the hollow fibre to be passaged
into the abdomen. The fibres were inserted in the
craniocaudal direction on the right side of the
peritoneal cavity. The peritoneum and skin were
closed by surgical suture (SEIDE“E", 2 metric 3-0
USP, Resorba, Germany). Three fibres were
implanted into each mouse. IMustrative demonstra-
tion of the procedure is presented in the supporting
information to this manuseript.

Treatment of the Mice Bearing the Hollow Fibre
Implants Filled With B16F10 Melanoma

The C5TBL/6 mice (20-22g, 3 per group) with the
hollow fibre implants containing B16F10 melanoma
were treated at the days 1, 3 and 5 with the optimal
Iiposomal PTX formulation via the tail vein. Two
experimental groups of the mice were arranged and
the cumulative doses of 75 and 150 mgPTX/kg (three

JOURNAL OF PHARMACEUTICAL SQOENCES, VOL. 99, NO. 5, MAY 2010

equivalent doses, the interval of 48 h) were applied,
respectively. The mice in the control group were
treated with "empty” liposomes using the same lipid
dose as the group receiving the cumulative dose of
150 mg PTX/kg. Three fibres filled with the cells and
maintained in tissue culture medium in 6G-well
microplate served as the in vifro positive control.

Growth Assay

On the day 6, the hollow fibre implants were retrieved
from the mice and the samples were assayed for viable
cell mass by a stable-endpoint MTT dye conversion
assay. The fibres were incubated in 8-well plates
(3 fibres/well) with 3 mL complete RPMI 1640 (37°C)
containing 1mgmL MTT (Sigma-Aldrich, 5t. Louis,
MO) for 4h at 37°C in 5% COs. Thereafter, the MTT
solution was aspirated and the fibres were washed
with 2 mL saline containing 2. 5% protamine sulphate
(Sigma-Aldrich, USA) overnight at 4°C. A second
washing was performed with 2 mL saline containing
2.5% protamine sulphate for 4h at 4°C. Then the
fibres were removed from protamine sulphate,
individually wiped, placed in 24-well plate (1 fibre/
well), cut in half and dried overnight at the laboratory
temperature. SDS (0.2 mLof 10% solution) was added
to each well to extract the formazan and the plates
were agitated for 4h at the laboratory temperature.
The extracts were transferred into 96-well plates and
the optical density at the wavelength of 540 nm was
determined. Blank controls consisted of the hollow
fibres filled with complete medium and handled in the
same way as the cell-filled samples.

Treatment of the Mice Bearing Lung Metastases of
B16F10 Melanoma

The murine B16F10 melanoma cell line used for the
cytotoxicity testing described above is endowed with a
high metastatic potential for lung, therefore it was
used to generate the in vive mouse metastatic
melanoma models. C57BL/6 mice (20-22g, 5 per
group) were injected with 5 = 10° B16F10 melanoma
cells i.v. via the tail vein. Four days later, the mice of
the group I, IT and IIT were treated with the optimal
liposomal PTX formulation at the cumulative doses of
25, 50 and 100 mgPTX kg, respectively (four equiva-
lent doses, the interval of 48h). The mice in the
control group IV were treated with the “empty”
liposomes using the same lipid dose as used in the
group ITI, and the mice of the group V were untreated
controls. On the day 20 after the injection of the
melanoma cells, the mice were sacrificed by decap-
itation, the lungs were removed, fixed in Bouin's
solution and both sides of the lung were photographed
under stereomicroscope SMZ-2T (Nikon). The
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enlarged photographs were scored for the metastatic
foci by visual enumeration. We preferred this end-
peint to that of a traditional survival experiment in
order to diminish morbidity in the terminal stage of
the disease. Moreover, the enumeration of the
metastatic foci is difficult in later stages of the
dizease due to the enlargement and fusion of the foci,
and the destruction of the lung tissue by tumour

gmwth_'l‘-ﬁ

Statistics

The programme GraphPad PRISM, V.4 (GraphPad
Software, Inc., San Diego, CA) was used to calculate
the cytotoxicity curves and ICs; Newman-Keuls
Multiple Comparison Test was used for the statistical
analyses of the in vivo anticancer effect in both the
hollow fibre implants and the syngenic B16F10
melanoma mouse cancer models. Statistical analysis
using one-way ANOVA test was used for the
encapsulation efficiency, size distribution and (-
potential studies. For these parameters expressed
as the mean +standard deviation, the determined
data represent triplicate of samples.

RESULTS

Comparison of Various Methods for the Preparation of
Liposomal PTX

The first method evaluated was the hydration of a
lipid film. The lipid films were prepared with an
initial PTX content of 7 mol% and then hydrated with
10mM HEPES (pH 7.2} at 25°C for 60 min. Although
no PTX crystals were observed, EEprx values of
91 +0.8% were assayed by HPLC. When the prolipo-
some-liposome method was used, PTX was dissolved
in ethanol solution at 60°C for 10min. No thermal
decomposition of PTX was detected by HPLC but the
final EEpry values were 80 +1.1% and some crystal-
lisation was observed. In these experiments, the best
results were obtained with Iyophilisation of a
powderised lipid-PTX mixture from 2-methyl-
butan-2-0l followed by hydration in PBS at 25°C for
G0mimn. The EEpry values of 94 +0.6% were deter-
mined by HPLC and PTX crystallisation was not
observed over several days. This is why we chose this
method for further studies. Moreover, it is very
convenient for simultaneous preparation of large
amounts of multiple samples differing in lipid
composition.

The liposomes were prepared of SOPC, POPG and
MOPC according to the general composition formula:
molar ratio SOPC/POPG/MOPC, B0 — X:X:20; where
X is 0, 10, 20 or 30mol%. Different liposomal PTX
formulations were prepared separately by Iyophilisa-
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tion of a powderised lipid-PTX from 2-methyl-butan-
2-0] with subsequent hydration in PBS, which was
followed by extrusion through polycarbonate filters of
0.2-pm pore size using a hand operated Mini-
Extruder. The resulting average size of the liposomes
was in the range of 175-195nm with the PDI
of 0.11+0.02, as measured by DLS. The presence
of POPG increased the negative walue of
{-potential of the liposomal PTX particles and helped
to optimise the EEpry valies (Fig. 1). Sterically
stabilised liposomal PTX formulations were prepared
by substituting PEG-POPE (5 mol% ) for POPG. The (-
potential was reduced to —7+ 1.8mV but EEprx
values became 85 + 1.3%. The optimal liposomal PTX
formulation was found to be: molar ratioc SOPC/
POPG/MOPC, 60:20:20 with Tmol% PTX. The
influence of the storage temperature (4 or 37°C) on
the liposomal PTX samples was investigated. The
gize of the liposomal particles and the crystalline state
of PTX was monitored daily by DLS and by phase
contrast microscopy, respectively. Based on these
measurements, the optimal lposomal PTX formula-
tion was once again found to be: molar ratio SOPC/
POPG/MOPC, 60:20:20 with 7mol% PTX (Tab. 2).

Vitamin E and Cryoprotectants

Vitamin E (0, 5, 10 and 15 mol%) was added to the
liposomal PTX formulation comprising SOPC/POPG/

R R 3RS

Encapeulation ellicency (%)

5548
|

L-poientia (m]

Fipure 1. Effect of negatively charged POPG on the
encapsulation efficiency and {-potential of the liposomal
PTX formulations. The lippsomes were prepared of SOPC,
POPG and MOPC according to the general composition
formula: molar ratio SOPC/POPGMOPC, 80 —X:X:20:
where X is 0, 10, 20 or 30mal% (full bars). The data
corresponding to the sterically stabilised liposomes pre-
pared of SOPC/PEG-POPE/MOPC (molar ratio, 75:05:20)
are denoted by squared bars. The encapsulation efficiency
was determined by HPLC (see Materials and Methods
Bection). -potential was measured in PBES at 25°C. “Sta-
tistically not significant (p < 0.06) for the enmpsulation
affidency of PTX.
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Table 2. Influence of the Lipid Composition on the Crystallisation of PTX from the Liposomal PTX Formulations

SOPC/POPG/MOPC SOPC/PEG-POPEMOPC
Storage (Molar Ratio) (Molar Ratio)

Time Temperature B0:00: 20 T0:10:20 60: 20:20 50:30:20 T5:05:20

iap. 4°037°C - - _ _ _

1st day 470G 3TC —— - - - —i-

2nd day 4°GaTC +H++ —I- —I- /- +i+

4th day 4°0/37T°C +HH+ +H+ —i+ +i+ ++i++

Tth day 4°0/37TC A+ +H++ +H+ i+ i+

iap., immedistely after preparation.

The amount of the PTX nesdles in the optical field was asored by the phase contrast microacopy.
—, no cryatals; +, aporadic crystala; ++, several cryatals; +++, plenty of cryatala.

MOPC at 60:20:20 molar ratio with 7mol% PTX. As
mentioned above, these formulations were prepared
by Iyophilisation from 2-methylbutan-2-o0l. The size
of the lippsomal PTX formulation containing 15 mol%
of vitamin E tended to be smaller and the {-potential
also decreased in comparison with the formulations
containing lower amounts of vitamin E (Tab. 3). The
cryoprotectants, lactose, sucrose and trehalose were
found te be almost equal with respect to their
cryoprotective effects on the lippsomes stabilised
with vitamin E (5 mol%). As regards the preservation
of the original size of liposomes, mannitol had no
cryoprotective effect (Fig. 2). The minimal cryopro-
tective lipid:sugar molar ratio was found to be 1:5.
Sucrose was chosen for further experiments as the
low cost eryoprotectant approved for clinical applica-
tion. In the presence of sucrose (lipid:sucrose molar
ratio, 1:5), the lyophilised liposomal PTX formulation
containing vitamin E (5mol%) was found to be stable
for at least 6 months during the storage at 4°C. These
results were obtained by the measurements of the size
distribution, {-potential, the lack of PTX crystals and
the EEpry values after the reconstitution of the
lyophilised liposomal preparations. Moreover,
neither significant changes in the size of the
liposomes (Fig. 3A) nor PTX crystals were seen
immediately after the reconstitution as well as during
next 40 days of storage at 4°C. The multilamellar
structure of the PTX liposomes is visible on the

electron microscopy micrograph (Fig. 3B). Hence, the
composition comprising SOPC/POPG/MOPC at the
molar ratio of 60:20:20 with 7 mol% PTX and 5 mol%
vitamin E was found to be the optimal liposomal PTX
formulation.

In Vitro Toxicity

“Empty” liposomes of the composition SOPC/POPG/
MOPC (molar ratio, 60:20:20) with 5 mol% vitamin
E were prepared by lyophilization from 2-methyl-
butan-2-0l. Afterwards, the toxicity was evaluated
by the MTT test (24-h exposure). No toxicity was
seen on B16F10 cancer lines up to the dose of
20+ 1.2mglipid'mL. This iz in contrast to the
mixed micelles prepared from the lysophospholipid
mixture MOPC/MOPG (molar ratio, 80:20), which
were toxic for B16F10 cancer lines at the concen-
trations =200+ 4pgml. We also compared the
in vitro cytotoxic effects of the liposomal PTX with
free PTX. In terms of the PTX doses, the ICs; values
for free PTX were shown to be very similar to the
valies of the optimal liposomal PTX formulation
prepared by lyophilisation from 2-methyl-butan-2-
ol. For the tested cancer cell line B16F10, both frea
and liposomal PTX demonstrated similar cytotoxi-
city curves with ICg equals to 20 +1nM.

Table 3. Influence of Various Molar Percentage of Vitamin E on the Size and {-Potential of the Liposomal PTX Formulation

Mol Vitamin E®

Parameter 0 3 10 15
Encapsulation efficiency (%) T9.8+04 04.7+38 93.4+08 944409
-Potential (mV) —-31.3+32 —284+45 —-33.5+38 —-249+4+3.1
Average size (nm) 190+2 176 +6 194 +6 12945

The lipssomal compoaition was SOPC/POPG/MOPC (molar ratio, 60:20:20) with T mol% PTX. The size distribution and {-potential were
messured in PBS. The pol ydisperaity index wea 0.11+0.01 for all the lippaomal preparationsa.

“Each data point representa the mean + 8D (r =30

FOURNAL OF PHARMACEUTICAL SQEMCES, VOL. 99, NOL 5, MAY 2000

DOl 10,100 jps

136



LIPOSOMES WITH HIGH ENCAPSULATION CAPACITY FOR PACLITAXEL 2315

I e
B0 B S
B
g
fw

= o ow ow

(0NN [T

b brophiisation =1 L& i
Lighisguger molae i

Figure 2. Effect of various cryoprotective sugars on the
physical stability of the Iyophilised liposomal PTX formula-
tion after reconstitution. Lactose, mannitol, sucrose and
trehalose were used as the eryoprotectants for the lyophi-
lisation of the PTX liposomes. Lipid:sugar molar ratios of
1:1, 1:5 and 1:10 were tested. Liposomes extruded (0.2 pm)
in thesolution of the tested sugars were used as the contmls
of the size prior to lyophilisation. *****Statistically signif-
icant versus 1:1 (p < 0.06) and not statistically significant
wversus 1:5, 1:10 (p < 0.056). “Statistically signifiant versus
1:1, 1:5, 1:10 {p < 0.05).

In Vive Toxicity

The optimal lipesomal PTX formulation was admi-
nistered tomice by tail veininjections. There were no
outward signs of toxicity even up to very high single
doses of PTX (100 mgkg; =2 mgPTX/mouse)}. The
typical symptoms of toxicity based on the Berlin test
(e.g., motoric disorder, respiratory problems, apathy,
horrent fur, behavioural changes and a loss of body
weight) were observed neither immediately after the
application nor during the following 10 days. Any
toxicside effects were also not seenin the groups with
theimplanted hollow fibres (the maximal cumulative
dose of 150 mg PTX/kg, three equivalent doses) or in
the experimental group injected with tumour cells
and treated with four doses (the maximal cumulative
dose of 100 mgPTX kg of our optimal liposomal PTX
formulation (groups I, II, IIT) or "empty” liposomes
(group IV).

Anticancer Effect in Hollow Fibre Implants
Mouse Model

The cells in the hollow fibres placed in tissue culture
medium (in vitro control) grew similarly to those
implanted into mice (in vive control). There was no
statistically significant difference between this two
control groups. The application of the optimal
liposomal PTX formulation suppressed the growth
of B16F10 melanoma cells in the dose-dependent
manner (Fig. 4). Due to the surgical intervention
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Figure 3. (A)Size distrbution of the PTX liposomes prior
to lyophilisation and after the yophilisate reconstitution.
The average size of 139 + Snm with the PDI of 0.13 £+ 0.02
imeasured by DLS) was obtained prior to lyophilisation (full
circles). After the lyophilisate reconstitution (empty cir-
cles), the awerage size was 136 +4nm with the PDI of
0.15 +£0.01. These values are not statistically significant
for both parameters (p < 0.05) average size as well as PDI.
(B) Representa tive TEM photography of the PTX liposomes,

required for the insertion of the hollow fibre implants,
it was of interest to follow the potential effects of
liposomal PTX on the healing of the surgical wounds.
We did not observe any adverse effects (inflammation,
ulceration, abnormal cicatrisation or re-opening of
the cut) of the lipogomal PTX on the wound healing
that was proceeding in a normal and comparable
manner in both the confrol C57BL/6 mice and the
animals treated with liposomal PTX.

Anticancer Effect in Syngenic Mouse

Melanoma Model

The optimal liposomal PTX formulation showed an
obvious dose-dependent anti-metastatic effect. The
typical appearance of the lungs with black metastatic
foci is presented in Figure 5A. No metastases were
found in liver or spleen of the mice from any PTX
treated group. However, metastases were found in
the ovaries of some mice belonging to the control
groups IV or V. Numerous fused metastatic foci were
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Fipure 4. Suppressive effect of lippsomal PTX on
the growth of B16F10 cancer cells in the hollow
fihre implants applied into CETBL/6 mice. CATBL/6 mice
(2022 g, 3 per group) with the hollow fibre implants con-
taining B16F10 melanoma were treated at theday 1,3 and 5
with the optimal liposomal PTX formulation via the tail
wein. Two experimental groups of the mice were arranged
and the cumulative doses of 76 and 150 mgPTX/ kg (three
equivalent doses, interval of 48h) were applied, respec-
tively. "Statistically significant versus in wivo and in vitro
Controls (p<0.001). "Statistically significant wversus
in wvoe and in vitro Controls (p <0.001) and the group
treated with 76 mg PTX/ kg (p < 0.001).

also observed in the control groups IV or V but there
was no difference between these two control groups
with respect to the expansion of melanoma in lungs
(Fig. GB).

DISCUSSION

Preparation of PTX Liposomal Formulation

Low encapsulation capacity of liposomal PTX for-
mulations prepared from conventional lipid composi-
tion iz known to be a limiting factor for their
application. The maximal achievable content of
PTX is 3mol% relative to the total lipids.™ We
developed a stable liposomal preparation capable to
encapsulate at least Tmwl% of PTX based on the
pocket-forming lipids. The example of such lipids are
Iysophospholipids which asymmetric molecules form
cavities— pockets in the liposomal membrane hilayer.
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Figure 5. Expanses of lung metastases of B16F10 mela-
noma cells in the mice treated with warious doses of PTX
liposomes. (A) Representative photographs of the lungs
from various experiment al groups. Expanses of hing metas-
tases in the control group V (mice treated by PBS) were
similar to those of the group I'V (photograph not shown). (B)
The number of the metastatic foci in the lungs extracted at
the day 20 from the mice treated with PTX liposomes. The
cumulative doses of 100, 50 and 26 mgPTX/kyg (four equiva-
lent doses, interval of 48 h) were applied in the groups I, IT
and I, respectively. Empty liposomes were applied in the
group IV. The group V represents the PBS treated control.
"Statistically significant versus the groups V, IV (p < 0.001)
and I (p<0.056). “Statistically significant wversus the
groups V, IV (p < 0.001) and T (p < 0.01).

These hydrophobic pockets can accommodate bulky
hydrophobic molecule of PTX. Higher encapsulation
capacity and efficiency as well as physical-chemical
stability occurs as the consequence of PTX—pocket
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interaction of these PTX liposomes in comparison
with the other ones. Due to the possible competition of
cholesterol with PTX for the lipid-formed pockets in
lipozomes, the use of the latter one was avoided. The
effect of cholesterol on the reduction of the encapsula-
tion capacity of conventional liposomes for PTX has
been reported as well.?” During the storage period,
PTX tends to crystallise apart from the liposomes ™
Moreover, the conventional liposomes were found to
be more stable than the corresponding sterically
stabilised ones.'” Our composition was found to bethe
optimal with respect to the development of stable
formulations appropriate for long-term storage. The
lipid composition we have used is also able to
encapsulate up to 10mol% PTX However, at such
high levels of PTX (9-10mol%), the corresponding
lipozomal systems are physically unstable as regards
the disintegration and aggregation (results not
shown). Therefore, PTX tends to crystallise sponta-
neously and the preparation does not prove useful for
long-term storage in solution.

Lyophilization from 2-methyl-butan-2-o0l, in our
hands, has proven to be a simple and robust method
with respect to the preparation of the liposomal PTX
samples. This method is convenient for rapid screen-
ing to find an optimal lipid composition for long-term
storage of liposomal PTX. This is gratifying since a
preparation procedure for long-term stable liposomal
PTX formulations combining the methods of hydra-
tion of lipid film, Iyophilization from 2-methyl-butan-
2-0l, sonication and second lyophilisation has been
described as too complicated and expensive for the
industrial applications.®™ The optimal formulation
comprising SOPC/POPGMOPC  (molar ratio,
60:20:20) with Tmol% PTX and S mol% vitamin E
should be more acceptable since the preparation
procedure is much simpler. The proliposome-liposome
method is also of relevance for the industrial
application. The small amount of PTX crystals formed
during the procedure could be removed by the
filtration/fextrusion step and the liposomal prepara-
tion could be sterilised by final microfiltration.

Toxicity of PTX Liposomes

Lysophospholipids are biologically active compounds
that destahilise biomembranes. We found in vitro
toxicity of lysophospholipid micelles against B16F10
and other cancer cell lines (results not shown).
Therefore, we did not continue to develop the PTX
formulation based on the lysophospholipid micelles,
even if this system in our hands allowed the
encapsulation capacity of up to 20 mol%. Lysopho-
sphatidylcholine has also been shown to be toxic to
the eye lens in organ culture.*” In order to eliminate
the possible in vive toxicity of lysophospholipids, we
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added vitamin E into our optimal liposomal formula-
tion. The effect of antioxidant properties of vitamin E
on the membrane stabilisation has been reported. !
Vitamin E is recognised as a membrane stabilisation
agent keeping bilayer structure of liposomal mem-
brane in presence of high concentration of lysolipids,
which were used for pocket-forming in which the
molecule of PTX is embedded. Moreover, vitamin E as
antioxidant is protective for both male and female
reproductive organs. These organs are the main
target of cytotoxic effect of various anticancer drugs
including PTX.** It has been also found that vitamin
E inhibits the Iysophosphatidylcholine induced
endothelial dysfunction.*® In vitro, the liposomes
containing lysophospholipids and vitamin E were not
toxic to various cell ines at the doses up to 20 mgmL
(regults not shown). In vive, neither “empty” lipo-
somes, nor our optimal liposomal PTX formulations
were associated with any sipns of toxicity as
established by the Berlin test. The low toxicity of
our optimal liposomal PTX formulation correlates
well with our in vitro data and also with other
reported in vivo data for various liposomal formula-
tions. "% Protective effect of lippsome encapsula-
tion on PTX developmental toxicity in the rat was also
demonstrated. These findings are very important for
possible application in anticancer treatment during
human pregnancy.*® The highest single dose of PTX
used for the treatment of the mice was about 100 mg/
kg, and the highest cumulative dose was about
150 mgkg (three equivalent doses, the interval
between two doses was 48h). These applied doses
still did not reach the MTD. Higher doses were
difficult to apply owing to the limits for the iwv.
applicable volume in mice (100 pL) as well as with
respect to the impossibility to apply more than four
doses by i.v. route via tail vein. Therefore, our optimal
liposomal PTX formulation outperforms Taxol®™
where the MTD is about 20-25mg/kg ® 1015384044
Very important finding is that no adverse effects
(inflammation, ulceration, abnormal cicatrisation or
re-opening of the cut) was observed with respect to
the wound healing in the mice undergoing surgical
intervention required for the insertion of the hollow
fibre implants. This feature could be important
for future application to cancer patients who are
often treated by a combination of surgery and
chemptherapy.

In this study we were not focused on the effect of the
treatment on impairing of haemopoiesis. This topicis
going to be addressed by a separate paper. In our
recent paper on the new potent anticancer drug a-
tocopheryl maleamide, which was found to be toxic as
free drug in vitro for GM-progenitors and in vive
general toxicity was found, we demonstrated that its
lippsomal formulation completely abrogates these
side-effects and, moreover, a slight dose-dependent
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stimulation of bone-marrow proliferation was demon-
strated together with no leucopenia or neutropenia
ohserved. ¥

In Vivo Anticancer Effect

The B16 melanoma has been a particularly useful tool
for the experimental studies on tumour and host
properties inwolved in metastasis. *™*® The syngenic
B16F10 melanoma cell line has a high potential for
lung metastases via the blood-borne route and is an
excellent model to determine in vitro and in wvive
efficacy of liposomal PTE. **4® Good correlation was
found between the data obtained from both hollow
fibre and metastatic cancer models. Our optimal
lipozomal PTX formulation was well tolerated at high
doses and the anticancer effect was obvious in
melanoma-bearing mice. The treatment brought
significant reductions in lung metastases, when high
cumulative doses were administered (100 or
S0 mgPTX/kg). At lower doses of PTX (25 mgkg),
an extensive dissemination of metastases in lungs
was ohserved. Newvertheless, the number of the
metastatic foci was lower in comparison with the
controls. Application of PTX formulated in Taxol® at
the dose of 20 mg/kg (close to MTD) exhibited no effect
on metastasis in lungs (results not shown).

In conclusion, the application of “pocket-forming”
lipids significantly increased the encapsulation capa-
city of PTX in liposomes at least up to 7 mol%, whichis
more than twice the level achieved previcusly in the
lipozomes developed by wvarious research groups.
Physical stability of PTX liposomes was achieved by
Ivophilisation and this technology is applicable for
potential industrial production. Suppressed crystal-
lisation of PTX in lipesomal suspension together with
a low toxicity of the liposomal PTX formulation
allowed applying high doses of PTX, which were
necessary to induce a significant therapeutic effect
against melanoma in the mice B16F10 melanoma
model. MTD (in mice) of liposomal PTX was above
150 mg'kg (cumulative dose} and 100 mgkg (single
dose). In this parameter liposomal PTX significantly
outperforms Taxol®™ 20-22mg/kg). This basic non-
toxic lipid-pocket containing liposomal carrier could
be used for construction of next gemeration of
advanced PTX delivery systems for neovascular
targeting therapy based on cationic liposomes. All
our data suggest that this new formulation shows a
very useful safety and efficacy profiles and could be
favourable for clinical applications.
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ARTICLE INFO ABSTRACT

d.rﬂd_ehisuy: Ower the past three decades, taxanes represent one of the most important new dasses of drugs approved
Received 14 May 2012 in oncology. Paclitaxel (PTX). the prototype of this class is an anti-cancer drug approved for the treatment
Accepled 7 Seplember 2012 ofbreast and ovarian cancer. However, notwithstanding a suitable premedication. present-day chemotherapy

Auailabie anline 15 Sepember 2012 employing a commencial preparation of FTX | Taxol®) is associated with serious side effects and hypersens-

tivity reactions Liposomes represent advanced and versatile delivery systems for drugs. Generally, both in

e wive mice tumer modsls and human clinical trials demenstrated that lipesomal FTX formul ations significantly
[E— increase amaximum tolerated dose [ MTD) of PTX which owtp erform that for Taxol®. L posomal PTX formula-
Drug Largeting tions are in variows stages of clinical trials. LEP-ETU {MeoPharm) and EndoTAGE-1 [Medigene) have reached

Drug delivery systens the phase Il of the clinical trials; Lipusw® | Luye Phamma Group) has already been commercialized.
Anti-cancer drugs Present achievements in the prepamtion of varous lippsomal formulations of PTX, the development of
targeted liposomal PTX systems and the progress in dlinical testing of lippsomal PTX are disoussed in this

Eeview summanzing about 30 years of liposomal FTX development.
i@ 2012 Ekevier BV. All rights eserved.
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1. Introduction sets [7.8] Furthermore, the short-term stability of FTX upon dilution

Taxanes are complexes of diterpenoid natural products and semi-
synthetic analogs. Presently, these drugs belong to prominent anti-
cancer agents used for combined chemotherapy [1]. Paclitaxel
(Fig. 1) (PTX, the chemical name is 5P.20-epoxy- 1,204, 78, 1081 30-
hexahydroxytax-11-en-9-one 4 10-diacetate  2-berzoate  13-ester
with [2R35)-N-benzoyl-3-phenylisoserine), the prototype of this
dass, emerges from a natural source [2]. This drug is approved for
the treatment of breast and ovarian cncer. PFTX was found to be
effective in treating a broad spectrum of advanced human cancer
including breast and ovarian cancer as well as nore-small cell lung
carcinoma [(MSCLC), melanoma and head and neck ancer (see for
review) [ 3].

The commerdal PTX preparation (Taxol®) is formulated in the
vehide omposed of Cremophor EL® (polyethoxylated castor oil
used as a solubilzing surfactant) and dehydrated ethanol, which
provides a homogeneous preparation. In the dinical application,
PTX is usually administered as a 3-how and 24-hour infusion
representing a total dose of 135-175 mg/m® of the body every
Iweeks [4]. However, the present-day chemotherapy employing
Taxol® is accompanied by serious problems, One of the major prob-
lems associated with this formulation is the fact, that the diuted
Cremophor EL® fethanol vehide is toxic [5] The negative side effects
include serious hypersensitivity reactions, nephrotoxicity and neuro-
toxidty [6]. PTX solubilized in Cremophor EL® ( Cr-P) shows also an
mncompatibility with the plastic components of the administration

with agueous media ain result in possible drug predpitation [9].

It follows that the dinical application of Taxol® is connected with
problems of incompatibility and instability. Spedal requirements pe-
garding a proper filter device as well as appropriate containers and
infusion bags for the storage and administration of the drug have to
be fulfilled.

2. Solubilization and delivery systems for paclitaxel

Present-day cancer chemotherapy with PTX is assodated with
hypersensitivity reactions in spite of a suitable premedication with
corticosteroids and anti-histamines [3]. Hence, the development of
an improved delivery system for PTX is of high importance. Current
approaches o the improvement are focused mainly on the develop-
ment of formulations that are devoid of Cremophor ELE, investigation
of the possibility of a large-scale preparation and a reguest for a
longer-term stability. These different approaches have shown some
promising possibilities to replace Taxok® by a less irdtable prepara-
tion such as: (a) micelle formulatons [10], (b} water-sohble prodrug
preparations [11], (¢} enzyme-activatable prodrug preparations
conjugated with antibodies or albumin [12,13], (d) parenteral & mul-
sions [14], (e} microspheres [14,15], () cyclodextrins [16], and (g)
nanocrystals [17]. Only Abraxane® (albumin nanoparticke-based
PTX preparation) and Lipusu® (liposomal PTX approved by State
FDA of China) have entered the field of chnical applications. General-
ly, liposomes and protein nanoparticles represent a promising

Fig 1. A) Strudural formul 2 af PTX malecule, and B) 30 crystal structure of PTX malecule.
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approach to the optimization of FTX delivery. Their commercializa-
ton & a the doorstep of modern drug delivery market

1. Liposomes as delivery sy stems

The numerous anti-cancer agents that have a high cytotoxic effed
on the tumor cells in vitro exhibit a remarkable decrease of the selec-
tive anti-tumor effect forin vivo procedures applicable in the clinical
treatment. One of the significant limitations of the anti-cancer drugs,
PTY i not an exception, is ther low therapeutic index, Le the dose
required to produce an anti-tumor effect is toxic to normal tissues,
The low therapeutic index of these drugs results from the inability
w achieve therapeutic concentrations at the specific target sites
(e.g. tumors). Further, it results from the non-specific toxicity to nor-
mal Hssues such a8 bone marrow, renal, gastrointestinal tract, and
cardiac tissue and also from the problems assocated with a prepara-
tion of a suitable formulation of the drugs [18].

Liposomes represent versatile and advanced nanodelivery sys-
tems for a wide range of biclogically active compounds [19]. These
relatively non-toxic systems have a considerable potential to entrap

both hydrophobic and hydrophilic drugs. The entrapment of the
drugintothe liposomes is used to bypass the frequent generic oxicity
associated with the drug [20,21] Thus, it represents a very effective
route that enhances the drug therapeutic effect. The Anal amount of
the encapsulated drug is affected by a selection of an appropriate
preparation method providing a preparation of lposomes of various
size, lamellarity and physico-chemical properties [22] The modifica-
tion of iposomes permits a passive or active targeting of the tumor
site. This effect enables an efficient drug payload into the malignant
cells of tumor, while the non-malignant cells become minimally

impacted.

2.1 Interaction of pachtse] with Bposomal bilay ers

The bulky lydrophobic and asymmetric moleculs of PTX could be
entrapped within the liposomal phospholipid (PL) bilayers. The posi-
tioning of the unshapely molecule of PTX entrapped in the bilayer of
liposomes (Fig. 2) representsa meta-stable stage which tends o turn
into a more stable aystalline form. Liposomes by their nature also
represent a meta-stable system.

Fig 2 Arrangement ol the encapsulsted PTX in different lipid membrane bilayers af the liposomal carter. The upper part shows the molecule ol PTX encapsulated in the Tipaso mal
bilayer whichis compoted ol uns sturated - and lyso-lipids. These lipids increxse the bilayer luidity and ceate bilayer “pockets” in which the bulky hydnophobic malecule of PTX i
embedded. Such a lipnsomal com position endbles to encapsulate up o 15 mal¥ of PTX. The lower pant demanstrates the moleaule ol PTX which is encapsulaed in the Tiposo mal
hilayer mmposed of satirated DPPC-hased lipids The incomporation ol PTX into the ssturated membranes disturbs the struaure ol the membrane bilager At higher dmg coneen-
Lrations, the malecule ol FTX is forced aul af the bilayer md nee die-likecrystal o[ PTX are Biomed in the liposome formulstion. This efectréesulls in 2 low encpsulstion capadty of

PTX [3-4 molE) and in a shon swhility of the liposomes
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They tend to fuse and form multilamellar vesicles [MLVs) and
non-vesicular structures. The aqueouslipid phase separation of self-
assembled PLs in the bilayer is linked with phenome na of phase tran-
siion All these processes can affed the PL microenvimnment stabi-
lizing the molecule of PTX in the bilayer and subsequently induce
an undesirable crystallzation of PTX. With respect to the phase
transition, the procedures like freezng, lyophilization and rehydra-
tion are critical and can destabilize the liposomal PTX preparation.
Partitioning of FTX into the saturated PL bilayers results in changes
of membrane physical properties such as phase-transition tempera-
tures and a PL-order parameter, that are different from those ob-
servied for unsaturated and charged PL bilayers. PTX incorporated
into the saturated PLs changes their thermotropic phase behavior; it
reduces the PL order parameter (e, has a “fludizing™ effect) in the
gel phase of the PL bilayers. On the contrary, partitioning of PTX
mnto unsaturated fluid PL bilayers has a slight “rigidifying™ effect
[23-25]

32 liposonal paditave] formulations

The preparation of an optimal PTX formulation requires impor-
tant considerations such as the optimization of the liposomal
composition, the balance of the PTX amount encapsulated in the
li posomes [ drug/lipid molar ratio} and the stability of the pre pared
PTX liposomes during storage in aqueous media [26]. As mentioned
abowe, main characteristics of the molecule of PTX are asymmetry,
bulkiness, hydrophobicity, low solubility and tendency to aystalli-
zation in aqueous miliew All these factors affect the Ainal design
and preparation of a suitable drug formulation.

Liposomes provide suitable erwvironment, which enhances the
solubility of the hydrophobic molecule of PTX by the associatbon of
the drug within membrane bilayers. Commonly prepared formula-
tions of PTX-lippsomes were able to encapsulate the highest achiev-
able content of PTX (3-4 molZ). Generally, elevating portions of
encapsulated PTX reduce the stability of a liposomal PTY formulation
due to PTX aystallization. The stability of PFTX-liposomes in the ague-
ous phase 15 predominanty affected by a liposomal composition.
Hydrated PTX-liposomes were found o be stable within week- or
month-periods, while the lyophilized PTX liposomal formulations
demonstrated a prolonged stabiity (years). The encapsulaton of
PT¥ into liposomes enhances the drug therapeutic efficacy, thus, the
same therapeutic effed could be reached by a decreased PTX-dose.
On the other hand, the MTD of liposome-enapsulated PTX (LEP) is
increased compared with the Taxol® [26].

33, Pharmacokinedes and biodisrbution of lposomal pechose]

The extended release of PTX from the liposomes after intravenous
(Lv) application depends on the morphology and composition of a
particular lposomal carrier. Multlamellar sterically stabilized hpo-
somes would be the most stable formulations. The drug meleased
from the circulating liposomes binds rapidly to the serum proteins
(presumably to serum albumin and o-add glycoprotein, minor por-
tion is bound to poproteins) [27.28] and subsequently follows the
same pharmacokinetic processes and fate as the drug administered
as Taxol® The distribution of the drug between the protein-bound
and free fractions is well characterized and 89-98% of PTX & bound,
hence, the possible blood cell uptake (erythrooytes and platelets) of
PTX is low [27,28-31].

The non-linearity of LEP pharmacokinetics could be related to the
retention of PTX within the liposomes and sequestration by the retic-
uloendothelial system [ RES). This fact suggests that kinetics of the
drug transfer from the central compartment to the peripheral tissue
compartments is delayed for liposomal formulbations [ Le., the release
of PTX from lippsomes s not instantaneous upon administration ).
This modulation of the drug release rate by liposomes seems to

impact the tssue distribution of PTX and may explain the
formulation-dependent  differences  in toxicity and  anti-tumor
efficacy. As a result, the proposed changes in tissue distribution of
PTX due to the lposome encapsulation may provide an explanation
for the observed increase in the MTD for LEP in comparison with
Cr-P vehicle [32].

RES represents a major mechanism for clearance of circulating
liposomes., LEP is taken-up by the spleen and lung to a greater extent
than Ge-P. In the lungs, the drug concentration peaked at40 and 10 pg
PTX /g for LEP and Cr-P, respectively. In the spleen, the drug concen-
tration peaked at 70 and 12 ug PTX/ for LEP and Cr-P, respectively.
The uptake of LEP into the spleen was higher in comparison with
the lungs. The higher drug levels achieved with LEP persisted for
approximately 2.5 to 3 h. Subsequently, lung levels declined more
quickly for LEF than for Cr-P suggesting that a substantial portion of
the liposome-deposited lung dose was not in the free [released)
form. In the liver, drug concentrations were similar for both formula-
tions, with peak levels about 10 pg PTX g Other tissues, skin, kidneys,
adipose, muscle, brain, and bone marrow showed a greater tissue
exposure for Cr-P. This fact is in good accordance with higher bone
marrow toxiaty of Cr-P and following lewcopoenia [33].

The momphology, stability and functionalization of liposomal PTX for-
mulation undoubtedly affect the pharmacmkinetcs and biodistribution
pathways and consequently the MTD and the anti-cancer effect. Possible
pathways of LEP are presented in Fig. 3.

4. Conventional liposomes

Conventional iposomes are usually composed of neutral orfand
negatively charged Pls and cholesterol s also often presented.
However, after administration, these liposomes are quickly captured
and accurmulated by phagocytic cells of the RES. The prime organs of
liposomal accumulation are the liver and the spleen due to their
rich blood supply and the abundance of tssue-resident phagocytic
cells [34].

4.1. Pachiw] encapsulated in convenfonal liposomes

Various lipid compositions of PLs like DMPC, DMPG, and choles ter-
ol were screened to find a stable liposomal formulation suitable for
encapsulation of PTX. MLVs having constant PTX lipid weight ratio
[ 1:15) were prepared by a lipid film hydraton. The presence of PTX
crystals or microaggregates of PTX-lipid omplex was observed in
all the preparations independently of the lipid compositon. However,
the mixtures of PCPG [ molar ratio between 7:3 and 9:1) together with
the addition of 5% cholesterol gave sub-optimal results [35]. Further, the
preparation of liposomal formulation composed of PCPG (molar ratio,
9:1) containing FTX (molar ratio, 1:33) was developed The liposomes
were prepared by a combination of the methods of lipid film hydration,
Iyophilization from tert-butyl alcohol, and sonication. The preparsd FTX
liposomes were physically stable and the initial PTX content remained
unchanged during storage for more than 2 months at 4 °C and
1 month at20 *C [36], Other mixture of PLs and hydrophobic exdpients
was optimized to prepare physical stable partides without any evi-
dence of PTX aystals, The iposomes were prepared by Bpid ilm hydra-
tion followed by sonication and extrusion of MLVs. The composition of
PC/DMPG (molar ratio, 7:3) wgether with 40 mol® cholesterol and
25 mol% w-tocopherol was able to encapsulate 3 mol% PTX The lipo-
somes had a mean size of 100 nm and were morphologically stable up
to 75 days at 4 °C [37]. Cholesterol was tested as a rigidifying agent to
prolong the stability of PC liposomes containing FTX The liposomes
were prepared by lipid film hydation followed by extrusion through
02 pm filters, However, the increased portions of cholesterol in the
liposomes decreased the amount of incorporated PIX. The encapsula-
tion efficiency of PTX decreased bdlow 40% as a consequence of the
competition of PTX and cholesterol for the hydrophobic space in the
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Fig. 3. Biadistribution pathways o TPT_ARer administration, lipasomal PTX can enter various pathways. These pathways and the biodistribution af PTX are determined by var-
jous factors, @ g character of liposomes (such a8 steric stabilization |, mor phalagy [ size and lamellarity), and lipid compasigon. 1) PTX auld be released from the lipasomes
which are wsed a5 a2 non-taxic biommpatible solubilizer of the drug The free drug interaas with serum proteing, presumably with albumin. PTX is then transponted into the
tumar ¢ells or into some somatic cells [eg. adipocytes ] These cells can form a depot for the drug. A small parton of free PTX can direaly penetrate inta the tumar celks and
inta the somstic el Erythrocy tes and platelets can ko form 2 depot fr PT 2) Lipesamal PTX éan penetrate through Enestrations of the tumear vasculsture. |n the tumar,
the lipmsomal drug i sccumulated and subsequently relexsed in the vicinity of the tumar cells and the tumor endothelial celle They are the target for PTX. Li posomal PTX
could be alointemalized ink the lumar cells Lipatames penetrate through ithe liver fenéstr stiond Thedug is acoumulsted and detaxilied by enzymatic pathways ol cytachr am
Pd5din theliver. 3) Liposomal PTX could be alko internal ired by phagocytes (&g macrophages) These cells can provide a selective transparnt and subsequent release af the drug

in Lhe tumar.

lipid bilayer. Finally, an optimal addition of cholesterol was found to be
10 mol% with respect to liposomal stabilization up to 10 weeks [38].
Saturated PLs with an extending fatty add chain (DMPC, DPPC and
DSPC) and negatively chaged DMPG [ molar ratio, 9:1) encapsulating
FTY (3 moltz) were used for the preparation of liposomes by lipid film
hydmation followed by sonication. The drug encapsulation efficacy was
higher for iposomes with DMPC and DPPC (96%) than for those with
DSPC (70%), whike the liposome size inoeased from 143, 157 o
185 nm for DMPC, DPPC and DSPC, respectively. All these formulations
retained about 93% of the initial PTX concentration during 4-day inci-
bation at 4 °C in PBS. Moreover, the delivery of PTX by liposomes to
MCE-7 breast cancer cells resulted in a significant increase of the intra-
cellular PTX lewel and was more efficient in arresting cells in mitosis in
comparison with PTX delivered by Taxol® [39].

LEP formulations were also developed in the form of lipid-PTX
lyophilizates. This approach significantly eliminates the problem of
long-term stability of liposomal PTX formulations in aqueous miliew

After a reconstitution, the liposomes prepared of DEPC/DMPC/SCPC
(molar ratio, 1:1:0.9) containing PTX (3 mol%) were stable for 24 h
[40]. The physico-chemical stability of the lyophilized PTX liposomes
was monitored during storage. MLVs prepared of PC, cholesterol and
vitamin E could be diluted up to 05 mg PTX/ml and stll PTX
crystal-free liposomes were observed In the samples stored at 4 °C
up to 5 months, the level of PL degradation products was negligible
and no PTX decomposition or precipitation was found [41]. A novel
Iyophilized PTX formulation marked as LEP-ETU [(MeoPharm) was
prepared of DOPC/cardiolipin/cholesterol (molar ratio, 9:0.5:0.5)
and o-tocopheryl acid succinate [(0-TAS) with PTX/lipids (molar
ratio, 1:33). At these liposomes, the original liposomal size was pre-
served and a stable content of each particular lipid as well as PTX
was found up o 12 months at 2-8 *C and 25 *C. Upon lyophilizate
reconstitution, neither precipitation of FTX nor any changes in origi-
nal siz= were observed for 72 h at 2-8 *C and 25 °C. Moreover, this
formulation could be reliably diluted to 025 mg FTX/ /ml [42].
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lipid bilayer. Finally, an optimal addition of cholesterol was found to be
10 mol% with respect to liposomal stabilization up to 10 weeks [38].
Saturated PLs with an extending fatty add chain (DMPC, DPPC and
DSPC) and negatively chaged DMPG [ molar ratio, 9:1) encapsulating
FTY (3 moltz) were used for the preparation of liposomes by lipid film
hydmation followed by sonication. The drug encapsulation efficacy was
higher for iposomes with DMPC and DPPC (96%) than for those with
DSPC (70%), whike the liposome size inoeased from 143, 157 o
185 nm for DMPC, DPPC and DSPC, respectively. All these formulations
retained about 93% of the initial PTX concentration during 4-day inci-
bation at 4 °C in PBS. Moreover, the delivery of PTX by liposomes to
MCE-7 breast cancer cells resulted in a significant increase of the intra-
cellular PTX lewel and was more efficient in arresting cells in mitosis in
comparison with PTX delivered by Taxol® [39].

LEP formulations were also developed in the form of lipid-PTX
lyophilizates. This approach significantly eliminates the problem of
long-term stability of liposomal PTX formulations in aqueous miliew

After a reconstitution, the liposomes prepared of DEPC/DMPC/SCPC
(molar ratio, 1:1:0.9) containing PTX (3 mol%) were stable for 24 h
[40]. The physico-chemical stability of the lyophilized PTX liposomes
was monitored during storage. MLVs prepared of PC, cholesterol and
vitamin E could be diluted up to 05 mg PTX/ml and stll PTX
crystal-free liposomes were observed In the samples stored at 4 °C
up to 5 months, the level of PL degradation products was negligible
and no PTX decomposition or precipitation was found [41]. A novel
Iyophilized PTX formulation marked as LEP-ETU [(MeoPharm) was
prepared of DOPC/cardiolipin/cholesterol (molar ratio, 9:0.5:0.5)
and o-tocopheryl acid succinate [(0-TAS) with PTX/lipids (molar
ratio, 1:33). At these liposomes, the original liposomal size was pre-
served and a stable content of each particular lipid as well as PTX
was found up o 12 months at 2-8 *C and 25 *C. Upon lyophilizate
reconstitution, neither precipitation of FTX nor any changes in origi-
nal siz= were observed for 72 h at 2-8 *C and 25 °C. Moreover, this
formulation could be reliably diluted to 025 mg FTX/ /ml [42].
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The endeavor to develop a PTX formulation for an inhalation
application led to encapsulation of PTX into DLPC vesicles [weight
ratia, 1:10). The procedure was based on lyophilization from tert-
butanol followed by nebulization. The prepared MLVs were of final
size of 0234017 pm and a microscope analysis revealed no PTX
aystals. A single-dose application of liposomes |5 mg PTH kg) by
aerosol was compared with an Lv. administration. After the aerosol
application, levels of PTX were started to be analyzed 5 min after
the 30-min aerosol inhalation. The cncentraton of PTY in lungs
ranged from 5.5 to 231 pg'e of the tissue during first 25 min. It was
followed by a slow decrease to the initial value which remained the
same until the end of an observaton period of 3 h. For the {v. admin-
stration, the concentration of PTX in ungs reached up to 107 pg/g of
the tissuewithin 1 min but then it fell down to 0.8 pg/e during 4 min.
In addition, the dose applied by aerosol technology (5 mg FTX/ kg)
was substantially lower than the frequenty used doses for iv. or
intraperitoneal (ip) administration (=20 mg PTX kg) to induce an
anti-tumor effect [43].

42 Poaditace] encapsulated i pocket-forming lposomes

The application of pocket-forming lipids can significantly inease
the encapsulation capadty of liposomes for PTX The examples
of such lipids are lysophospholipids whose asymmetric molecules
form cavities-pockets in the liposomal membrane bilayer. These
hydrophobic pockets can accommodate the bulky hydrophobic molke-
cule of PTX and the encapsulation capacity could be increased up to
15 maolx [44]

Based on the pocket-forming lipids, a stable lyophilized formulation
encapsulating PTX (7 mols) in posomes composed of SOPC/POPG/
MOPClipids ( molar ratio, 60:20:20) and vitamin E (5 mol%) was devel-
oped The physical stability of PTX liposomes, momphology of MLYs and
original size of 180 nm as well as suppressed PTX crystallization was
preserved for 6 months at 4 °C A significant reduction of lung metas-
tasis was achieved by the application of lippsomal FTX (100 and
50 mg/kg) in melanoma bearing mice. The side effects of liposomal
PTX were negligible in comparison with Taxol®, whose toxic dose
was about 20-25 mg PTX/kg. Besides, both single doses of 100 mg
PTX/kg and a cumulative dose of 150 mg PTX'kg (4 equivalent
doses, 48-h period ) we re well olerated without any signs of toxicity

[451
5. Functional ized liposomes

Liposomes represent a versatile drug ddivery system that could
be endowed with other properties improving their targeting towands
the tumors. Several appmaches and examples are presented below.

5.1. Pochse! encopsulated in pegyinted liposomes (long-circulating
posomes)

Rapid dearance of the conventional liposormes by RES represents
one of the major disadvantages in the drug delivery. This problem
was solved by employing the long-circulating liposomes. The grafting
of comventional liposomes with an inert and biocompatible polymer
such as polyethylene glyool { PEG) keads to the formation of a protec-
tive and hydrophilic layer on the liposomal surface [46]. The surface
modification reduces a clearance of hposomes by the @lls of RES
and apparently prolongs the halfdife of liposomes during circulation
[47]. The long-arculating liposomes are also referred to as pegylated,
stedcally stabilized or stealth liposomes. [t was demonstrated that the
permeability of the cpillary endothelium in the tumors is increased
in comparison with normal tissues [48). The macromolecules are pas-
sively accumulated to greater extent for longer period in the tumor
than in the non-malignant capillary endothelium. This phenomenon
i referred to as an enhanced permeability and retention (EPR) effect
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[49]. Small bag-cirulating liposomes (100 nm) demonstrated a higher
frequency of encountering permeable capilades of the tumor and
extravasating into the fenesstrated tumor tssue. This accumulation of
long-circulating iposomes with encapsulated drugs by EPR effect mep-
resents a passive targeting mechanism enhancing the drug ddivery
and drug therapautic potential [50].

Liposomal formulations containing 4 mol% of PTX were prepared
either as conventional ones made up of PCPG/cholesteml (maolar
ratio, 9:1:2) or as pegylated ones composed of PC/PG/cholesterol/
DSPE-PEG (maolar ratio, 9:1:2:0.7 ). However, both types of liposomes
were phy sically stable only for less than 1 day in the hydrated state at
4 *Cand retained only 50% of the initial PTX content [51]. Conwen-
tional and pegylated liposomes were prepared by extrusion of MLV
produdng PTX liposomes with a mean size of 120 nm. The inclusion
of cholesterol at more than 20% cused a PTX precipitation and lipo-
some destabilization. The conventional PTX liposomes were found
to be more stable than corres ponding pegylated ones [52].

However, the pegylated PTX iposomes were long-droulating show-
ing a half-life tme of 486 h against 93 h forthe comve nbional ones, [Eis
a result of a reduced clearance of the pegylated PTX liposomes. Their
biodistribution demonstrated a considerable decrease in PTY uptake
in RES-containing organs | lverand spleen ) after 05 and 3 h in compar-
ison with their conventional counterparts in Balb/c mice model [52]
The biodistribution effect of PTX was evaluated after iv. administration
of 7.5 mg PTX kg (single dose) of Taxok®, conventional and pegylated
PTX liposomes in mice model beanng tumor xenog raft. Ce-Pwas rapidly
accumulated and cleared by the bver, spheen and lung, while PTX ipo-
soms exhibited a prolong half-life of 1.6-fold and 7.1-fald for the con-
wentional and pegylated formulation, respectively. In tumor, after 6 and
24 h the PIX concentration of pegylated liposomes (0.4 and 0.1 pg/g)
was significantly higher than that of the conventional lippsomes (0.1
and 003 pe/g) and Cr-P (005 pg'e and deaved). In case of pegylated
PTX liposomes, the drug concentration in tumor after 6 h was higher
than that in spleéen, lung, heart, kidney and brain The accumulation of
the pegylated PTX liposomes after i v. administration of 7.5 mg PTX kg
(3 cumulative doses in 4-day intervals) in tumor resulted in a signifi-
cant inhibition of the tumor growth as compared with the other prepa-
rations atthe end of the observation period of 60 days. Long aroulation
time and slow release of PTX from pegylated liposomes offers a chanoe
for PTX to be attaned at tumor through EPR effect and maintain the
effective therapeutic level for a long-ime period via a depot effed.
The passive tumor targeting was demonstrated by an application of
peeylated PTX liposomes of an appropriate size of <200 nm [53]. The
composition of lipids comprising EPC, HEPC, cholesterol and DSPE-
mPEG was optimized to improve the encapsulation capacity of PTX
and prepare stable pegylated posomes. The addition of cholesterol
allowied a preparationof small-sized liposomes with high drug incorpo-
ration. The presenceof pegy lated PL provided astericstabilization of the
liposomes. Increasing portions of HEPC (25 to B2 mol®) have led to an
increased average diameter of the iposomes (113 to 203 nm), mean-
while the encapsulation efficacy of PTX gradually decreased (69 to
372). Based on these results, the liposomal formulation of EPC/HEPC/
cholesterol DSPE-mPEG (molar ratio, 15:5:2:1) was found to be opti-
mal. Liposomes were prepared by sonication of MLVs followed by
extrusion through 02 pm filters. The maximum encapsulation capacity
of stable liposomes during the preparation was observed to be 20 molz.
Above this content, PTX accelerated liposome destabilization, needle-
like preapitates and agpregated liposomes were observed. Liposomes
encapsulating up to 15 mol% of PTX retained the inital drug content
and the original size (about 140 am) for 6 months at 4 *C Moreowver,
Lv. administration of liposomal FTX (40 mgkg) caused neither acute
toxicity nor mice death, which Taxol® at the corresponding dose did
[54]. For the in wivo studies utilizing Colon-26 solid tumor-bearng
mice, it was confirmed that PEG-coated PTX liposomes ddivered a
significantly higher amount of PTX to tumor tissue and provided maore
excelent anti-tumor effect than PEG naked PTX liposomes [55].
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These results suggest that PEG iposomes would serveas a potent PTX
delivery vehide for the futune cancer chemothermapy and represent a suit-
able platform for the devdopment of targeted liposomal PTX systems.

51.1. Application of pegylated poditaxel-containing liposomes in
metronomic chemotherapy

Metronomic chemotherapy or frequent administrabon at doses
much lower than MTD represents an altemative approach of treatment
incompansonwith common strategy employing MTDchemotherapy of
the drug. As an advantage, this strategy represents a lower toxicity and
metronomic regimen could maximize the growth-limiting effects as
weell as the anti-angiogenic poperties. The pegylated PTX hposomes
and Taxol® formulation were used to evaluate the effect of metronomic
and MTD treatment on the tumor growth inhibition and anti-
angiogenic activity. The nude Balb/c mice beanng MDA-MB-231 cells
were started to be treated after 11th day of xenograft implntation
FTY formulations were adminstered at 15 mg PTXkg on the 11th
15th, 19th and 23rd day and at 6 mg PIX kg every day from the 11th
to 15th day as wal as the 22nd to 26th day for MTD and metronomic
chemotherapy, respectively. On the 32nd day, mice were sacrificed
and the tumor volume was quantified. Generally, the tumor growth
in the groups of metronomic and MTD pegylated PTX liposomes as
well as MTD Taxol® demonstrated the same inhibition effect, while
significant tumor progression was observed for the metronomic
administration of Taxol®. The metronomic application of pegylated
FTX liposomes was the most efficient in anti-angiogenic adivity as
determined by microvessel density assessment. These results indi-
cate that frequent administration of pegylated PTX liposomes had
an anti-angiogenic effect that blocked the blood supply and may be
mome effective in suppressing tumor growth in vivo [56].

52, Poclitaxcel encapsulated in ligand-torgeted Eposomes

Another attempt to overcome the limitatons assodated with the
conventional liposomes was the development of ligand-targeted lipo-
somes also referred to as immunoliposomes [57) Becauwse long-
arculating bposomes demonstrate a minimal affinity to normal tis-
sues they provide a biologically inert and safe platform for the design
of advanced drug delivery systems. Ligand-targeted liposomes em-
ploy certain targeting groups conjugated to the surface of long-
arculating liposomes for selective delivery of the encapsulated drug
o the desired site of action [active targeting). The targeting groups
used include antibody molecules or their fragments, naturally ocoir-
ring or synthetic ligands such as peptides, carbohydrates, gy oopro-
teins or receptor ligands, Le. generally a molecule that selectively
recognizes and binds to a target antigen selectively expressed by
the tumor cells, The adtive targeting increases the speaficity of the
interacion of a lposome-encapsulated drug with the arget cells as
weell as the amount of the drug delivered [58].

52.1. Folate-receptor-targeted paditoe lposomes

Liposomes (3 molE PTX) targeting folate receptor (F), which is fre-
quenty overexpressed by epithelial cancer cells, were prepared and
characterized. FR-targeted PTX liposomes were composed of DPPCS
DMPG/DSPE-mPEG/DSPE-PEG-folate (molar ratio, 85.5:9.5:4.5:0.5). For-
mulations developed as lyophilizates prepared by extrusionof MLVs had
the final mean size of 93 nm with PTX incorporation dfficacy of 98%.
Upon lophilizate rehydration, the liposomes exhibited a particle stabil-
ity and drug retention over 72 h at 4 °C The enhanced cellular uptake
and liposome intemalzation by KB oral ardnoma cells expressing FR
was demonstrated for FR-targeted PTX liposomes in companson with
their non-tageted counterpart [59].

522 HER-2-rargeted poaditacel liposomes
The human epidermal growth factor receptor-2 (HER-2) repre-
sents a target for the delivery of PTX by liposomes to breast ancer

cells, Herceptin monoclonal HER-2 antibody coupled with pegylated
liposomes represents a suitable strategy for active tumor targeting
mediated via HER-2 expressing cancer. After 2-h in vitro incubation,
the cellular uptake of the pegylated HER-2 targeted PTX liposomes
by breast cancer cells BT-474 and SK-BR-3 expressing HER-2 was
found to be twice higher than that for the pegylated HER-2 non-
targeted PTX liposomes. In the case of MDA-MB-231 cancer cells
with low-abundant HER-2 factor, the cellular uptake was comparable
for both types of liposomes [60]. Specific tumor uptake of PTX was
evaluated after iv. application of the pegylated HER-2 non-targeted
and pegylated HER-2 targeted PTX liposomes in breast cardnoma
xenogaft mouse model. In BT-474 cells, pegylated HER-2 targeted
PTX liposomes showed a significantly higher drug concentration
ratio of tumor to plasma compared with the pegylated non-targeted
PTX liposomes. However, this HER-2 selective tumor distribution
was not observed in MDA-MB-231 cells with low-abundant HER-2
factor. The anti-tumor effect of the pegylated HER-2 targeted FTX
liposomes was superior o the Cr-P and to the pegylated non-
targeted PTX liposomes in mouse bearing BI-474 breast cancer,
whereas for the MDA-MB-231 mouse model, the anti-tumor efficacy
was comparable for both types of lippsomes [61].

523 Peptide-tarpeted paditacel liposames

Vascular endothelial growth-factor receptors such as neurolipin-1
(MNRP-1) and alpha V integrins represent effective vascular tagets
expressed by endothelial cells. Movel peptides, the first one containing
two individual neovessel-specific motifs like Arg-Gly-Asp (RGD)
and Ala-Thr-Trp-Leu-Pro-Pro-Arg [ ATWLPPR) and the second one
integan-targeted  possessing only RGD motf, were syathisized to
provide specific target binding. Duakbtargeted or single-targeted
liposomes (<100 am) omposed of PCicholesterol DSPE-mPEG | molar
ratio, 9:1:0.5) encapsulating 3 mots PTX had peptide anchored via
palmitic aad into the ipid membrane bilayer. The release of PTX was
lower than 2% of the initial drug concentration during 24 h. The oyto-
toecie effect and ligand-mediated internalization of liposomes was test-
ed on AS49 (human lung cardnoma) and HUVEC (human umbilical
vein endothehal cells) both expressing alpha V ointegring and NRP-1.
The lowest value of 1C;, was observed for dualk-targeted PTX liposomes
in comparson with PTX liposomes single-targeted, non-targeted and
Taxol® indicating an advanced binding activity and specificity to the
target. The specific cellular uptake of dual-targeted liposomes was
significantly higher than that for other formulations. Different liposo-
mal PTX formulations were admings tered into xenograft mouse models
beanng A549 cdls to evaluate the anti-tumor efficacy in vivo, The mean
tumor weight was determined to be 1622 mg for an untreated control
at the end of the experimental period of 60 days. The anti-tumor
activity of PTX liposomes expressed as the mean tumor weight was
found to be GOS8 mg, 439 mg, and 296 mg for the non-targeted,
single-targeted, and dualtargeted liposomes, respectively, [6263)
This concept of RGD pe ptide targeting was also developed for the con-
struction of targeted PTX liposomes, They were prepansd by covalent
conjugation of RGD peptide with pegylated hipid of longcirculating
PTX liposomes [64].

Another example of targeting is represented by an application of
cationic PTX liposomes in combination with attached fibroblast
growth factors (FGFs). FGEs are small polypeptide growth factors
playing important roles in complex biological events such as angio-
genesis and tumor formation. These peptides were explored for lipo-
somal drug targeting in neovascular therapy [65] FGF receptors,
overexpressed on the surface of variety of tumor cells and on tumor
neovasculature, represent potential targets for tumor and vascular
targeting. A novel truncated basic FGF (thEGF) peptide was attached
by electmstatic force onto the suface of cationic liposomes compose d
of DOTAPR/ cholesterol (molar ratio, 1:1) encapsulating PTX. For in vivo
tumor model, the peptide-targeted cationic PTX iposomes prolonged
the retention time and demonstrated a significantly 2.6-fold and
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72-fold higher tumor accumulation than two other used formula-
tions, non-targeted liposomes and Taxol®, respectively. In this case,
the underlying mechanisms involve the steps as follows: liposomes
slowly accumulated in tumor Hssue, utimately reaching a high level
in tumor due to EPR effect and thFGF-modified liposomes enhanced
the accumulation wia the hgands against the receptors that were
overex pressed on the surface of the twmor cells, resulting in a slow
drug release to tumor sites [66].

A new chitosan derivative, octadecy bguatemized lysine-modified
chitosan (OQLCS), possesses an amino group to which functional
groups such as folic acid (FA) or transactivating transcri ptional activator
peptide [ TATp) could be attached. FA could be selectivdy bound to fo-
lte meeptor (FR), a 38 kDa glycosyl-phosphatidyl inositel-anchored
cell surface receptor, which & frequently overex pressed by epithelial
cancer cells. TATp, cell-penetrating peptide, is an effective transport
carrier possessing the abiity to fadlitate an of ficient uptake of vanous
cargos ranging from small peptide sequences o lage biomolecules
like liposomes and polymers, Polymeric liposomes composed of FA-
OOLCS 00LCS cholesterol (weight ratio, 1:1:1) attaching TATp (weight
ratio TATpliposome, 1:4) onto the liposomal surface were capable o
oad up to 26 wtE of PIX The indusion of PTX higher than 11 wt%
mesulted ina poor encapsulaton efficacy. Thus, for futher experiments
the liposomes with 11 wi® of PTX were prepared. Original iposome
mumn size of 60 nm was preserved for 2 months, In the first 2 days,
a predpitation of PTX about 40% was observed. It was followed by a
drug release up to 80% after 2 weeks at 37 °C. In addition, almost all
PT¥ discharged from the Taxol® formulation already within 2 days
[67] A compositionsimilar to that of FA-OQLCS PEG-00QLCS choleste ml
(weight ratio, 2:3:1) attaching TATp was also used for the construction
of polymeric iposomes (FA-TATp-PLs ) loading 10 wt.% of PTX. Signifi-
cantly higheruptake of these liposomes for FR-positive KB nasopharyn-
geal epidermal cardnoma cells than that for FR-negative AS49 human
lung cardnoma cells was observed by confocal laser microsoopy.
Invive anti-tumor activity of PTX loaded in FA-TATp-PLs was evaluated
at SCID mice bearing KB cells Drug administrabon repeating every
S days was followed by a quantification of tumor volume until the
27th day. The average tumor volume of the mice after the treatment
period with 5 and 10 mg/kg FTX loaded in FA-TATp-PLs was 4.2 and
48 times lower than that of the mice teeated with 5 and 10 mg kg
Taxol®, mspectively. The efective tumor-growth inhibition by PTX
oaded in FA-TATp-PLs could be explained by a combination of a seec-
tive uptake by KB cells, the EPR effect and an effident delivery through
the transmembrane ability of TATp [68].

52.4. Hyaluronan-targeted poclitoe] liposomes

A frequent ove rexpressionof C044 [ a receptor for hyaluronic acid
(HA)) and CDIGE (a receptor for hyaluronan-mediated mobility
(RHAMM]) )} on many types of tumors offers further possibility
of targeting by the naturally-ocourring high-molecular-weight HA
[689,70]. HA, a naturally-occurring glymsaminoglycan, is one of the
main components of the extracellular matric. HA s also known as a
bioadhesive compound capable of binding with high affinity o cell
surface, intracellular receptors, extracellular matix components
and also to itself [71]. In the tumaor cells, binding of HA to its recep-
tors is involved in the tumor growth and spreading. Cancer-cell
prolifer ation and metastatic processes are regula ted by CO44 [ 72,73]

Mixing of DLPE/DLPG lipids (molar ratio, 9:1) for the encapsula-
ton of PTX resulted in self-assembling into nanoparticke-like clusters
which were subsequently coated with HA The prepared stroctunes
wiere of spherical shape having final size of 300 nm. For in vitro
experiments, the partickes were found to deliver PTX selectively into
the mouse colorectal cancer cells (CT-26), expressing CD44, in a
Md4-dependent manner, lnjected systemically to mice bearing CT-26
solid tumors, this drug delivery systemdemaonstrated a high safety pro-
fike and tuimor-site accumulation. FTX-particles act as bong-arculating
tumor targeted partickes with half-life of 6 h comparsd with 10 min

for Taxol®. Under the same conditions, the FTX-particles [5 mg
PTX kg) induced tumor arrest and were as potent as a 4-fold higher
dose for Taxol®. It was also observed that these partides reduce PTX
liver and spleen accurmulaton and induction of pro-inflammatory
cytokines was lower in comparson with Taxok® [ 74).

5.3 Poclivese] encapsulated in cationic Bposomes

Targeting of the vasculature has several advantages over targeting
of tumors, There are no physiological bamiers for endothelial cells,
Thus, for drug delivery systems, the vasculature is more easily acoes-
sible than tumor cells. The destruction of a few capillary endothelial
cells can affect a large number of tumor cells. Finally, the endothelial
cells are genetcally stable and do not bemme resistant to the therapy
[75]. The high proliferation rate of these cells provides them with a
selective target for anti-tumor drugs [76]. The concept of anti-
angiogenic therapy is based on the inhibition of endothelial cell pro-
liferation, whereas vascular targeting destroys tumor microvascula-
ture produdng malnutdtion and accumulation of metabolites. Thus,
a neovessel is an attractive target since anglogenesis is necessary for
a tumor growth and metastasis. Cationic liposomes were found to
be selective for tageting the tumor endothelial cells. The positive
charge of their surface determines the distribution of liposomes into
the vascular tumor compartment. The encapsulation of the anti-
tumor drug into the cationic iposomes represents a novel approach
to the selective drug delivery that employs the vascular targeting
for the tumor therapy [77,78].

FTX was aded into cationic liposomes prepared of cationic lipid
DOTAP and dioleic-derived Pls, They were of the final size of
180-200 nm. The hamster melanoma A-Mel-3 was implanted into
Synan golden hamster. The experimental animals were treated with
the dose of 5 mg PTX/kg by iv. infusion The rhodamine-labeled
catiomc FTX liposomes were shown to be accumulated at the tumor
to normal tissue ratio of 3:1, as observed by in vive fluorescence
microscopy imaging. The antitumor activity was evaluated by
gquantification of the tumor volume at the end of the 23-day observa-
tion period. The tumor growth was found to be only 1.7% for the
cationic LEP, while 102 for the empty cationic liposomes and 11%
for Cr-P. Moreover, the ocaurrence of the lymph node metastases
was significantly delayed by the cationic LEP in comparison with the
other formulations used [79] The selective and efficient delivery
of PTX encapsulated in the ationic lippsomes (EndoTAGE-1 also
known as LipoPac® or MBT-0206 ) was also reported for other exper-
imental models. The liposomes were found to sucoessfully decrease
the tumor angiogenesis and melanoma growth in humanized SCID
murine model [80] as well as to impair the functional tumor micro-
vasculature in Syrian golden hamsters bearing A-Mel-3 melanoma
[E1]. The neovascular targeting was also tested for the treatment of
prostate cancer [B2]. This approach represents a new method for
the treatment by redudng the primary tumor mass, Moreover, it pro-
wides an additonal effect in suppression of angiogenesis in compari-
son with the corventonal treatment.

5.4 Pochiw] emoapsulated in thermosensitive Bpo somes

Thermosensitive liposomes encapsulating PTX were prepared
using EPC and cholesterol in combination with ethanol. The pre pared
liposomes had a phase transiton temperatune of 43 °C. The in vivo
efficacy of the thermosensitive PTX liposomes was determined in
B16F10 murine melnoma transplanted into C57BY6 mice in combi-
nation with local hyperthermia. A significant reduction of tumor
wolume and an increase in survival ime were observed in tumor-
bearing mice treated with a combination of hyperthermia and
thermosensitive PTX liposomes compared with animals treated with
an equivalent dose of Cr-P with or without hyperthermia [83] Anoth-
er approach was based on a thermosensitive pluronic aad [ Pluronic®

150



330 £ Koudaka, | Turdnek § fournal of Controlled Release 163 {2012 322-334

F127) hydrogel in which PTX-containing liposomes were embedded
This system was developed for hydrophobic anti-ancer agents to
be used in parenteral formulations for treating local cancers, A
thermoreversible hydrogel based on F127 containing hposomal PTX
can be utilized for controlled drug delivery and enhanced drug uptake
in cancer cells [84].

55. Poditaxel encopsulated in magnetoliposomes

Magnette [ Fey0,) nanoparticles have been explored for various
biomedical applications. The applications indude the use of magne-
dte nanoparticdes in cell labeling/cell separation, magne tofedion o
facilitate gene delivery, as contrast agents for magnetic resonance
imaging [ MR}, to induce local hyperthermia in response to an exter-
nal alternating magnetic Aeld to selectively destmoy cancer cells, and
as a magnetically targeted arrier system in drug delivery applica-
dons, PL wesiches encapsulating magnetic nanopartides (liposome
complexes) have been prepared for targeting a drug to a speafic
organ using a magnetic force as well as for local hyperthermia thera-
py. Lposome complexes represent also an ideal platform for use as
contrast agents of magnetic resonance imaging (MRI1).

Liposomal formulation of PTX was also developed as lyophilized
magnetolippsomes. Ultrafine magnetite (Fey 0y 50 am) was encap-
sulated into liposomes composed of HSPC, cholesterol, DCP and
w-tocopherol (molar ratio, 62:31:7:2.5) using reverse-phase evapo-
ration followed by sonication. Although ne gatively charged DCP pro-
vides electrostatic repulsion and cholesterol improves the stability,
liposome aggregation and drug precipitation were observed upon
storage [ 15-25 °C, 3 months). Further, the lposome stability was
extended for 6 months by a lyophilization process as determined
by the encapsulation efficacy, size distribution and morphology. In
vivo biodistribution sugge sted that ma gnetoliposomes were distine-
tively localized in the tumor tissues having obvious tumor targeting
and sustained-release effect, which have a good responsiveness to
external magnetic fleld. Neither erythrocatalysis nor agglome ration
phenomenon was observed after incubation of magnetoliposomes
with red cell suspension [85]. This concept of liposomal PTX
magne oliposomes was subsequently upgraded as chitosane-coated
liposome complexes with 10 nm FesOs nanopartickes encapsulating
PTX [B6].

Further progress in magnetoliposome applications as drug deliv-
ey systems is assodated with a development of instruments able o
focus them by magnetic fleld. At present, such instruments are avail-
able only for mice or rats.

6 Toxidty and anti4umor activity of liposomal paclitaxel

In animal models, LEP formulations demonstate lower toxiaty
and equal anti-tumor efficacy as the clinical formulation of Taxol®.
The toxidty and anti-tumor activity of LEP and G-P was tested in
vitm and in vivo on various mouse models bearing tumor xenograft.
The incorporation of PTX into liposomes not only eliminates the hy-
persensitivity reactions associated with the Cremophor ELE vehicle
but also decreases the toxicities that arise from the drug’s pharmac-
logical action [87.88] A reduction of toxicity towards critical normal
Hssues results in a substantal elevation of the MTD. The impact of
these changed pammeters on the therapeutic index is striking in
PT¥-resistant tumors like colon tumor model or melanoma [36.45].

In vitra, the oxidty of LEP and Cr-P was found to be similar for the
tested P3EE and L1210 keukemia cells. In vivo, LEP exhibited reduced
side effects and enhanced drug efficacy [89]. To examine the toxiaty
of Gr-F and LEP formulation, a comparative in vivo study was carned
out For Cr-f administered v, a cumulative PTX dose of 325 mgkg
on 3 mnasecutive days caused 100% mortality at the 3rd day. At LEP,
no mortality for the murine L1210 leukemia modd was observed [87].
A dosedependent character of the toxiaty and anti-tumor effect of

PTX formulated ather in iposomes or in Cremophor ELE was investi-
gated after ip. administration in DBA-2 mice beanng P388 leukemia.
The Cr-P and LEP were administered as cumulatiee PTX doses (3 equiv-
alent doses in consecutive days) of 40-120 mg/kg and 40-300 mg/ke,
respectively. LEP exhibits lower cumulative taxicity than Ce-P. By the
encapsulation of PTX in liposomes, the acute toxicty associated with
Cremophor ELE was e liminated [90]. The growth-inhibitory adtivity of
LEP was retained in vitmo against a variety of tumor cell lines. In vivo,
LEP was found to be wdl tolerated in mice model. MTD for this formu-
laton was 200 mg PTX/kg for both {v. and 1p administration. This
significanty outperforms the MTD for G-P that was reported to be
30 mg PTX kg (iv.) and 50 mg PIX kg (ip) [91].

PI¥-sensitive Al2la human ovarian tumor was subcutaneously
applied in nude mice. The treatment procedure with LEP and G-P
resulted ina similar ant-tumor offect. However, LEP was better tolerated
after {v. administration [88]. LEP formulation was used to suppress the
growth of PIX-resistant Colon-26 murine tumor implinted in the Bally/c
mice. The Cr-P was found to be in-dfective in the inhibiion of the
tumor growth at the doses doseto MTD (30 mg PTX/ kg ). On the contrary,
LEP reduced the tumor progression at the doses that would be lethal, if
PTX was applied in Cremophor EL® [3692],

As it was reported, PTX administration has a severe embryotoxic
effect. It could be partially attributable to the toxicity assodated
with Gemophor ELE vehide, The embryotoxicity of LEP and Cr-P
was tested in the chick embryo model. The ingections of PTX at the
doses up to 30 pg were applied into the egps. At the G-P, the dose
of 1.5 pug PTX/ege caused an embryotoxic effect in 60% of the tested
eges. On the contrary, a 20-fold higher dose of LEP formulation was
necessary o produce the same wxiaty effect [93). Simiarly, LEP
was found to reduce PTX-assodated embryotoxidty in rats. Wistar
rats were Lv. treated at the doses of 2 and 10 mg/'kg of PTY in lipo-
some and Cremophor ELE on the 8th day of pregnancy. At the dose
of 10 mg PTX kg of Cr-P, the maternal and embryonal toxicdty was
observed. Three of seven rats died and all of the embryos in the sur-
vived rats were resorpted. LEP at 10 mg PTX/ kg was associated with
none maternal death, only some malformations occurred in the sur-
vived fetuses. At the dose of 2 mg PTX kg of Cr-P, the fetal weight
was decreased and resorption increased. The malformations were
prominent at the PTX doses of 2 mgkg of G-P and 10 mg kg of LEP.
It is obwious that the encapsulation of PTY into liposomes provides asig-
nificant reduction of the drug and vehide associated embryotoxicity.
Theseresults have importantimplications for the therapy with PTX dur-
ing human pregnancy [94]

7. Clinical trials

PTX is a promising anti-tumor agent with poor water solubility.
It is effective in treatment of various aneers, espedally ovarian and
breast cancer. Taxol® represents a currently available preparation of
PTX produced by Bristol-Myers Squibb. The administraton of this
preparation has serious side effects. The extensive clinical use of
PTX is somewhat lagging behind due to the lack of appropriate deliv-
ey systems. There is a need for alternative delivery systems for PTX
that would not have any side effects. Lipopsomal PTX formulations
are in various stages of dinical trials. [EP-ETU (MNeoPharm) and
EndoTAGE-1 (Medigene) have reached the phase 1 of the clinical to-
als; Lipusu® (Luye Pharma Group) has already been commencialized.

The first LEP preparation was composed of EPC, cardiolipin, cho-
lesterol and o-TAS. The liposomes were supplied as a lyophilizate
by Pharmacia (Merviano, laly). The parameters such as MTID,
recommended dose (RD), dose-imiting toxicties (DLTs), phammaco-
kinetics, and the ant-tumor effect of LEP were evahiated in weekly
scheduled phase | study. Prior to the treatment, all of the 14 patients
with mefradory sobd malignancie s were premedicated. Subsequently,
they received LEP infusion (90-150 mg PTX/m?*) over 45 min once a
week for 6 out of B weeks, One patient experienced DLTs at 150 mg
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PTX/m®. He received less than 70% of the intended cumulative dose.
A stabilization of the disease was documented only in 2 patients for
the 8 weeks. The whole blood clearance of total PTX was similar to
Taxol®, However, this trial was discontinued upon completion of
enrolment of 150 mg PTX/m? cohort. The assessment of phammacoki-
netes and the clinical data sugpested that this LEP was unlikely to
have any advantage over Taxol® [95]. Further efforts to eliminate tox-
wcities associated with Taxol®, to improve the drug safety profile and
to enhance the FTX therapeutic efficacy led to the development of LEP
formulation [ marked LEP-ETU) by NeoPharm. The phase | study was
designed to determing MTD, DLTs, pharmacokinetics and anti-tumor
effects of LEP-ETU. The whole of 25 adult patients with advanced
incurable cancer (breast, colon, and ovarian) were treated by LEP-ETU
infusion (135-375 mg PTX/m?) for 90 min every 21 days (6 cyces).
To prevent infusion-related reactions [(IRRs), the initial patients
(135-225 mg PTX/m?) were premedicated on the day of infusion. The
later patients (225-375 mg PTX/m®) were not premedicated. Multiple
nfusions without IRRs were completed in 75% patients. The most fre-
quent adverse events were fatigue, nausea, anemia, hypoesthesia, and
neutmpenia, DLTs occurnsd at 375 meg PIXm® and consisted of febrile
neutmopenia and neuropathy. MTD was determined to be 325 mg
PTX /m?. LEP-ETU at 325 mg PTX/m?® provided an acceptable neutrope-
nic events relative to those observed for Taeol® at 175 mg PIX/m?.
An evidence of anti-tumor acivity was observed as a partial response
and stable disease at 3 and 11 patients, mespectively [32 96-949] The
protection against toxicities relating to free PTX and the encouraging
data regarding the tumor response enabled a sucoessful progression of
LEP-ETUinto the phase 1 of the chnical testing for the treatment of met-
astatic breast cancer. MeoPharm conducted a multicenter, open-label
trial of LEP-ETU at 5 centers in India. A total of 35 patients wereenrolled
They received a dose of 275 mg PTX/m? without routine prophylactic
premedication for [RRs every 3 weeks (6 cydes). Owerall tumor
mesponses with fully audited data were as follows: 16 patients with
tumor mesponse induding 15 partial responses and 1 complete re-
sponse; 10 patients with stable disease: 9 subjects with progressive dis-
ease. LEP-ETU was well tolerated. Mo significant IRRs were observed, as
indicated by the low extent of adverse events even at the absence of
prophylactic premedication. The research continues to evahiate wheth-
er o extend the trial phase I of LEP-ETU or to start phase 1] of random-
ed trials with Taxob® used as a comparing agent in metastatic breast
canger patients. The goal i o embark the process of regular approval
of LEP as an effective modality for the treatment of cancer patients as
ecady as possible [ 100].

The second PTX preparation was based on catonic LEP. The
delivery of cationic LEP to the tumor vasculature in combination
with chemotherapy affecting the proliferating tumor cells represents
an effective two-component anti-tumor therapy. Generally, anti-
angiogenic drugs themselves cannot eradicate tumors completely.
A remarkable anti-tumor effect @an be achieved by combining
anti-angiogenic tumor therapy with conventional cytotoxic radio- or
chemo-therapy. Tumor endothelial cell apoptosis and intra-tumoral
thrombosis was found to be induced by cationic LEF. This themapy
supports vascular targeting as an underlying mechanism [101] This
novel therapeutic strategy was first realized by the development of
EndoTAGE-1 preparation by Medigene. This preparation comprised
PTX encapsulated in cationic lipid complexes based on iposomes
composed of DOPC/DOTAP and the dmg (molar ratio, 45/50/5)
[102] EndoTAGE-1 is currently tested in the phase 1l of trials against
various types of solid tumors, Medigene recently announced interim
results of EndoTAGE-1 against inoperable, locally advanced or metas-
tasized pancreatic cancer. In this study, gemdtabine monotherapy
was randomized against different doses of EndoTAGE-1 in combina-
ton with gematabine. Median survival in the group receiving the
highest dose of EndoTAGE-1 exceeded the median survival of the
control group by 30%. The survival was even higher in patients who
received EndoTAGE-1 over a longer period and repeatedly [102]
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A case study on a sucoessful treatment of a patient suffering from
progressive  hepatocelular @arcinoma (HCC) was reported. This
HCC is the third mostcommon cause of cancer deaths. In the patient,
EndoTAGE-1 stopped tumor progression for 9 months [102] In
another study, patients with advanced cancer and liver metastatis
wie e treated by EndoTAGE-1. Generally, EndoTAGE-1 was well tol-
erated. Common side effects were fatigue and hy persensitivity reac-
tions. Mine of 18 patients had a stable disease after a first treatment
cycle. Four patients without progression of a disease continued the
treatment [ 103].

The third liposomal PTX preparation, Lipusu® [ paclitaxel lipo-
some for injection, Luye Pharma Group), was developed by Sike
Pharmaceutical (Manjing, Jiangsu, PRC) This preparation was
approved by the State FDA of China. Li pusu® is the first commuer-
cially available PT¥ formulation to be marketed. It represents a
natural extract from Yew used in the treatment of ovarian, breast,
MNSCLC, gastric and head and neck cancer. The application of a
lipopsome technology resolved the issues of PTX insolubility
and eliminated the use of solvents causing toxic side-effects.
Advanced drug delivery by liposomes reduced the side-effects to
blood pressure, the medulla, peripheral blood and the liver after
injection. These improvements enable to apply higher drug
doses leading to an enhanced drug efficacy. The advanced drug
distribution has led to an incoreased tolerance of PTX in patients.
Moreover, the lyophilized preparation provides flexible storage
conditions for LEP.

Adinical study was performed to obtain an optimal premedication
protoc for Lipusu®. Lipusu® as a jomponent of mmbined chemot her-
apy was administered at 175 mg PIX/m” ( riweekly or weekly divided )
to patients with solid tumors as follows: advanced NSOLC (30%), gastric
cancer (30%), breast cancer (27%), esophagus cancer [ 11%), head and
neck cancer [ 2% ). Generally, the authors recommended a premedication
prior o Lipusu® as follows: (1) methylprednsolone 40 mg, adminis-
tered v 30 min before Lipusu®, granisetron 30 min before chemother-
apy, and (2) decamethasone 225-3 mg taken orally 12 and 2 h before
Lipusu®, granisetron 30 min before chemotherapy [104] Thirteen of
NSCLC patients with malignant pleural effusions were enrollal into
the phase | chinical study. The treatment was realized by instillation of
LEP (125 mg PTX/m®) into the pleural cavity through a catheter during
30 min. As regands the efficacy, no significant difference between LEP
and Taxol® was observed The toxdaty of LEP was much lower than
that of Taxol®. Anaphylaxis, peripheral nerve toxicity, nauses and
womiting never occurred in patients treated with LEP. In contrast, ana-
phylacis and pedpheral nerve toxiaty were the major side-effeds in
patients treated with Taxol®. In addition, the symptoms of diamhea,
anemia, neutropmia, thrombocytopenia, hepatotoxiaty and chest
pain were all mild after the intrapleural LEP application and were easily
controlled All these symptoms became momre severe in the patients
treated with Taxol® The intra-pleural administration of LEP could max-
imize the treatment effectof local disease while minimizing a sys termic
toxicity. To confirm this finding, a phase 1l study of a large number of
patients was recommended [105,106].

Abraxane® (albumin nanopartide-bound PTX) is the only non-
liposomal preparaton of PTX which reached the market [107]. The
preparation was developed by Abraxis BioSaence. This company
was acquired by Celgene in 2010, Abraxane® was approved for the
treatment of metastatic breast ancer in 2005, Albumin nanoparticle
formulation allows PTX to penetrate into tumors more easily and
makes the drug to be more tolerated than Taxol® [ 108] Abraxane®
significantly improved the response rate in NSCLC patients in com-
parison with the generic chemotherapy by FTX drug. However,
according to the data from phase Il of the study, Abraxane® did
not metard tumor growth or help lung cancer patients live longer
[1049]. Hair loss, nerve pain, unusual sensations [ burning or tingling),
changes in the heart rhythm and weakness were side effects, even if
reported in small portion of patients.
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& Conclusion

It was demonstrated that liposomal carriers are superior to Taxol &
as regards the delivery of PTX Presently, two liposomal formulations
are inclinical trials and close to commerdalization. The preparations
based on conventional liposomes represent the first generation of
LEP. There is no doubt that patients will benefit from the improved
therapeutic effect of these modern drug delivery systems. [t seems
that conventional liposomes represent a non-toxic solubilization
system rather than a real targeted drug delivery system. The second
generation of LEP is based on fundionalized liposomes (cationic or
ligand-targeted . They ame under the development in various stages
of preclinical and dinical trials. This great progress in the develop-
ment of LEP preparations demonstrates the versatile and unigue
properties of liposomes as drug carriers. The impact of both the ther-
apeutic effediveness and the price of LEP sugpests a near-future
success on the drug delivery market.
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2.2.3. Derivaty vitaminu E s protinadorovym uc¢inkem

a-Tokoferyl sukcinat (a-TOS) je semisyntetickym analogem vitaminu E
s pomérn¢ selektivnim ucinkem na nadorové bunky a protinddorovym ucinkem in vivo.
Byla syntetizovana fada jeho analog, které se vyznacuji resistenci vici esterazam, nebot
obsahuji tézce Stépitelné eterové nebo amidové vazby. a-Tokoferyl maleamid (a-TAM)
predstavuje jedenu2 z téchto novych latek a vyznacuje se fadoveé vyssi cytotoxicitou in
vitro a protinddorovym uc¢inkem in vivo na mySich nddorovych modelech.

Zavaznym omezenim pouziti téchto latek pro lécbu nadorti je jejich nizka
rozpustnost ve vodnych roztocich. Jejich hydrofobni charakter tedy piedurcuje 1ékovou
formulaci. Experimentélni formulace pro podani i.v., nebo i.p. zpiisobem (solubilizace v
roztoku etanolu, DMSO nebo olejovych emulzich) jsou piipustné pro studium
protinadorového uc¢inku na mysich modelech, avsak jsou zcela nevhodné pro humdanni
intravendzni aplikace. Vesikuldrni formy nebo rizné miceldrni formy s vyuzitim
vhodnych surfaktanti (napf. polyetylenglykol) byly pfipraveny a testovany na mySich

jako ptipadné vhodné formulace pro vyuziti v humanni medicing.
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Obr. 22 Strukturni vzorce nékterych derivati vitaminu E s protinadorovym

we

ucinkem.
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Zejména piiprava vesikularnich struktur metodou spontanni vesikulace se jevi
jako vhodnou metodou pro piipravu 1ékové formy. Problémy u tohoto ptistupu vyvstavaji
s dlouhodobou stabilitou preparatli a toxicitou nckterych derivatd po iv. aplikaci
(napt. a-tokoferyloxalat). Tato toxicita mize souviset s extrémné vysokym zapornym
povrchovym nabojem téchto Castic a jejich nestabilitou v krvi. Zfejm¢é mtize dochazet

k aktivaci komplementu, tvorbé mikroembolii a dalSim nezadoucim jevam.

I vpiipad¢ derivatli tokoferolu se ukazalo, ze pouziti liposoml je vhodnou
alternativou pro vyvoj bezpecné 1ékové formy, kterd spliiuje i dalsi kritéria kladend na
farmaceuticky preparat pro i.v. aplikaci.

V této oblasti se nam podafilo vyvinout technologii piipravy stabilniho
liposomalniho preparatu a-TOS a a-TAM. Liposomalni preparaty obou latek byly také
testovany s vybornym vysledkem na mysich nddorovych modelech. Podaftilo se zachovat
vyrazny protinadorovy ucinek a zcela eliminovat nezadouci ucinky, které byly zjiStény u
ptedchozich formulaci a-TAM. Liposomalni forma pfedevsim eliminovala imunotoxicky
ucinek (zejména na kostni diefl)) ¢imz se otvirda moznost vyuzit tyto latky pro
kombinovanou imuno- a chemo-terapii nadorl. Praktickd aplikace ve veterinarni
medicin€ je sméfovana k 1é€bé nadorit mlécné zlazy u fen. Prvni terapeutické aplikace
byly zamétfeny na intratumorové podani. Vysledky na dvou fenéch prokdzaly destrukci
cévniho zasobovani nadoru, stagnaci rlstu a ohraniceni nddoru. Pribéh terapie byl
podobny situaci na mySim modelu spontannich nadortt mlécné zladzy. Jednoznacné
ohrani¢eni nadoru po aplikaci liposomalnich derivat vit E efekty umozZnilo jeho snadné
chirurgické odstranéni. Kombinace derivatt vit E s molekuldrnimi adjuvans otevira cestu
k imunoterapii nadorti s vyuzitim intratumorové aplikace. Liposomy zde sehravaji roli
nosiCe tvoficiho depot terapeutik. Masivni apoptéza nadorovych bun€k a uvolnéni
nadorovych antigenii v pfitomnosti molekularniho adjuvans je ptedpokladem pro
navozeni protinddorové imunity, kterd eliminuje metastatickd loziska, nedostupna
chirurgickému odstranéni nebo intratumorové aplikaci terapeutika. Intratumorova
aplikace (pfima injekce do nddoru, transdermalni pfenos do podkoznich nadorti pomoci
dermatologickych krémi) umoziiuje dosahnout vysokych koncentraci chemoterapeutika v
nadoru a pfitom eliminovat dosaZeni toxickych davek v ostatnich organech. Terapii
miZeme vymezit pojmem ,.chemoterapii indukovand protinddorova imunita“. Celkovy

ptehled je na obrazku 22.
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Obr. 23 Zpisob podani liposomalnich analog vitaminu E

Zacileni nadorové tkané miize byt dsazeno riznymi zptisoby podani 1é¢iva. Oralni aplikace pomoci kapsuli
naplnénych liposomy s enkapsulovanymi protinadorovymi derivaty vitaminu E pfedstavuje nejjednodussi
zptsob podani. Oralni aplikace vSak vyzaduje pouziti latek s resistentni vic¢i hydrolytickym enzymtim
v travicim traktu (éterové nebo amidové vazby spojujici dikarboxylovou kyselinu s tokoferolem).
Transdermalni lokalni aplikace je vhodna pro 1é¢bu koznih nadori nebo nadori lokalizovanych v podkozi.
Elastické liposomy (elastic liposomec, transferosomes, elastosomes) jsou vhodné pro tento zptsob aplikace,
nebot’ umoziuji akcelerovat prechod G¢inné latky pies barieru tvofenou stratum corneum. VyuZiti sprejové
formy liposomalnich derivati vitaminu E je vhodné pro pfimé cileni plicnich nadorti a pro ptenos G¢innych
latek do obéhového systému. Obejiti hepatopankreatického okruhu je dalsi vyhodou tohoto zptisobu
aplikace pfi pfipadném cileni protinadorovych chemoterapeutik do mozku. Po parenteralni aplikaci (i.v.)
mohou liposomalni derivaty vitaminu E vstoupit do rtiznych transportnich drah. Tyto drahy a biodistribuce
ucinné latky jsou podminény faktory jako napfiiklad typem liposomu (stéricka stabilizace), morfologie
(velikost a lamelarita) a lipidni kopozici (stability, povrchovy naboj). Liposomy mohou penetrovat skrz
fenestrace v endotelidlnich buitkdch nadorové vaskulatury a kumulovat se v nadoru, kde jsou postupné
uvolfiovany v blizkosti nadorovych buné¢k a endotelialnich bunék nddorové vaskulatury. Zejména destrukce
nadorové vaskulatrury vede k potlaceni ristu nadoru a jeho zaniku. (Adaptovano z nasi prace Journal of

Controlled Release., 2015 Volume: 207 Pages: 59-69)
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1. Introduction pro-apoptotic signals yielding mitochond rial destabilization and

Vitamin E (VE ) is a genenc term used for a lipid-soluble group of the
related compounds of tocopherols and tocotrienols. Their molecules
share commaon structure composed of chromanal head and phytyl tail
Owing toits character, VE tends to assodate with hyd rophobic domains
of various structures like biomembranes and proteins. A major biologi-
calfunctionof VE & to protect polyunsaturated lipids of membranes
against axidation [1]. Ithas besn reported that products of phos pholi pid
{PL) hydrolysis such as lysoPLs together with VE form complexes. The
formed complexes tend to stabilize PL bilayers and prevent membrane
disintegration by detergent-like actions of lysoPLs [2]. The isomers of
biological importance are oo pherols of which a-tocopherol (a-TOH )
is the most potent vitamin. a-Tocopheryl sucdnate (o-TOS) is a semi-
synthetic prototype of a-TOH representing the most developed VE ana-
logue, «-TOS is extensively studied as the model agent used in various
biological and physico-chemical experiments,

Pro-apoptotic VE analogues wene found toinduce cell apoptosis and
demonstrated ant-proliferative activity invitro [3-5]. It has been re-
ported that pro-apoptotic VE analogues exert selective toxicity towards
the cancer cells with low toxicity to the non-cancer cells [6-9] Recent
studies documented the cytotoxic effects of o-TOS invarious experi-
mental models against broad spectrum of cancer including breast,
lung, prostate and colon cancer as well as mesothelioma, neumblasto-
ma and melanoma [10-16]. Higher selectivity of o-TOS toxiaty to vari-
ous cancer cells in vitro and the more effective prevention of tumor
growth prolonging survivalin vivo contribute to attractive employment
of o-TO% as novel type of anti-ancer agent.

It has been ako reviewed that VE analog ues could be applicable for
the delivery of other anti-cancer drugs, a-Tocopheryl polyethylene gly-
ool sucanate (o-TPGS), a-T0S and w-TOH were used as solubilization
excipients, prodrug conjugates or carriers for paclitaxel, opotecan,
daxorubicin and docetaxel delivery [17).

2 Alpha-tocopheryl sucdnate and vitamin E analogue s

The structural molecule of «-TOH and its analogues can be divided
into several functionally different domains, Each domain & responsible
for individual function of particular VE analogue [ 18] (Fig. 1)

2.1, Biological activity of alpha-tocopheryl succinare

The biokgical activity of o-TOS & encountered with pro-vitamin/
vitamin effect. After entering the bloodstream, «-TOS & assodated
with lipoproteins and transported into tumor microvasculature [ 19].
In the tumor, a-TOS exerts pro-apoplotic activity resulting in tumor
grow th inhibition. Lipoproteins crrying c-TOS are also dearad during
passage through the liver where o-TOS is hydrolyzed by competent
esterases. The cleavage product, «-TOH, is partially exereted in bile
and partially shuttled into nascent lipoproteins. The nascent popro-
teins enriched with a-TOH are then re-secreted into the bloodstream
The system with additonal o-TOH promotes anti-inflammatory and
anti-oxidant defenses [2021].

The anti-oxidant activity of a-TOH is eliminated by esterification
with succinic acdd. The presence of succinate group endows o-TOS
with apoptogenic activity. The lack or low activity of speafic esterases
essental for hydrolysis of a-TOS in @ncer cells results in inhibiton
of cell proliferation. @-TOS induces the release and relocation of

dysfunction leading to programmed cell death [22 23], On the con-
trary, esterase activity was observed in non-cancer cells [24]. Agents
bearing esteric bond are spedfic for cancer cells, while non-cancer
cells become relatively intact. Over 60 compounds analogous to a-
TOS have been synthesized. These analogues were tested for induc-
tion of apoptosis in various cancer cells to find the more efficient
pro-apoptotic drugs. Some of the novel VE analogues exhibited
1Czn in low micromolar range. The serious problem encoun tered
when the apoptogenic activity was maximized by structure modifi-
cation resulted in the loss of selectivity for cancer cells in vitro
or cancer tssue in pre-dinical models [25)]. For example, the highly
apoptogenic c-tocophery] oxalate was toxic o mmuno-compromised
mice and a-tocopheryl maleamide (o-TAM | was toxic to non-cancer
cells in vitro [26,27].

2.1.1. Apoptogenic ac tvity of alpha-tocopheryl succinate and other vitamin
E analogues

It has been reported that e-TOS induces significant apoptotic activity
in about 50 cancer cell lines [E]. For B16 murine melanoma, about 505
growth inhibition without any cell death for 9.4 pM of @-TOS wasob-
served, while almost 100% lethality was caused by 188 pM of o-TOS
| 28], Apoptogenic activity of free and vesiculated o-TOS was tested on
murine Lewis lung 3LL cells. The 105, of 34 and 56 uM was determined
for vesiculated and free o-TOS, res pectively. Cells exposed to vesiculat-
ed a-T0S underwent apoptosis eadier probably due toenhanced inter-
action of cancer cells with particles formed by a-TOS vesiculation [14].
a-Tocopheryl makeate ester (o-TOM) was found toexhibit far more ef-
ficient apoptogenic activity than its «-TOS counterpart in vitro [29]. A
novel dass of VE amide analogues with amide bond linking the func-
tional domain to the chromanol head was synthesized. Owing to the
non-hydrolysable amide bond, o-tocopheryl amides were more effi-
clent in apoptosis induction than the corres ponding ctocopheryl esters
[ 30]. For example, observed s, for Jurkat T lymphoma cells was 2 uM
for oe-TAM, while for ce-TOM itwas 10-fold higher [ 31]. Invitro cytotox-
ic effect of VE analogues on vadous cancer cells followed the order of a-
TAM = -TOM > -TOS == a-TOH. For human Meso-2 mesothelioma,
human breast MCF-7 carcinoma and BIGF10 murine melanoma, the
corresponding s, were found tobe 2, 5 and 13 pM for o-TAM, 22, 27
and 35 uM for o-TOM, and 43, 61 and 64 uM for -TOS, respectively.
Any cytotoxicity for the redox-active a-TOH was not observed [27 31].
Replacement of hydroxyl group by acetate group generates o-
tocopheryl acetate (a-TOA) anaogue. However, any apoptogenic activ-
ity for c-TOA was not ohserved as well [5] a-Tocopheryl ether-linked
acetic add (w-TEA) represents synthetic VE analogue with non-
hydrolysable acetic add moiety attached to the chromanol head by
ether linkage. Like o-TOS, o-TEA is capable to induce apoptosis in vari-
ous human cancer including breast, cervical, ovarian, prostate, colon
and lung cells. For ovarian cancer cells, the [Czq 0f 5-20 pM was deter-
mined [32]. Mitochondrially-targeted VE succinate (mitoVES) repre-
sents mitochondrial ly-targeted vesion of VES with cytotoxic activity
enhancing the sdectivity for cancercells as well astheefficacy to reduce
turmars in pre-clinical models. MitoVES was synthesized by its tagging
with the delocalized cationic group triphenyl phosphonium (TPP),
as ploneered for redog-active substances [33 ] MitoVES was found 40-
fold more apoptogenic effident than o-TOS un-targeted. The corre-
sponding 1Cs, of 0.5 and 20 M in Jurkat T ymphoma cells was assessed
for mitoVES and o-TOS, respectively [34].
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22 Reststance and alpha-tocopheryl succhnate

Long-term administration of a-TOS to cancer cdls induces their re-
sistance o w-TOS as well as cross-resistance to other VE analogues
such as -TEA or a-TAM via up-regulation of ATP-binding cassette Al
(ABCAT) [35]. ABCAI represents one of the members of the ABC
transporter superfamily. Altered accurmulation or bioavailability of pro-
apoptotic VE analoguesinsidecancer cells is one of the major mechanisms
involved in their resistance. It is the balance between active uptake and
activeeflix mediated by TAP and SCARB1, ABCAT transporters determin-
ing the susceptibility of lung and prostate cancer cdls to o-TOS [11,36]. [t
was previously shown that mitochondnal targeting of a-TOS overcomes
transporter mediated chemo-resistance and ako reduces tumors that
wene resistant to o-T0S [35).

Multidrug resistance protein 1 ( MRP1) is another member of ABC
superfamily transporters that is invalved in chemo-resistance in cancer
patients, MREPT acts as efflux pump and transports broad range of organic
anions and neutral drugs conjugated to anions such as glutathione

161

[GTH) [37]. Agents capable to decrease the intracellular GTH level
may alleviate MEP1-related chemo-resistance in glioblastomas by
reducing its availability for generating drug-GTH conjugates in
MRP1-overexpressing cells, Overexpression of MRP1 was frequently
observed in human glioblastoma cells (eg., T98G). It has been found
that exposition of T98G cells to a-T0S reduced intracellular GTH
concentration, modulated MRP1 activity and improved accumula-
tion of etoposide | ETP), a MEP1 substrate drug [38]. The cytotoxic ef-
fect of ETP in T9EG cells was improved by pre-incubation with 60 pM
«-TOS for 72 h. For these cells, a-TOS decreased the ICsq of ETP from
316 to 6.3 pM. This improvement was not observed in human glio-
blastoma cells that do not excpress MEP1. Anti-cancer drugs formulated
in liposomes could be used to enhance accumulation of drugs in the
brain after systemic accumulation [39]. Liposomal ETP and «-TOS
could be a frasible approach to reduce chemo-resistance via a-TOS
effect to reduce GTH concentration and improve ETP accumulation.
Liposomes containing o-TOS and ETP were developed. In vitro reat-
ment of T9EG cells by liposomal ETP and «-TOS showed superior
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synergetic cytotoxicity in comparison to lposomal ETP, The cytotoxic
effect of liposomal ETP was similar to free ETP. Liposomal «-TOS did
not affect cell proliferation except at the highest doses used [38]

23, Physico-chemical properties of alpha-tocopheryl succnate

Srructural modification of o-TOH with sucdnyl moiety results in the
amphiphilic character of o-TOS. Incorporation of o-TOS within the PL
vesices increases surface charge because the terminal carboxylic
group of a-TOS is onized at physiological pH [40]. The terminal group
of w-TOS responds to pH changes, Under alkaline conditions, o-TOS
spontaneously forms self-assembled vesicles of multilimellar character
[41.42]. The shift of pH from 9 1o 4 induces membrane phase transition.
Wesicular structure formed out of the lamellar phase is transformed into
hexagonal [l phase Phase transformation ocourred as a consequence of
attenuated hydrophilicty of the membrane surface caused by proton-
ation of the onzed carbogy bic group. Comes ponding to this phenome-
non, the increase of vesicular size as well as the shift of negative
charge to electroneutral values was reported [43 44] (Fg. 2).

3. Solubilization and delivery systems for alpha-tocopheryl sucdnate

Suitable formulations of the pro-apoptotic VE analogues have not
been invented yet. Inherent low solubility of VE analogues in the aque-
ous environment is the main obstack on the way to simple application
form The hydrophobic character of VE analogues predetermines the
design and strategy for their formulations. Various approaches have
been employed for the preparation of delivery systems of VE analogues,
especially for wellstudied o-TOS, Solubilization of «-TOS in ethanol,
dimethylsulfoside ( DMS0) or oil emukions wasused for the application
of the drug in mouse tumor models [20,4546]. However, it has been re-
ported that as few as one or two ingections of the therapeutic dose of a-
TAM solubilized in DMSO caused rapid death of expedmental animals
(Balby/c, (5781 and FVB/N c-neu mice). After iy, administration of the
drug, mixingof bleod plsma and - TAM solubilized in DMSO produced
compuscular structures having high negative charge responsible for mice
toxiaty [27 | Spontaneous vesiculation of THS or sodium salts of «-TOS
and other dicarbogy ic acid analogues was wsad for preparation of the

Dispersed form
.

X f

drug formulation [24,47 48]. Vesiculated VE analogues preserved its
cytotoxic effect. However, in vivo toxiaty of these vesiculated forms
was reported for some VE analogues, e.g., atocopheryl oxalate [26]. Poly-
ethylene glycol (PEG) has gained attention as drug conjugate owing to its
sohibility in water, biocompatibility and non-tosic properties [49). Conju-
gaton of a-TOS with PEG-1000 provided formubition of the drug with
enhanced biocompatibility. Pegylated o-TOS showed higher anti-cancer
efficacy to human A549 lung cardnoma implanted n nude mice than
the corresponding non-pegylated o-TOS formulation [50].

In general, administration of VE analogues solubilized in organic
solvents causes un-avoidable formation of ageregates responsible for
local inflammation and embolzation. Studies designed in such wrong
way @n drive conclusion on oxicity and in-efficacy of VE analogues,
as done in the paper by Ireland [51] Momeover, the observed rapid or
delayed toxic effect was not caused owing to the drug itself but by the
physical stage of the drug formulation causing formation of toxic agg re-
gates immediately after iy orip. admingtration, The other problem en-
countered s physical destabilization of vesicular structures of the drugs
and formation of non-vesicular phase. Destabilization could be induced
by increased body temperature, interaction with blood components or
by simple dilution of the drugs solubilized in organic solvent during
Lv. administration. Mon-vesicular phase is prone to form aggregates in
the cardiovasaular system during circulation. These ageregates are the
cause of serous side effects and death of treated animals [27)]. Formula-
tions of VE analogues that retain biological activity of the drug, espedally
if the anti-cancer effiect is presenved while the possible toxicity assodated
with inapproprate drug formukton is reduced or minimized representa
doorstep for thedevelopmentof dinically relevant delivery systerms of VE
analogues,

4. Liposomal defvery systems for vitamin E analogues

Mumerous anti-cancer drugs exhibit high eytotosie potential towards
cancer cells in vitro. However, the lade of selective anti-cancer effect
in wivo predudes their extensive application in the clinical treatment
Another major problem limiting the use of anti-cancer drugs is their
lowe therapeutic index. Low therapeutic indee results from several factors
such as the non-specific cytotoxicity ofthe drug which s critical to normal

Bilayer-like lamellar structure

Hexagonal Il structure
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S

Fig.2_Sell-asmembled structume s ol a-TOSupon pH inducton Dispersi anal free drg under alk dine canditions produces sell- s sembled vesioular farmultion having amel lar characer
MultLarrellar vesiches wnd ergo destabil ition under acidic aonditions and sulbseq uenl yithey areinvernted inlo hedzgonal 1 phage Theblack aorow ind icates acidi icat onal aqueous phase.
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tissues (cardiac, gastrointestinal, renal tissue and bone marrow ), the
problems assodated with prepamtion of inappropriate drug formulation
having undesiable efiects, and the inabiity o achieve therpeutic drug
concentrations at the target tissue (eg. tumor) [52] The use of FDA
approved liposomal curiers for delvery of VE analogues having selective
cytotoxiaty towards cancer represents promising concept to be devel-
oped for potential application in human cancer therapy.

Liposomal drug delivery systems are based on established industrial
technologies. Liposomes themselves represent non-toxic biocompatible
nanoparticles approved by FOA for application in human medidne.
Liposomes, selfassembled membrane-like spherical vesicles, have con-
siderable potential for entrapment of lipophilic and hydrophilic agents
[53]. Entrapment of the drug into the liposomes & used to bypass the
frequent toxidty assodated with thedrug or inappropiate drug formu-
lation (eg., wxidaty of paclitaxel formulated in Cremophor) [54,55]. It

e e
= 2 = 2.
K3 -
Wiz, e W, S

VE analogue -
imuno-modulator -

ﬁﬁ-ﬂmum

Fg. 3. Various modifications ol liposomal delivery systems far VE analogues.
A) Comventiona lig s nan-i e 5 delivery systens for VE an-
akogues, B) graling oNiposomal surbee with PEC palymer prolangs the lipasame Cicula-
tian and enhances the pasive targeling, C) conjugation of Largeting ligands [eg.
folate) with PEG anto the extemal surface ol long -circulating lipasomes provides
specific delivery to the desired tumar gite [active Largeting). D) co-entra pment af
makecular immund- modulstors [eg_ lipophilic MDP analogues, Cpl aligonuclea-
tides ar MPLA ] into the ligand-targeted liposomes represents novel combined
immuna-jche mo- the rapy approach
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also represents a very effective moute that enhances the drug therapeutic
effect [56]. Preparation procedures and surface modifications enable
production of liposomes for variows applicatons, The final amount of
the entrpped drug is affected by selection of appropriate preparation
methods. Liposomal formulation of desired composition, morphology,
size distribution and suface modification can be tailored for targeting
to cells of interest [57] (Fig. 3).

To design the effective drug delivery, it is important to formulate
drug in biposomal systems having effident biodistabution and bioavail-
ability. Farmulation of hydrophobic dnigs into conventonal liposomes
represents non-toxic solubilization system. However, rapid clearance
of conventional liposomes by reticulo-endothelial system (RES) is one
of the major disadvantages in drug delivery. Due to rich blood supply
and abundance of tssue-resident macm phages, conventional liposomes
are primarily accumulated by phagooytic cells of RES in iver and spleen
| 58]. Grafting of conventional liposomes by inert and biscompatible PEG
reduces rapid clearance of liposomes and apparently prolongs their cir-
culation [59,60]. Small pegylated liposomes (<200 nm) demonstrated
higher frequency of extravasation into the fenestrated tumor dssue
by enhanced permeation and retention (EPR) effect Accumulation of
pegylated liposomes with entrapped drugs by EPRellect represents pas-
sive targeting mechanism improving the drog delivery [61]. Pegylated
liposomes demonstrated minimal affinity to nomal tissues providing
biologically inert and safe platform for the design of advanced drug
delivery systems, Ligand-targeted liposomes employ certain targeting
groups conjugated to the surface of pegylated liposomes. Ligands are
represented by molecukes that selectively recognize and bind to target
antigen selectively expressed by the tumor cells, This active argeting
increases the specifiaty of interaction of lposome-entrapped drug
with the target, the amount of the drug delivered and the drug thera-
peutic potential [62].

41 Interaction of VE analogues with Eposomal bilayers

Mumerous studies were realized to determine location of a-TOH
within the PL bilayers [63 ] Interaction of phenooyl hydroxy group by
hydrogen bond to either carbonyl or phosphate oxygen of PL locates
the chromanol head of «-TOH close to the aqueous interface, Phytyl
chain extends into the bilayer center parallel to PL hydrocarbon chains
[63,64]. Acylation of c-TOH with acetate group increases the molecule
hydrophobic character by the presence of non-polar methyl group and
by minimization of hydrogen bonding cpacity of the molkecule, Posiion
of o-TOA seems to be located in the more hydrophobic region than for
o-TOH which does not perturb the interfacial region [65 ] Esterification
of w-TOH with succinyl molety adds free carboxyl group at the end of
four carbon chains, The extension increases the overall molecule length
and probably places the chromanol head deeper into the PL bilayer. The
free carboxyl group of -TOS is located in the hydophilic interficial re-
gion where it increases the membrane surface charge [40]. Assodation
of a-tocopheryl glucopyranoside [ w-TOG ) with phosphatidylecholine
[ PC) bilayers positioned the chromanol head of a-TOG into the hydro-
philic area by electostatic interaction with choline nitrogen Bulky hy-
drophilic sugar unit protruding above PC bilayer was surrounded by
water mokecules of the aqueous phase [65). Structural modification of
o-TOH either with non-polar or polar groups generates VE analogues
having different incorporations within PL bilayer. Non-polar modifica-
tion intensifies the hydrophobic characer of the drug, embeds the mol-
ecule deeper into the hydrophobic area of the bilayer and minimizes
hydrogen bond interactions, Replacement of hydroxyl group by hydro-
philicmoiety can resultin differe nt penetrations of the whole molecule
into the bilayer. lonisable hydrophilic moiety responds to changes in pH
and induces surface charge which can stabilize membrane structures.
Incorporation of various VE analogues results in their different paddngs
within the PLs influencing the entrapment capadty and stability of
membrane bilayers.
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The incorporation and entrapment capacities of egg phosphatidyl-
choline [ EPC) bilayers for o-TOS were investigated. The concentrmation
of -TOS was elevated up to 20 molE of the drug with respect to EPC
content. Stability of EPC liposomes was not affected up to 15 mok of
o-TOS, Phase separation and formation of non-liposomal structures
were observed for liposomes containing higher than 20 mol% of -
TOS [67]. Stability of soy phosphatidylcholine (SPC) bilayers lbaded
with o-TOA was tested Phase separation [ iposomes versus ol water
phase) was not observed for a-TOA content up to 40 molE, Particles
having a size of 70 nm were stable at room temperature for 72 h, For
w-TOA content above 48 mol%, the partide size increased to 220 nm
and phase separation was observed at room temperature within 24 h.
The highest agqueous volume of 046 L/mol was determined for 23 molx
of o-TOA content [68)]. Formation of emulsion induced by o-TOA was
tested for liposomes compaosed of saturated PLs. The presence of c-TOA
up to 3 mol® in saturated bilagers did notaffedt Bposome stability. Addi-
tons of w-TOA decreased polarity in the hydrophobic bilayer region and
dmg incorporation did not affect the bilayer stability. Exoess of oe-TOA
over 60 mols was epelled, formed hydrophobic a-TOA core between
the inner and outer leaflets of bilayer and produced emulsion. Similarly
to previously published results by Asai, entrapped volime deceased o
0.1 Lmaol for «-TOA content above 23 mols [69].

42 Liposomal formulations of vitemin E analogues

Hydmophobic character and low aqueous solubility of VE analogues
predetermine liposomes as suitable nanodelivery systems. Liposomes
provide favorable environment enhanang the solbility of hydrophobic
dmugs. Multilimellbr vesides (MLVs) with low aqueous vohime contain-
ing multiple membrane bilayers demonstrated effective capadty for in-
corporation of VE analogues |27 67,69] The amount of entrapped VE
analogues and composition of PLs could be optimized to keep stable
formulation. Overloading of PL entrapment capadty by VE analogues
produces phase separation and co-existence of iposomal and non-
liposomal structures, Extending fatty acd chains in PLs promote incor-
poration of hyd rophobic drugs into the bilayers. Saturated PLs forming
rigid bilayers enable entrapment of low amount of hydmophobic drugs
due to the high surface density of bilayers at low temperatures. Choles-
terol improves entrapment of hydrophobic drogs only if the input of the
drug is less than the drug entrapment capadty [57). Prolonged stability,
suppressed aggregation and fusion are achieved by electrostatic
repulsion of charged liposomes in the hydrated stage. For a-TOS, the
presence of charged PLs in liposomes is not necess ary because the mol-
ecule of a-TOS i negatively charged at physiological pH. Development
of lyophilized formulations offers advantage of the prolonged stability
of liposomes during year-pedod [70,71]. Liposome technology enables
preparation of MLVS which the size could be easily controlled by appli-
ationof secondary processing technigues such as extrusion, sonication,
microfluidization or high pressure homogenization. Generally, the
compositon of liposomal carrier, the balance of the drug entrapped in
liposomes [ drug/lipid molar ratio) and the stability of lposomal drug
formulation represent critical parameters to be considered to design
the optimal formulation of VE analogues.

The realized experiments regarding the liposomal formulations
of VE analogues were preliminarily focused on testing of eytotoxicity
invitm and evalation of anti-cancer effect in viva, The preparation pro-
cedures, physico-chemical characterization and monitoring of the lipo-
some stability during prolonged storage period were not consistently
studied.

421 Vitamin Eanalogues entrapped in conventional [iposo mes
Comventional formulation of a-TOS and PC (molar ratio, 3:17) lipo-
somes was developed in the form of lyophilizate. Homogeneous popu-
lation of iposomes was prepared by lipid film hydration followed by
extrusion of MLVs through 02 pm Alvers, Lyophilization of a-TOS lipo-
somes was accomplished in the presence of sucrose (lipid/sucrose

molbr mtio, 1:5) to prolong the stability of formubtion. Major physico-
chemical parameters of the stability were monitored during a 6
maonth storage. Physical stability, constant liposome morphology and
size distribution as well as stable contents of PC and entrapped o-
TOS were preserved by sucrose used as cryoprotectant and stabilizer
of the lyophilizate [67]. To overcome cytotaxicity associated with ad-
ministrationof drugs in inappropriate formulation (free a-TAM solubi-
lized in DMS0O) and to solve the low agueous solubility of the drugs,
@-T0S and o-TAM were formulated in PC liposomes (molar ratio,
3:17). Liposomes were prepared by lipid Alm hydration followed by
extrusion of MLVs. The final liposome see of 130 nm was determined.
Entrapment up to 15 mol% of a-T0S did not cause any phase separa-
tion. In spite of some in vitro toxiaty of free a-TOS or a-TAM tow ards
stimulated mice or human penphera blood lymphocoytes, neither w-TOS
{ 100 mg/ke ) nor ce-TAM (25 me/ke | formulated in bposomes affected the
leukocyte count in peripheral blood within 3 weeks following their ad-
ministration in Balb/c mice. Tumor growth inhibiton was demonstrated
by iLv. application of liposomal c-TOS (15 pM) and liposomal c-TAM
[ 1.5 pM) administered on days 0, 4, 7, and 13 in FVB/N c-neu transgenic
mice with spontaneous breast cacinoma. Liposomal formulations of
both VE analogues applied by iv. route proved the anti-cancer efficacy
while acute toxidty and immunotoxicity of a-TAM were eliminated by
the drug entrapment [27 ], Sonication of o-TOS dispersion and hydration
of lipid Alm composed of a-TOS and EPC (molar ratio, 1.7:1) were the
methods used for preparation of vesiculated and bposomal drug formula-
tions. Extrusion through 0.1-um filters reduced the partide size to 95and
B8 nm for a-TOS vesides and o-TOS liposomes, respectively. Particle sta-
bility was studied by dynamic light scattering in the presence of slightly
acidic pH of 6, divalent cations (3 mM) and 50% fetal bovine serum
[ FBS) at 37 °C for 24 h. Neutralization of negatively charged o-TOS and
collapse of vesicular structune followed by ag gregation was obsaved for
3-mM divalent cations and 50% FBS incubations. The size of vesiculated
o-TOS increased to 300 nm Physical stabilization of o-TOS was support-
ed by the drug incorporation wit hin bilayers of EPCliposomes, Free, wsic-
ulated and liposomal - TOS prevented invitro proliferation of melanoma
BIGF1 cells in adose- (0-50pM) and time-( 12-48 h) dependent manner.
Of these formulations, liposomal «-TOS demonstrated significantly
higher inhibition efficacy thanits vesiculated and Fee counterpart. Unlike
wisiculated and free a-TOS, liposomal o-TOS did not cause erythrocyte
hemaolysis at 37 °C for 24 h, Undesiable side effect of the drug causing
hemolysis was eliminated by entrapment of «-TOS into posomes.
Anti-cancer effect of a-TOS formulations was evaliated on melanoma
B16F1 cdl-bearing mice. Four days after cell implntation, o-TOS dose
of 10 pM was administered by Lv. five imes every three days. On the
20th day, tumor volume was quantified. In comparison to untreated
control, the tumor growth was inhibited by 70% and 79% for vesiculated
o-TOS and liposomal o-TOS, respectively. Mareover, liposomal o-TOS ex-
hibited improved intra-tumora distribution as obsemved by confocal laser
scanning microscopy. Enhanced delivery of c-TOS by liposomes altered
the drug biodistabution and promoted the drug accumulation in tumaor
[72]. Cther conventional PC liposomes loaded with o-TOS were made
by combination of lipid flm formation followed by anionic surfetant hy-
dration and detergent dialysis to obtain small unilamelar vesides (SUVs).
Liposormal o-TOS promaoted apoptosis and decreased viability of hamster
cheek pouch cardnoma cells (HCPC-1) in vitmo, Alber the 12-h exposure to
7 i of o-TOS, cell viability decreased to 5 1% for ae-TOS un-assisted, whilke
to 21% for iposomal o-TOS owing to enhanced fusion of SUVe with the
cell membrane and subsequent release of the entrapped o-TOS [73]
Phosphatidylet hano lamine-PEG | PE-PEG ) was used to modify the surface
of comventional iposomes. The modified iposomes composed of hydro-
genated SPC, cholesterol and o-TOS had siz= of 100 am and demonstrated
prolonged circulation incomparison to free a-TOS after Ly, administra-
tion in mice [74].

The developed conventional liposomes were found to stabilize the
hydrophobic moleculke of a-TOS, Formulation of «-TAM into the
conventional liposomes eliminated the drug cytotoxicity in vitro and
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proved in vivo anti-cancer efficacy while immunotoxicity was eliminat-
ed Application of extrusion was conveniemt to control the final size of
liposomes for in vivo administration.

422 Vitamin Eanalogues enimapped in pH-sendtive Bposomes

Phosphatidylethanolamine (PE) has a small head group ocoupying
the smaller volume in comparison to the hydrocarbon chains. Resulting
cone shape of PE obstnids to form limellar phase and has tendency to
revert into the hexagonal phase. The vesicles prepared only of pH-
sensitive PE dot not form stable liposomal structures at physiological
pH. Entrapment of amphiphilic molecules with negatively charged
group promotes electrostatic repulsion to form stable lposomes at
physiological pH. Aadification of pH-sensitive liposomes triggers
protonation of carbaxylic group of amphiphilic molecule leading to
strengthening of molecule hydrophobic character. Addic emvironment
reverts PE into the hexagonal phase keading to destabilization of lipo-
somes [fusion and aggregation ) and release of the entrapped material
Selection of amphiphilic stabilizer as well as its content with respect
to PE influences cellular internalization, pH sensitivity and stability in
biological fluids [75). Tumors exhibit aadic environment in comparson
to the normal tssues, thereby causing such pH-sensitive formulations
appropiate delivery systems more sdective for cancer cdls [75,76].

Lipid composition, partide stability and leakage of entrapped marker
upon pH changes was tested for pH-sensitive iposomes composed of PE
and we-T0OS. Shift of induced leakage of caboxyfluorescein from pH of 7
o G was observed for liposome compositon of molar ratio of PE/o-TOS
fram 9:1 o 7:3. Increasing content of o-TOS acts as stabilizer to promote
liposome stability and retention of entrapped marker in slightly acddified
environment. However, for pH bellow 6, the increase of iposome size and
leakage of entrapped marker were observed for all the tested composi-
tions as consequence of increassd membrane permeability and b posome
fusion [ 77]. Other formulations of pH-sensitive vesicles (PSVs) were de-
veloped as pegylaited ones and as conventional ones. Pegylated PSVs
wene composed of a-TOS TRIS saltwith 8 mol® of o-TOS-PEG conjugate.
Conventional PSVs made up of o-T0S TRIS salt were prepared by deter-
gent removal followed by extrusion through 0.22-um flbes. The mean
stze of 165 nm and {-potential of — 75 mV was assessed for conventional
PsVs, TEM mevealked bilayer structure of the vesicles, Hydrophilic marker
caleein entrapped in the conventional PSVs was released (30, 75 and
95%) in the pH-dependent manner (64, 5.4 and 4.4) during 10 min
Prolonged incubation was accompanied by predpitation of conventional
PsVs. Addification of conventional PSVs altered lamellar structure of
o-TOS wesides leading to leakage of entrapped caleein Addition of 2, 4,
6 and 8 mol% of neutral molecule of a-TOS-PEG to corventional PSVs
was found decrease mean size to 145, 121, 98 and 101 nm as well as
L-potential to — 45, =31, =10 and — 1 mV_ Stability of pegylated PSVs
was determined upon aldum-induced fusion. Content of o-TOS-PEG
higher than 6 mol% in PSVs had protective effect to prevent fusion even
if the incubation with 10 mM caldum was extended to 24 h at 37 °C. A
such level, PEG shielded negatively charged groups on the surface and
promaoted stability of PSVs, Pharmacokinetics of @leein formulated as
free, comentional or pegylated PSVs was evaluated on Kunming mice
model Pegylated PSVs demonstrated 7.3 and 6.5-Told prolonged half-
time in comparison o free and conventional formulation, respect e by
[78]. From the point of view of a-TOS activity, this agent can act as lipo-
some entrapped ant-cancer drug exhibiting cytotogic of fect as well as
stabilizer of PE in pH-sensitve liposomes owing to its amphiphilic charac-
ter. Moreover, pH-sensitive delivery system constructed of PE and o-TOS
offers advance for combined or synergetic anti-cancer treatment by co-
entrapment of hydrophilic anti-ancer drugs.

423 Vitamin Eanalogues entrapped in lposomes for aerosol delivery
Aerosol delivery of li posomal hydrophobic chemotherapeutic
drugs was shown to incease drug oncentrations in lungs and
argans in comparison to oral or Lm application. Administration by
aerosol was shown very effective against pulmonary metastasis of
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melanoma and osteocarcinoma in mice [79,80]. Because a-TEA and
-TOS have hydrophobic character, asrosol debivery of their liposomal
formulations was chosen as potentially effective and clinically relevant
application for anti-cancer therapy. For these studies, mouse mammary
66 d-4-CFPcells onginally derived from spontaneously ansing adenocar-
cinoma were transfected with green fluorescent protein (GHP). Preimi-
naty results showed armest of DNA synthesis and apoptoss induction by
o-TEA and o-TOS invitmo [81] After implantation in mice, 66 d-4-GFP
cells generabed aggressive tumor growth with me tastases to ungs and
Iymph nodes,

Liposomal formulation of o-TEA was prepared by entrapment of the
drug into dilawroyl PC (DLPC) vesicles (weight matio, 1:3) by lyophiliza-
tion from ter-butanol. Prior to use, ophilizate was rehydrated and
subsequent nebulization produced 2-um partices for aerosol treatment.
Conventional formulation was made by solubilization of a-TEA in etha-
nol followed by mixing with peanut ol (volume ratio, 1:8) for gavage
application. Mine days after s.c implantation of 66 d-4-GFP cells, mice
treatment was started. A total dose of 612 pg of c-TEA per mouse was
applied by aerosol within 17 days. For gavage, a total dose of 65 mg
o-TEA per mouse was applied within 13 days. Quantification of final
vohimes revealed significant tumaor reduction by liposomal o-TEA aero-
sol (325 + 55 mm®) in comparison to untreated mice (915 +
115 mm?®). Fluorescendce examination of lungs detected 11 + 4 and
102 + 17 microscopic metastases (<20 um) for mice treated by liposo-
mal o-TEA aerosol and mice untreated, respectively. Gavage adminis-
tration of conventional oily-based o-TEA formulation was ineffective
to prevent tumor burden [82]. Based on successful inhibition of tumor
burden in mice cancer model, liposomal formulations of a-TEA and o-
TOS were prepared as previously described [B2). Generation of aerosol
produced 2pm partickss. Any physical or chemical aterations of liposo-
mal VE analogues were not observed during this process, For gavage
treatment, rehydrated liposomal lyophilizates had a size of 4-10 pm.
Mine days after sc.cell implantation, daily dose of 36 pg and 6.4 mg of
particular VE analogue was administered by aerosol or gavage within
21 days. liposomal o-TEA and liposomal a-TOS delivered by aerosol
prevented umor gowth having final volimes about 400 mm?®. For un-
treated control, final tumor volume of 1000 mm® was assessed. Similar-
ly to tumor inhibition, luorescent lung metastases were reduced to 31
and 44 by iposomal c-TEA and liposomal a-TOS aemsol treatments, re-
spectively. For untreated mice control, 77 fluorescent lung metastases
were detected Lymph node metastases were reduced by iposomal o-
TEA aerosol, while by liposomal a-TOS aerosol did not. Gavage treat-
ment by liposomal o-TEA reduced tumor growth and lung metastases
similarly like liposomal o-TEA aerosol. Liposomal o-TOS applied by ga-
vage involves transport through intestinal tract. Esterases deaved ester
bond in o-TOS even if liposome entrapped. Products of hydrolysis in-
chude sucdnic add and o-TOH that both do not exhibit anti-cancer ef-
fect and metastasis elimination [81]. It can be concluded that probably
poor absorption of liposomal a-TEA by gastrointestinal tract (GIT) re-
duced the drug bioavaillability even if o-TEA remained intact after ga-
vage administration. Significantly higher doses of «-TEA were found
to be administered by gavage to induce anti-cancer effed in comparison
tow-TEA deliversd by aerosol [81 ] Combined chemotherapy by liposo-
mal o-TEA aerosol and dasplatin applied Lp. was evaluated on
immuno-compromised NU/NU mice bearing human ovarian
cisplatin-resistant AZ7B0/cp70 carcinoma. Daily dose of 36 pg of li-
posomal -TEA in combination with 5 mgkg of cisplatin administensd
wieekly was the only treatment redudng growth of small prdfomed tu-
maors, Large prefomed tumors were more effidently inhibited by poso-
mal o-TEA (72 g daily) with dsplatin (5 mgkg weekly ) than either
liposomal o-TEA or cisplatin single treatments. Metastasis in lungs
and lymph nodes were significantly reduced by liposomal o-TEA
combined with cisplatin treatment. Synergetic ant-cancer effect was
observed even if platinum-resistant tumor was used [83]. The developed
aerosol formulation of hposomal o-TEAwas sucoesshully combined with
liposomal 9-nitro-camptohedn, liposomal paclitaxel or celecoxib to
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reduce tumor burden as well as lung and lymph node metastases in var-
ous animal cancer models [84-87]

43 Administranon routes for defivery of lipmoma [ vitamin E analogues

Various routes for admintstraton of liposomal VE analogue s could
be used to reach the specific local or systemic effect (Rg. 4).

Aerosol s praying is suitable for the direct targeting of lung cancer or
for the drug delivery into the circulation. Lungs represent attractive
target due to non-nvasive administraion via aerosols, avoidance of
the first-pass metabolism, high drug bioavailability and availability of
huge surface area for local drug action and systemic drug absorption
[B8.,89]. Targeting the aerosol to conducting or peripheral airways
could be accomplished by altering the size of aerosol particles and by
the inspiratory flow rate. In general, partickes of 10-5 pm are deposited
in the large conduding airways and oropharyngeal region. Partickes of
1-5 pwm inhaled in the small airways achieve substantial alveolar depo-
sition [9091). Pulmonary drug delivery for systemic absorption reguires
smaller size of aerosol partides o ensure peripheral drug penetration.
Formulation of iposomal ant-cancer VE analogues for aemsol delivery
o-TEA and e-TOS has been deveoped [ see Section 423,

Oral delivery isconsidered to be one of the most abundant and tra-
ditional way of drug delivery. Administration of liposomes by oral
route is problematic due to their low stability under the physiological
conditions of GIT. The major destabilizing factors are acdic pH in the
stomach, the presence of bile salts and pancreatic enzymes in the GIT.
The use of saturated lipids and the presence of cholesterol improve
the liposome rigidity and thus reduce the possibility of enzymatic deg-
radation [92]. Enhanced stability could be also achieved by modification
of liposomal surface by biopolymers such as PEG, chitosan or collagen
[93-95]. Moutardier prepared liposomes coated with collagen for the
oral delivery of hydrophobic anti-cancer drugs like vineristine and meth-
otrexate for the treatment of coloredal cancer [94] On the other hand,
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oral administration of acddic-resistant capsules flled with liposomal VE
analogues represents also simple way of application. Toxicological data
were reviewed and they are available for some VE analogues owing to
their ectensive use as food additives [96 ). However, this route & not offec-
tive for VE analogue esters because of their rapid degradation by intestinal
esterases. Esterase resistant VE analogues having ether or amide bond
represent feasible way to overcome this problem [31,.82] However, the
selection, design and development of the drug spedfic carrier system
represent state-of-art and require thorough understanding of the
physeachemical drug properties and the drug behavior in physiological
conditions [97].

Transdemal local administration could be used for the treatment of
skin and subcutaneous tumoes, Unfortunately, the barrier nature of the
skin presents significant obstade for most drugs to bedelivered into and
throughit [98 ] It has been found that PC enhances transdermal delivery
by lowering the permeability barner of the skin. Changes in the ultm-
structure of the intercellular lipids were observed after application of
the PC vesides sugpesting enhanoed penetration [99]. Owing to the coni-
cal shape of dioleoyl PE (DOPE) and lysoPC liposomes containing these
lipids penetrated deeper into the densely-packed stratum comeum
[ 100]. Small-sized hposomes can accelerate transdermal penetration of
drug. Liposomes having size about 30 nm promoted faster penetration
of a-TOA in comparison to 150-nm lposomes [ 101 | Transferosomes rep-
resent advanced transd emmal delivery systems for the drugs, These dastic
liposomes are usually composed of PC and edge activators (eg, surfac-
tants) which provide ultra-deformation of liposomes, Transferosomes
could be reversible delbrmed to allow passing through the narrow con-
striction which are 5-10 times lower than their own diameter without
any loss of the entrapped material. Transdermal hydration gradient pro-
duce force to drive transferosomes through the intad stratum cormewm
into the epidermis [102 ] The ultra-deformable liposomes have been al-
ready tested for the transdermal delivery of hydrophobic anti-cancer
drug methotrexate [103]



5 Kmdelln & al | Journal of Contelkd Redase 207 (2015 ) 5950 67

Parenteral intravenous ad ministrationcomprises various drug path-
ways determined by character of liposomal delivery systems. Small
liposomes can penetrate through the liver fenestratons. In the liver,
drug is accumulated, transformed by enzymatic pathways and secreted
in the form of very low density lipoprotein (VLDL) particles into the
blood circulation. Liposomal VE analogues can also penetrate through
fenestrations of the tumor vasculature. In the tumor, liposomal drug is
accumulated by EPR effect and subsequently released in the vicinity of
the tumor cdls.

5 Cancer im munotherapy and alpha-tocopheryl sucdnate

An interesting approach of cancer treatment is represented by
cancer immunotherapy which attempts to stimulate the immune
system to reject and eliminate twmors, To date, cancer immunotherapy
employing only nondiposomal formulations of o-T0S adjuvant such as
drug solubilized in ethanol or vesicular drug form have been published .

Dendritic cells (DCs) represe nt potential candidates to design cell-
based vaccines for cancer immunotherapy. The ability of DCs to process
and present tumor antigens to T ymphocytes (C04 " and CO8 ') acti-
vaties immune responses against cells expressing tumor antigens
[104]. The use of appropriate immuno-stmulating molecukes like Toll
or ROD receptor ligands can significantly stimulate the efficacy of DC-
based cancer vaccines. a-TOS was chosen to be the promising anti-
cancer drug with selective toxicity to cancer cells and low immunotoxicty
in wive [27]. Adjuvant effect of a-TOS solubilized in et hanol vehice com-
bined with DCs was evaluated on C57BL/G mice bearnng murine Lewis
hung 3LL cells, Tumor volume about 30 mm® was formed 10 days after
the cell implantation. Mice recaved 200 mg/kg of o-TOS solubilized in
ethanol by Lt or Lp. route on the 10th, 14th, 18th day. On the 22nd day,
turmor woluwmes were quantified. Tumors in control mice (ethanol vehide,
Lpfit) grew progressively (1800 4+ 237 mm® Lp.and 2000 4 296 mm?®,
LL), while mice treated by o-TOS showed tumor inhibition (376 +
39 mm®, ip.and 4001 4+ 22 mm?®, it). For combined treatment with
o-TOS (200 mg/ke, ip.it.), dose of DCs (1 10%) was it. administered
on the 12th, 16th, 20th day. Tumor volume was quantified on the 30th
day. Therapy with a-T0S + DCs (78 + 18 mm®) was more effident
than either o-TOS (471 4+ 68 mm®) or DCs. However, this treatment
had limited effect on formation of visible lung metastases. Suboutaneous
alministration of DCs represent cormmon vaccination procedure, theps-
fore application of DCs, s.c it and o-TOS, Lp. was evaluated. At the end
of therapy (25th day), tumor volumes were quantified as follows: 98 4
29,99 + 10, 493 + 75 and 514 + 138 mm? for DCs, sc. + o-TOS, Lo,
DCs, Lt 4 w-TOS, Lp., DCs and o-TOS, respectively. Intra-tumoral or s.c
application of DCs demonstrated similar tumor inhibition. Secretion
of interferon-gamma [ INF- ) was determined because i content is
incident o response of T lymphocytes (C04" and CDE8™") stimu-
lated by DCs Stimulation is involved in immune activation and
tumor growth inhibition. T lymphocytes (C04" and CO8*) from
mice treated with DCs, s.c. + o-TOS, i.p. produced significantly
higher amount of INF- (2224 + 39 pg/ml and 319 + 4 pg/ml)
than for those treated with «-TOS (586 + 4 pg/ml and 189 +
2 pe/ml), DCs (204 + 2 pg/mland 161 + 3 pg/ml) and ethanol con-
trol (79 + 1 pg/ml and 80 4+ 1 pg/ml), respectively. Local (i.L) or
systemic (i.p.) administration of w-TOS significantly inhibited growth of
3LL tumor growth in (5 7BL/E mice. Synergetic effect of o-T0S and DCs
was achieved by o-TOS-mediated apoptosis in cancer cells whose anti-
gens were presented by DCs to enhance immune response on mice
moxdel in vivo, Positive correlation was observed between tumor growth
mhibition and INF- production by T lymphogtes isolated from mice
spleens treated with o-TOS + DG, Anti-cancer activity of o-TOS + DG
was supetior bo a-TOS resulting in complete umor regression in some
cases [ 46] Sohibilzation of o-TOS in ethanol was replaced by more po-
tentally clinically relevant adjuvant of vesiculated o-TOS formulation
hemo-{immuno-therapy wsing vesiculated o-T0S in combination with

167

DCs vacanation were suceessfully applied to reduce the growth of prima-
ry hing and mammary tumors [14,105]

6. Conclusion

w-TOS and the other VE analogues with a potent pro-apoptogenic
activity demonstrated effident gytotoxic activity in vitro and anti-
cancer effect in vivo on various experimental animal models, The lack
of immunotoxidty of liposomal formulations and the possibility to be
used with other anti-cancer drugs offer interssting opportunity for the
combined chemo- and immuno-therpy. More data from the expenmen-
tal, epidemiological and finally dinical studies are necessary for the
next active nvestigation of these highly promising agents that may be
established as routine anti-cancer drugs. Development of safe formula-
tons which prepamation can be applicable for ind ustrial scle producion
15 the assumption for future clinical tials.
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Mitochondria are emerging as intriguing targets for anti-cancer agents. We tested here a novel approach,
whershy the mitochondrially targeted delivery of anti-cancer drugs i enhanced by the addition of a
triphenyl phosphonium group [TPP+). A mitochondrially targeted analog of vitamin E succinate [MitoVES],
mndified by tagging the parental compound with TPP, ind uced consid erably mare robust apoptosis in cancer

cells with a 1-2 log gain in anti-cancer activity compared to the unmodified counterpart, while maintaining

Kgywandks:

Mitochand rial Largeting
Triphenyl phaspho nium
Readive axygen species
Apapiogis Anti-cander sgents

Free radicals activity

selectivity for malignant cells. This is because MitoVES associates with mitochondria and causes fast
generation of reactive ooygen species that then trigger mitochondria-dependent apoptoss, invalving
transcriptional modulation of the Bok2 family proteine MitoVES prowed superior in suppresion of
experimental tumors compared to the untargeted analog. We propose that mitochond ially targeted delivery
of anti-cancer agents offers a new pamdigm for increasing the efficacy of compounds with anti-cancer

2011 Elsevier Inc. All rights resered.

Mitochondria have become a focus of research as emerging targets
for anti-cancer drugs [1-5]. We recently proposed the term
“mitocans™ for small compounds with anti-cancer adtivity that
destabilize mitochondria, which results in apoptosis induction, often
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resciive axygen species; 50D, superoxide dismutase; TEM, trammission elearon
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selectively affecting cancer cells, and dassified them into several
groups according to their molkecular targets and mechanism of action
[6].

Mitocans from the vitamin E (VE) group, epitomized by the redox-
silent a-tocopheryl sucanate (o-TOS ), selectively induce apoptosis in
cancer cells [6-9] and suppress the growth of many types aof
cardnomas in predinical models [10-14]. At the molecular level, o-
TOS acts as a Bd-2 homology domain 3 (BH3) mimetic | 15], effectively
sensitizing ancer cells to other drugs, More importantly, «-TOS and
other apoptogenic VE analogs induce apoptosis by affecting the
mitochondrial complex 1l (QL). The VE analogs interfere with the
function of ublquinone (UbQ) [16] as the natural acceptor for
eclectmons generated by the sucanate dehydmgenase activity of 4l
during conversion of succinate to fumarate [17]

Previous reports showed that adding a tripheny lphosphonium
(TPP*) group onto antioxidant compounds further enhanced their
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activity by promoting their selective mitochondrial uptake driven by
the mitochondrial membrane potential [ 18,19]. Therefore, we dedded
to modify mitocans, exemplified by VE sucdnate (VES), in a similar
manner, anticipating that tagged agents accumulate in the mitochon-
ddal inner membrane (MIM), providing a greater apoptogenic
efficacy than the prototypic, untargeted o-TOS. Here we show that
TP tagging of the hydrophobic chain of apoptogenic VE analogs
indeed significantly increased their efficacy in killing cancer cells,
while maintaining their selectivity for malignant cells, translating into
their superior anti-cancer effect. We propose this as a new paradigm
of efficient cancer therapy.

Materials and methods
Cell culture and treatment

The following cell lines used in this study were obtained from the
ATCC, unless speafied otherwise: human T lymphoma Jurkat, Bax
Jurkat, and Bax /Bak Jurkat cells [20]; human mesothelioma
cells Meso2, Ist-Mes, Ist-Mes-2, and MM-BL [21 ], human breast cancer
cells MCET [ erbB2-low) and MDA-MB-453 (erbB2-high) and MCF? gy
cells with transcriptionally inactive p53 [22]: human colorectal a=lls
HCT116; human neuroblastoma TetM2 1 cells [23 ] human non-small
el lung cardnoma cells H1299; human cervical cancer cells Hela;
mouse mesothelioma cells AE17 [24]; human nonmalbgnant meso-
thelial cells Met-5A4; human fibroblasts AO14578; rat ventricular
myocyte-like cells HL1 [25]; and mouse atrial myocyte-like cells H9¢2,
The murine breast cancer cells MeuTL were prepared from breast
carcinomas of ransgenic FVB/MN c-neu mice [26]. jurkat cells defident
in Bak were prepared by stable transfection of parental Jurkat cells
with a plasmid coding for BAK short-hairpin RNA (shRENA), and the
bk of expression of Bak was verified by Western blotting | not
shown). Jurkat cells were grownin the RPMI mediom, and DMEM was
used for other malignant and nonmalignant cell lines unless specified
otherwise, supplemented with 102 fetal calf serum and antibiotics.
HL1 cells, maintained in Abronectin/gelatin-coated dishes, were
grown in Caycomb medium supplemented with noradrenalin [25]
The cells were exposed to mitochondrially targeted vitamin E
succinate [ MiboVES) and other agents prepared as will be published
elsewhere,

Amessment of [ ey, apoptosts, and reactive oxygen species (BOS ) generation

Toxicity of the various analogs toward cancer and nonmalignant
cells was assessed on the basis of [Csa values determined using the
standard MTT assay. Apoptosis level was assessed using the annexin
Vipropidium jodide method [27] Cell death was, in some cases,
assessed using the crystal violet method, as follows: cells were placed
into 96-well plates at 10,000 cells per well. The next day the medium

was replaced with fresh medium containing increasing concentra-
tions of MitoVES. The crystal violet staning was performed after 24 h
by fixing the cells with 7% paraformaldebhyde for 30 min, washing
three tmes with PBS, staining with 0.05% crystal violet, washing three
times with PBS, and subsequently solubilizing in 1% SDS. The final
absorbanee measurement was determined at 595 nim using the Tecan
Infinity plate reader.

Cellular ROS were detected with the probe dihyd roethidium (DHE;
Molecular Probes) by flow cytometry or by trapping with 55-
dimethyl-1-pyrroline N-oxide (DMPO; Sigma) using eledron para-
magnetic resonance [ EPR) spedtroscopy [27]. ROS peneration was also
assessed using the TetN21 cells transiently transfected with pHy Per-
dMito [ Evrogen), a plasmid coding for the mitochondrially targeted
redox sensor OxyR, which shifts its fluorescence at increased levels of
hydrogen peroxide [28] Formation of hydrogen peroxide was
assessed by tme-lapse analysis using confocal microscopy.

Isolation of mitochondda and gel filiration chromatogmphy

Cells (1.2 105) were treated with MitoVES for various periods and
harvested. The pellet was resuspended in 0.5 ml of ice-cold hypotonic
fractionation buffer (25 mM Tris at pH 7.4, 2 mM EDTA, 5 mM MgCl,,
10mM K4, 125 mM sucrose, 1mM phenylmethylsulfonyl fluodde,
plus a protease inhibitor cocktal) and left on ice for 10min. The
swollen cells were lysed using a glass homogenizer ( Kontes Glass). The
isotonicty of each sample was achieved by addition of 250 plof ce-cold
hypertonic fractionation buffer with 05 M sucrose, Organelles and
unbroken cells were centrifuged at 900 g for 10 min, followed by
centrifugation of the supernatant at 1700 g for 5 min. The remaining
supernatant was then centrifuged at 15000 g for 10 min and the
mitochondrial pellet lysed in a buffer comprising 25 mM Hepes, pH 7.5,
0.3 M MaCl and 2% Chaps. The mitochondrial lysate was centrifuged at
19000 ¢ for S5min and loaded onto the Superdex-200 107300
preparation grade column (separation range -600-10 kDa; Amersham
Bioscences ) equilibrated with the 2% Chaps lysis buffer (see above ).
Proteins were eluted at0.3 ml/min and fractions of 0.5 ml collected and
mixed with 3= laemml redudng sample buffer and boiled. The
samples were then analyzed by SDS-PAGE followed by Western
blotting for Bax and Bak

RT-PCR and gqFCR

The amount of target mBENA was assessed by RT-PCR and qPCR.
Total RNA was isolated using the Aurum RNA Total Mini Kit including
the DM ase treatment step (Bio-Rad ) and reverse-transcribed using the
Revertaid First Strand cDNA Synthesis Kit (Fermentas) acoording to
the manufacturer's instructions [ 1-5 pg total RNA per 20 pl reaction
mixture). RT-PCR was carried out using the standard procedure, For
qPCR, cDMA corresponding to 12 ng starting total RNA was diluted

Talde 1

Primers wied o  PCR and RT-PCRL
Gene Primers

Farward Reverse

Ba-2 5-GGTCATCIC TGTOG AGAGOG -3 5%GOGOOMCTACAGTTCCACAA-3'
BO-X, S-COGATCOOGTAAACTCCGGCT-3 SACAAAAC TATCOCAC ODOOCG-3'
ML S-TAAGCACAAAADCCCACTCC- T S-ACCACCTOCTACTCCAGCAA-3"
BAX 5-TOOOOCATCOGCTTGAC ACA-3 S COCGLTTICATOCAGC ATCG- 3
BAK 5-GCTATCACTCAGAGT TCCAGACCA-3! SCAATTCATOOCACTCTCAAACAL- 3
BAD S-CAACCAGCAGCAGDCATCAT-3Y SAAACTOL TCACTCATOCTOOGG-37
i) 5-AGCTCAGCA ACACCACCCOCT -3 5*CACATCAOCCAC CAAGCAOS -3
it 5-GATGAGCTGOAG ACTCATCG -3 5CACTGTOGCAGCTOCATGAA-!
EM S-COACATTICOCTCTGGOCTG-3¢ SCOCACOGCAGCCATACTTTCTG-3¢
NOXA S-TCTACTTOOCATCTOOOCOCC-3 SCTCCACTTOCACCTCTCCTC-3¢
PUMA S-CCAAACCTC AQCACTAGOCT-3 S-ACAGGATTCACAGTCTOLOC-3
Fa 5-TOCACAATOC CAGCATCTAC-3Y S-ATOCCTCTOCACACACAACG-3'
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with water to 4.5 ul, 0.5 pl of the combined 10 uM forward and reverse
primers was added, and, finally, 5 pl of 2= SYBR Green JumpStart Tag
Ready Mix (Sigma) was added, and the reaction was carried out on a
Bio-Rad CFX96 meal-time thermal cycler using three-step PCR (98 °C
for 5 s, 60 °C for 155, 72 °C for 25 s ) for 40 cydes followed by melting
curve analysis, Primers were designed on the intronjexon boundaries
o prevent DMA amplification and are listed in Table 1. POwas used as
the housekeeping gene.

Western bloting

Proteins in whole-cell lysates and cytosolic, nudear, and mito-
chondrial fractions, prepared by standard methods, were separated
using SDS—polyacylamide gel eledrophoresis before Western blot-
tng was performed. Antibodies for the following proteins were used:
Cyt ¢, Smac/Diablo, Bax, Bel-x, Bim L, Bim EL, Puma, Cox4, FoxO1,
Mstl, phospho-Mstl (Thr183) (Cell Signaling), AIF, Bd-2, p53,
p21WESe (Cant Cruz Biotechnology), Mcl-1 (BD Pharmingen),
Bak (Upstate Blotechnology), and Noxa [Alexis). Anti-actin lgG or
anti-lamin lgG ( both Sigma) was used as a loading control.

Analysis of Bak and Bax conformational changes

MitoVES-induced ex posure of the N-terminus of Bak was assessed
using the epitope-specific antibody directed against the amino acd
seqience 1-57 of the Bak protein (clone Ab-1; Calbiochem) [29]. The
active conformation of Bax was estimated using anti-Bax 1gG (done
GAT; Sigma) directed against amino acids 12-24 [30]. Cells grown in a
six-well plate were exposed to MitoVES, harvested, fixed with 0.25%
paraformaldehyde, incubated with the primary antibody diluted 1:50
in digitonin (100 ug'ml in PBS) and with FITC-labeled secondary
antibody diluted 1:75 in digitonin-PBS, and analyzed by flow
oy tometry using “live gating™ to exdude cellular debris.

Chromatin immunapredpitation [ ChiP) analysis

The ChIP assay was performed using a ChiP kit with enzymatic
shearing (Active Motf). Briefly, nuclei isolated from 4 = 107 MitoVES-
treated of control Jurkat cells were sheared for 10 min using the
Enzymaticshearing Cocktail, predeared by incubation with protein G
beads to reduce the nonspecific background (10W of predeared
chromatin was saved a8 input ), and incubated overnight at 4 *Con a
rotator with anti-FoxO1 lgG or a nonspedfic rabbit 1gG (both from
Santa Cruz Biotechnology) as a negative control. In the next step, the
antibody complexes were precipitated by incubation with protein G
beads and after several washes eluted by a solution of SDS and
MaHCOs. Nudeoprotein complexes were then de-cross-linked by an
overnight incubation at 65 °C and treatment with RMase A and
proteinase K. The resulting DNA molecules were purified using the
DMA purification minicolumns. Five microliters of purified DNA was
used for RT-PCR and gPCR analysis with the following NOXA primers:
forward 5 -TGTAGTTGGCATCTCCGOGC-3, reverse 5'-CTCGACTTC-
CAGCTCTGCTG-3",

Knockdown of Bak and Mstl

The Bak protein was knocked down stably using shRNMA In brief,
Jurkat cells were electroporated (107 cells with 40 pug DNA; 1 pulse of
325V for 15 ms; ECME30D square electroporator from BTX) in the
presence of a plasmid carrying BAK or nonsilencing (N5) shRMA
[Suresilendng shRNA plasmid; SA Biosystems). Four different shRNA
plasmids were used. Before transfection, the plasmid's original
puromycin resistance 'was replaced with Geneticin resistance. The
cells were selected for -1 month in the presence of 1 mg/ml G418,
tested by Western blotting, and used in experiments.

MCF? cells were transfected using the FUGENE transfedion
reagent and the anti-human Mse] Mission shRNA cloned into the
pLEOQU-puro vector, clone NM_DOG62822-8291c1 (Sigma). The
shRNA sequence was CCGGICAGAGCTATGGTCAGAT AACCTCGAGGT-
TATCTGACCATAGCTCTGGTTTTTTG. Cells were selected with 0.5 pg/ml
puromyan for 2 weeks and individual clones chosen on the basis of
diminished expression of Mstl assessed by gPCR and Western
blotting.

Confocal micrascopy

For acquisition of images with the fluorescently labeled MitoVES
[ MitoVES-F), NeuTL cells were grown on coverslips, stained with
MitoTracker red ( Molecular Probes), incubated with 10 uM MitoVE,
5-F for 30 min, counterstained with Hoechst 33342, and inspectedin a
confocal microscope.

Transmission electron microscopy (TEM )

Cells were subjected to TEM after being processed as deseribed
[27]

Mouse [umor expermenis

The FVB/N e-neu mice carrying the rat HER-2/neu proto-oncogens
driven by the MMTV promoter on the H-29 FVB/N background [18]
were wsed in this study. The animals form spontaneous ductal bieast
caranomas at the age of 7-9 months, Tumors were ako established in
immunocompromised, athymic (Balb ¢ nu/mu) mice by injecting
HCT116 cells subcutaneously at 5= 107 cells per animal.

Animals were regularly chedked by ultrasound imaging (USIH)
using the Vevo 770 USI apparatus squipped with the 30-um resolution
RMV 708 scan head (VisualSonics) as detailed elsewhere [16,31-33]
As soon as tumors reached -40 mm?, the animals were treated by ip
injection of 1-2 pmol MitoVES or 10-15pmol a-T0S in o oll
containing 4% EtOH every 34 days. Contml mice were injected with
an equal volume (100 pl) of the excipient only. Progression of tumor
growth was assessed every 3-4 days using USL, which enables three-
dimensional reconstruction of tumors and precise quantification af
their volume.

All animal experimentation was performed according to the
guidelines of the Australian and New Zealind Council for the Care
and Use of Animals in Research and Teaching and was approved by
the Griffith University Animal Ethics Committes.

Sransics

All data shown are mean values of three independent experiments
(unless stated otherwise) + S0 Statistical significance was assessed
using Student’s ¢ test and differences were considered significant at
p=005.

Results

‘We synthesized and tested several compounds derived from VE by
the addition of the TPPY group (Fig. 1), MitoVES, the prototypic
mitochondrially targeted racemic VES with an 11-carbon linker
between the chromanol and the TPPY group inducesd =90% apoptosis
at S0puM within 3-10h in various cancer cell lines and was stil
apoptogenic at 1 uM (Fig. 2A). Equimolar «-TOS or VES (an analog of
w-TOS beking methy| groups in the aliphatic chain) was significantly
less effident than MitoVES ( Fig. 2B). Addition of TPP" to the succinyl
moiety of a-TOS via a four-carbon spacer (VES4TPP) did not enhance
the activity of the parental agent [ Fig. 2B), suggesting that in this case
TPP', while mediating mitochondrial delivery, masked the free
carboxylgroup essential for the apoptogenic activity of the compound
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a-TOS

VES4TPP

MitoVE

Fg 1. Strudures al compounds used in the study.

Apoptosis (%)

Fig. 2 MitaVES causess elficient apopiosis seledively in malignant ¢Ik [A) The malignant jurkst, HCT116 MOF7. MDA-MB-453 (MDA, 151-Mes-2_and AF17 cells were &xposed Lo
MilaVES 21 the concentr sions shawn. [B) Jurkat cells were exposed to 50pM MitaVES, VESTPP, @-TOS, VES, or MitaVE. [T) H1229 and M- Toee cells weere expoded © 5 g
MiloVES. (D) Fibroblasts A0 4578, the nonmalignant meso thelial cellk MetSA, and the cardiamy obl 2515 H9Q were exposed to 50 50 MitaVES 1n 2ll cxtes, the ek wene evahaied
orapaptosis level_The inset in [ C) shonws the expressian ol p2 1 in MOF7 and MOFTp og eells, after exposure ta roscovieine [ nos; admg promating pa3 stability L and 153 in H1299 and
MITFY ong el The data showen are mean v alues + 50 [0= 3] the images are representative o[ three inde pendent experi ments. " p<005, significant diference: belween cells Lreated
with MileVES and =]k treated with the ather agents
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Table2 o ) ) ) with MiteVES more effective (=10- to 30-fold) than its untageed

Ko values al'VE analogs [or apopiosis in various malig nant and nonmal ignant cell ines counterpart (Table 2). MitoVES effidently killed lung cancer cells
Cell type” MitaVES a-T0S VESATPP deficient in p53 (line H1299) as well as breast cancer cells with
Jarkat Y T T lI'-d.II'ISI.'I'IlJlN.IIId.”}'!rld.l.'l.‘lb'l.'|.t55[:|llrll.'ML:"Tnm, [I—lg.zL,.|J|:_r||.ur|erdL1r|g
MM-B 14403 3644 nd® p53 independence of apoptosis induced by the agent. Compared to
Mesa? 24+05 2945 M +6 cancer cells, MitoVES was much less effective in inducing apoptosis in
lat-Mes 331‘13_ 24+5 nd nonmaligrant cells, such as fibroblasts, cardiomyoblasts, and non-
L‘: I’_‘,“" 2 ; : ig%’ i;:g ::j malignant mesothelial cells (Fig. 2D). The ICs, values of MitoVES for
MCF: IEl:tﬂ; 1344 1943 nonmaligrant cell types were 1-2 orders of magnitude greater than
MCF7, o 28+09 2546 nd those determined for the cancer cells (Table 2). Collectively, these
MDA-MB-453 3307 2815 nd results demonstrate considerably greater potency of MitoVES for
NeuTL 21+05 6548 nl killing in a range of cancer cell types compared to o-TOS without loss
HCTI16 28+08 31+6 nid f selectvit
H1259 a9+11 39+6 nd of selechvity. i
Hela Q41+an7 69175 il Mitochondrial ROS production is emerging as an important
AD14578 67+104 =100 =100 mechanism in the mitocan-induced activation of apoptess to kil
H3c2 54132 =100 =100 cancer cells [35]. EPR spectroscopy and flow cytometry revealed ROS
HLL 48 +62 =100 =100 accumulation in the presence of MitoVES, which was suppressed by
MetSA 21 +45 69+8 nid

- Jurkat cells were treated 2 05« Iﬂr',-lnl other cell lines were trested st -60%
canliusncy,

B Thel oy vahues were derived from viability curves using the MTT visbili ty sy and
are expresed amalar

© mul, nol determined

[12,34]. VE with a short aliphatic chain, modified by additon of TP
to its phytyl chain (MitoVE) [ 18], did not show any effect [ Ag. 2B). The
data for MitoVES and «-TOS showed similar trends in the 1G5, vahes,

b

the mitochondrially targeted UbQ (MitoQ) [18] or superoxide
dismutase (S0D) (Figs. 3A and B). The two antioxidants also
suppressed MitoWES-induced apoptosis (Fig. 3B), implicating a role
for ROS in the process. To assess the kinetics of ROS generation, we
utilized the Tet21N neuroblastoma cells transiently transfected with
pHyPer-dMito. The level of mitochondrial hydrogen peroxide was
monitored using a onfocal micoscope that allows real-time
visualizaton of ROS generation. Exposure of the cells to MitoVES
resulted in the appearance of ROS within 5 min after addition of the

200 100
5 ", |
ul W Y -
=4 amr M £
TOS o
3 : :
=]
g MYIMD ‘gl.
E NG %
el oy

au
MW e

o m E0 30
Time (min}

Fig. 1 MitaVES tiggers rapid generation ol ROS and localires o mitochond ria [A B Jurkat o] were experser 0o 50 p o-TOS ar 5 g MitaVES MV for2 h (A B,lef ) or 12h (Rright]i
Uhe presende af MitoQ) [MOQ: 2 pM. 1 h pretrestment ) ar SO0 [ PEG-500. 750 uni & fmg. cobrestment ) and xoessed lar ROS generation by (&) EPR spedneopy and DMPO [ALL arbitrary
units) or [B) Mowotomeny [men Muones aanoe intens by, MFI) and DHE (=R ) and for [ B) apoptos s indudion [right L (C) Tet21 Neelk grown an coverslips werelransiently ranslaied
with pHyPer-dMito and placed on the stage ol a live-nfoal microsope. Aler 16 b 10 M MitoVES was added 1o the eells. Images were tken each 1 and the level al green
Nuorescence wa evalusted The armow indicaes sddition ol Min' VES. The images show g reen [luoresaence in two od 1 befare and 12 min ale raddition ol Mo VES. [ D) NeuTL cells werne
Labeler] wath MitaT racker resd, Suppl ame mled with 20 pM MitaVES-E, and abserved by conlocal micnscopy. The image anthe kel shaws a cheter al cd B labelad with Hoechsit 33302 1o
wisualize nueke [blue)l Milo Tradk erned loshowmibdhondria (red | and Mie VES-Filo indicsle thelocalization althe agent (green ) The baxed cellisshown in d el antheright with blus’
red, blue/green, and an overlay af the three alars The data shownare mdan values+ 50 (0= 3); the imxges are representtive ol three independent experiments. The dalain () ane
derived from aneexperiment representative al three independent experiments* p=0035, significant diference betwesn cells trested with MitoVES o nl yand theathertrestments as well a5
cantrel cells
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stressor, indicating a very rapid response (Fig. 3C). The structure of
MitoVES, ie, its TPP' group, determines the accumulation of the
agent in mitochondria because of the high negative potential at the
matrix face of the MIM. To unequivocally document mitochondrial
ocalization of the agent, we prepared its green fluorescent analog,
MitoVES-F, by attachment of fluorescein to the free carboxylic group
of MitoVES, The murine breast cancer NeuTL cells pretreated with
MitoTracker red were then supplemented with MitoVES-F and
inspected by confocal microscopy. Ag. 30 documents that MitoVES
accumulated predominanty in mitochondria, validating our strategy
of targe ting anti-ancer compounds to mitochondria by agging them
with the cationic TPP' group.

We next tested whether apoptosis induced by MitoVES is
dependent on mitochondria, Exposure of Jurkat cells and their Bax
counterparts to 50 pM a-TOS or 5pM MitoVES resulted in effident
apoptosis in the two sublines. In contrast, when the Bax /Bak ™ cells
were exposed to -TOS, cell death was delayed by -24 h, and MitoVES
was ineffective (Fig 4A). TEM revealed delayed morphological
changes characteristic of cell death in Bax™ fBak ~ Jurkat cells exposed
o o-TOS but no morphological alterations were evident in the
presence of MitoVES (Fig. 4B), demonstrating Bax/Bak dependence of
the process. The apoptosis-resistant Bax™ [Bak™ Jurkat cells
responded to MitoVES with ROS accumulation (Fig. 4C), indicating
that ROS generation precedes apoptosis, In the wild-type urkat cells,
the MitoVES-induced apoptosis was suppressed by a caspase-9 but
not a caspase-8 inhibitor ( Fig. 40), further pointing to mitochondna as
critical mediators of MitoVES-triggened apoptosis,

Given the role of Bax/Bak in MitoVES-induced apoptosis, we next
studied the mechanism of mitochondrial outer membrane (MOM)
channel formation. Fist, we observed cytosolic translocation of
cytochrome ¢ (Cyt ¢} and Smac/Diablo, and mitochondrial transloca-
tion of Bax, in Jurkat cells exposed to MitoVES, but not in their Bax™ [
Bak ™ counterparts. Mo mobilization of the AIF protein was observed in
either cell line (Fig. 5A) Gel filtraton of mitochondrial lysates of

1551

MitoVES-treated cells followed by Western blotting indicated forma-
tion of oligomers of Bak and Bax (Fig 5B} However, only the Bak
protein revealed a significant conformational change, as shown by
conformation-specific antibodies using flow cytometry. Moreover,
the substantial conformational change in the Bak protein was seen
already at 4h, at which stage no change was observed for the
Bax protein (Fig. 5C). Because this suggests a major role for Bak in
the mitochondrial channel formaton, we prepared Bak-deficient
Jurkat cells by stable transfection of the parental cells with
BAK shRMNA. OF the four shRMNAs used, three effidently suppressed
the Bak protein, with BAK shRNA3 showing no expression of Bak, and
BAK shRMAT and shRMA4 showing low levels of the protein (Fig 50,
inset). The sublines with low or no expression of Bak were relatively
resistant to MitoVES, in particular at its lower concentrations
(Hg. 50}, indicating the dominant role of Bak in apoptoss induced
by MitoVES.

We next tested the level of Bel-2 family proteins critical for
modulation of mitochondrial homeostasis in cells exposed to
MitoVES, of which the BH3-only proteins Moxa and Puma showed
increased mRNA levels, but only Moxa was increased at the protein
lewel (Figs 6A and B). In addition, levels of the Md-1 protein
decreased in MitoWES-treated cells (Fig GB). The model for Bak
channel formation involves upregulation of Moxa, which displaces the
antiapoptotic protein Md-1 or Bd-x from its association with Bak
[36] Because MitoVES induces Noxa expression, we studied its
transariptional regulation and found that it was controlled by the
FoxD1 protein, as evidenced by the ChiP analysis (Fig. 6C). This assay,
coupled with gPCR analysis, revealed 2.34old higher binding of the
FoxO1 protein to the NOXA promoter in MitoVES-ex posed cells. We
also found that MitaVES activated the Mst1 kinase, which is known to
phos phorylate FoxO1 (Fig. 60) [37,38)]. To further document a role for
Mst 1 in apoptosis induced by MitoVES, we knodked down the protein
in MCF?7 cells and exposed them to the agent Fig. GE mveals that
lowering the level of the kinase Mst1 caused higher resistance of the
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Fig. 4 MitoV Es-induced apoplodis is dependent on mitochondria Parental (Par), Bax™,and Ba ™ Hak ~ Jurkat cells were &xposed ba 30 p - TOS ar 5 M MiloVES lar [ A] the times
shenwn, [B) 36 b or [C) 2 h and asesed far [A) apoptosis induction, [B) marphalogical alterations using TEM, and (0] R0S sccumulstion using fllow cytametry. The inset in

[A) shows the status ol the expression af the Bax and/or Rak proteins inparental, Bax™, an

il B ™ Bak™ eells [D) Jurkat cells were exposed ta 5 M MioVES in the presenceal 25 uM

caspade-8 inhibitor [IETD-RMK) or caspase-9 inhibitor [IEHD-FMK) for 5h and sSesed br apopbosis kevel The data shown ane mean values +£350 (1 =3); the images ane
representatve of thres independent experiments "p <005, significant dilfere nce between Bax— /Bak ~ ek and parental or Bax— el (A), ek trested with MitVES and antrol
eells (O and cells trested with MitaV'ES in the pretence or slsence of 2 cxipase-8 inhikios (D).
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cells to killing by MitoVES. These results suggest a mle for the Mst1/
FoxO1/Moxa axis in the formation of a Bak channel in cancer cells
exposed o MitoVES.

To assess the effect of MitoVES on tumaors, two preclinical models
were used, including the VBN c-neu transgenic mice with sponta-
neous ductal breast cardnomas driven by high expression of the
oncogene erhB2 in mammary epithebial cell [26] and nude mice with
xenografts derived from HCT116 cells. After tumors reached - 40
mim?®, the mice were treated by ip administration of either MitoVES at
1-2 pmol of o-TOS at 15 pmol per animal per dose, Fig. 7 shows that
MitoVES very efficiently suppressed cardnoma growth (=90% in both
maodels), in some cses causing tumors to diminish in size, This effect
of MitoVES was much stronger than w hen a-TOS was used at 10-fold
higher concentration, indicating the superior effect of the mitochond-
rlally targeted analog.

Discussion

In industrialized countries, the number of deaths from neoplastic
disease has surpassed the number of deaths from cardiovasaalar
pathologies [39], and the future trend is grim [40]. While there has
been some success in treating certain types of cancer, many recur and/
or remain highly resilient to therapy and some, such as malgnant
mesothelioma, offer virtually no therapeutic modality [41]. Frequent
mutations make the cancer landscape highly heteroge neous, allowing
escape from immune tumor survelllance or therapeutic interventons,
aswell as making the designof targeted anti-cancerdrugs challenging
[42-44]. The widely used conventional anti-cancer therapies utilize
mechanisms such as DNA intercalation, microtubule disruption, or
folate inhibition and can offer great benefits, espedally in combina-
ton. However, the same therapies show relatively little specifiaty for
cancer cells and often result in severe side effects. On the other hand,
the spedfic and successful agents such as Trastuzumab or Imatinib are
targeted at certain subsets of cancers and are therefore suitable only
for selected groups of patients.

This study investigated the possibility of delivering drug candi-
dates spedfically to mitochondria because these organelles are
emerging as new and intrguing targets for cancer treatment [1-
545]. It is becoming increasingly clear that cancer cell mitochondria
differ from those in nommnal cells [4,46]. Our previous work has shown
that the mitocan - TOS, targeting the mitochondrial respiratory chain
to induce apoptosis [16], selectively eliminates cancer cells while
leaving noncancerous cells relatively unaffected [6]. o-TOS, however,
15 a partially hydrophobic molecule with the potential to be
distributed not only to mitochondria but also to other (sub)cellular
membranes, We therefore hypothesized that spedfic mitochondrial
delivery could increase both its efficacy and its spedficity. Recent
pioneenng work by Murphy and Smith [47] revealed a strategy for
achieving efficient delivery of hydrophobic redox-active compounds
to mitochondria, more spedfically to the MIM, by joining the cationic
TPPY group onto the aliphatic chain of agents such as Ub or VE,
considerably enhanang their bioactvity. lncorporation of cationic
lipophilic compounds such as MitoVES inside tumor mitochondria is
favored by the development of a higher eledrical gradient (by 20-
60 mV vs normal cell mitochondria), which in turn promotes
increased pophilic caion accumulation [48].

Modification of mitocans from the VE group by conjugation with
TeRY, exemplified by the mitochondrially targeted VES MitoVES,
enhanced the apoptogenic efficacy of the parental compound by a
factor of 1-2 logs, Preferental mitochondrial localization of MitoVES
was documented by inspecting cells preloaded with MiteTracker red
and incubated with a fluorescent variant of the agent, using confocal
microscopy. We documented that mitochondria were cudal for
apoptosis induced by MitoVES, in particular by showing that Bax~/
Bak ~ Jurkat cells were resistant to MitoVES, while they were still
induced into cell death, albeit delayed, when exposed to a-TOS.

Of particular importance is the rapid action with which MitoVES
induces the cascade of reactions wltimately resulting in apoptosis. This
is evidenosd by ime-lapse imaging of the generation of ROS in cancer
cells transiently transfected with pHy Per-dMito, whose product, the
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redox-sensiive OuyR, increases fluorescence in the presence of
hydrogen peroxide [28), and exposed to MitoVES, We observed an
increase in the green fluorescence of the cells 5 min after addition of
the drug, which was followed by its plteau some 5-10 min later
(Fig. 3C). Our experiments also dearly show that the oxidative burst
induced in cancer cells by MitoVES is due to the fact that this drug
targets Cll [49], as we similarly found earlier for a-TOS, Importanty,
oo, we observed that an uncoupler considerably lowered apoptosis
induced by MitoVES but not a-TOS in cancer cells [49], documenting
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the importance of mitochondrial potential for the targeting of
MitoVES into the MIM.

Our results abo help explain the molecular mechanism of the
drug-induced MOM pore formation and indicate that in response to
MitoVES, the Bak protein has a major roke in forming channels in the
MOM. This is supported by results revealing that Bax-defident cancer
cells are susceptible to MitoVES, whereas Bak-deficient cells are rather
resistant tothe agent. Formation of the Bak channel in cells exposed to
MitoVES is probably regulated by the BH3-only protein Noxa, This
process invobves the transcriptional factor Fox01, which itself is
activated by the Mstl kinase, in agreement with the published
literature [3738] We propose that Moxa liberates Bak from its
association with the antapoptotic proteins such as Md-1, allowing
efficient formation of the Bak channel [36]. This mechanism is further
supported by the observed reduction in levels of the Md-1 protein
detected in cells treated with MitoVES, which is compatible with
reports showing proteasomal degradation of Md-1 cccurring after the
levels of Noxa become elevated [50] and is compatible with our recent
findings for a-TOS [51].

To document the superior anti-cancer effects of MitoVES, we
utilized two models of cancer, ie., the FVB/N c-neu transgenic mice
with spontaneous formation of HER2-high breast carcinomas [26] and
nude mice with HCT116 cell-derived xenogmafts Using the very
precise Usl-based evaluation of the tumor kinetics, MitoVES was =10~
fold more efficient than the nontargeted o-TOS in both models
[212,16]. This indicates a high anti-ancer efficacy of MitoVES that
can be ascribed to its preferential association with mitochondria.

We conchude that MitoVES is an epitome of a new type of mitocans
with a high level of apoptogenic activity. Hence, in principle, direct
targeting of cancer cell mitochondria by MitoVES is expeded to
overcome many of the problems found with other drug tagets for
which genetic analyses have revealed a large degree of complexity
and heterogeneity among individual types of cancer [ 52 53], with the
implied difficulty in finding relatively universal treatments without
serious side effects, The safety and eligibility of MitoVES as a payload
with lipophilic TPP' as a pharmacophor for delivery are accentuated
by phase I/11 trials in which MitoQ-containing TPP" was used to treat
patients with neurological disorders or hepatitis with no adverse
effects even after more than 1 year of supple mentation [ 54,55]. Thus,
wee propose that MitoVES, and the mitochondrially targeted mitocans
in general shows the potential to fulfill the promise of broadly
applicable, selective anti-cancer drugs. Clinical trials using MitoVES
are, therefore, imminent.
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Abstract Mitocans are drugs selectively killing cancer
cells by destabilizing mitochondria and many induce apop-
insis via peneration of reactive oxygen species (ROS).
However, the molecular events by which ROS production
leads to apoptosis has not been clearly defined. In this study
with the mitocan 2-tocopheryl succinate (x-TOS) the role of
the Bel-2 family proteins in the mechanism of malignant cell
apopiosis has been determined . Ex posure of several different
cancer cell lines to x-TOS increased expression of the Noxa
protein, but none of the other proteins of the Bel-2 family, an
event that was inde pendent of the cellular p53 status. «-TOS
caused a profound conformational change in the pro-apop-
otic protein, Bak, involving oligomerization in all cell types,
and this also applied to the Bax protein, butonly in non-small
cell lung cancer cells. Inmmunoprecipitation studies indicated
that 2-TOS activates the two BHI-3 proteins, Bak or Bax,
form high molecular weight complexes in the mitochondria.
RNAi knockdown revealed that Noxa and Bak are required
for a-TOS-induced apoptosis, and the role of Bak was
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confirmed using Bak- andfor Bax-deficient cells. We con-
clude that the major events induced by =-TOS in cancer cells
downstream of ROS production leading to mitochondrial
apoptosis involve the Noxa-Bak axis. It is proposed that this
represents a common mechanism for mitochondrial desta-
bilization activated by a variety of mitocans that induce
accumulation of ROS in the early phases of apoptosis.

kKeywords Vitamin E succinate - Apopiosis - Bak -
MNoxa - Mitochondria - Permeabilization

Ahbbreviations

EH3 Bcl-2 homology domain-3

cu Complex 1

Cox IV Cytochrome ¢ oxidase subunit I'V
DHE Dihydroethidium

ECL Enhanced chemiluminescence
MOM Mitochondrial outer membrane
EMNAi RMNA interference

ROS Reactive oxygen species
Q-PCE Quantitative real-time PCR
siRNA  Short interfering RNA

5TS Stat rosporin

#-TEA  a-Tocophervloxyacetic acid

2-TOS  x-Tocopheryl succinate

TRAIL TMNF-related apoptosis-inducing ligand
VE Vitamin E

Introduction

#-Tocopheryl succinate (x-TOS) is a mmor-selective drg
activating intrinsic apoptosis [1. 2] by targeting the
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mitochondrial complex 11 (CII; succinate dehydrogenase)
triggering subsequent production of reactive oxygen spe-
cies (ROS) [3, 4]. The importance of ROS accumulation in
apoptosis  induction by =-T0OS was established in that
higher levels of apoptosis in cancer cell lines were directly
associated with greater ROS production [3]. In addition,
antioxidants, such as the mitochondrially targeted coen-
zyme (). suppressed the anti-cancer cell toxicity of the
vitamin E (VE) analog [6, 7]

Several mechanisms have been suggestad to explain
2-TOS induced apoptosis, mostly involving mitochondrial
destabilization [B]. It has also been reported that the VE
analog acts as a Bel-2 homology-3 (BH3 ) mimetic, since it
interacted with the BH3 domain of the Bel-2 family pro-
tzins, disrupting the intzraction between Bak, Bel-xg and
Bcl-2 in prostate cancer cells [9]. Another report suggested
#-TOS induced translocation of Bax into mitochondria in
breast cancer cells, although the mechanism of this process
wias not defined [10]. These results led to the proposal that
ROS production induced the dimerization of Bax, followed
by its mitochondrial mobilization [11], perhaps helping to
explain the events occurring in x2-TOS-challenged cells
[8. 12]. However, the precise mechanisms of mitochondrial
translocation and/or activation of apoptogenic Bel-2 family
proteins triggered by 2-TOS remained unclear.

A hallmark of mitochondrial apoptosis is the perme-
abilization of the mitochondrial outer membrane (MOM})
involving two Bel-2 protein family members, the BHI-3
domain proteins, Bak and Bax with at least one of these
two proteins shown to be necessary for pore formation in
the MOM [13-15]. In most cases, MOM permeabilization
is triggered by activation of BHI-3 proteins, either by
increasing their expression or via the BH3-only proteins
Moxa, Puma, Bim, or Bid. It has been proposed that the
EHI-3 proteins are liberated from their heterodimeric
association with members of the pro-survival Bel-2 family
or they can be directly activated [16—18]. From this point
of view, it is of interest that a-tocopheryloxyacetic acid
(2-TEA), an ether analog of VE, was previously shown to
kill breast cancer cells via a pathway involving upregula-
tion of the BH3-only protein, Noxa [19].

Activation of the Bak and Bax proteins corresponds to
conformational changes, which involve exposure of the
M-terminus of these proteins [20, 21] and their subsequent
oligpomerization in the MOM [22]. ROS-dependent dimer-
ization of Bax protein via disulfide bond formation has also
been proposed as one mechanism for Bax activation [11].
Agccording to another hy pothesis, the BH1-3 proteins may
polymerize at their ends or interact with lipids of the
MOM, with ensuing MOM destabilization or lipid pore
formation [13, 23-25]. In addition to Bax and Bak, the
BHI1-3 domain protein, Bok (also known as Diva) can also
cause MOM permeabilization. However, since Bok is
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restricted to a small number of malignant tissues, it is
irrelevant for most types of cancer cells [26].

Because individual types of cancers are complex and
can differ considerably in their array of DNA mutations,
harboring different sets of genetic changes [27, 28], it will
be very unlikely to cure cancer with drugs targeted © only
a few gene products or single pathways involved in tmor
survival [ 29]. The importance of mitocans, epitomized by
VE analogs (in particular the prototypic -T(8), as anti-
cancer agents that target mitochondria to trigger apoptosis
[3. 4, B, 12] is that mitochondrial function s a universal
cellular requirement. Thus, mitochondria are prime targets
and transmitters of apoptosis which if selectively activated
in cancer cells would provide an effective treatment for a
variety of different mmors. It is this imperative which
makes it critical to undersiand in greater detail the
molecular mechanisms by which VE analogs cause per-
meabilization of the MOM, a paradigm that may be utilized
for efficient therapy of many different cancers [30, 31].

Materials and methods
Cell culture and treatment

Jurkat T lymphoma cells, the Bak /Bax ™ and Bax™ Jurkat
cells [32], the p33-deficient HI2Z99 non-small cell lung
cancer cell line [33], as well as the MCFT breast adeno-
carcinoma cell line and its pS3-transcriptionally inactive
sub-line (MCF7ppe) [34] were grown in RPMI-1640
medium supplementad with antibiotics and 10% FBS.
Jurkat cells were treated with 2-TOS (Sigma) ( for structure
see Fig. 1) at 5 % 107 cells per ml, and the adherent
H12%9, MCF7 and MCFTppe cells at 80-9%0% confluency.
2-TOS was always freshly prepared in ethanol as a stock
solution that was added o the cell cultures so that the
concentration of ethanol in the medium did not exceed
0.1% (wv). In some cases, the cells were pre-incubated
(1 h) with 1 pM mitochondrially targeted coenzyme Q
(Mito(), for structure, see Fig. 1) [35].

H,CO

Fig. 1 Strucmmes of atocophery] succinate (2-TOS) and mitochond-
rally targeted coenzyme O (Mito())
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Western blot analysis

The following antibodies were used: anti-Bak IgG (clone
Ab-1)p (Calbiochem). anti-Bak 1gG (NT) and anti- Bax 1gG
(NT) (both from Upstate Biotechnology): anti-Bax 1gG
(6AT), anti-p53 1g(G (DO-1) (both from Sigma); anti-Noxa
lgG (Alexis); anti-Mcl-1 1gG (clone 22) (BD Pharmingen );
anti-actin g (C-2), anti-cytochrome ¢ 1gG (A-B), anti-
Bel-2 1gG (C-2). anti-Bid 1gG (5CY), anti-Bad 1gG (C-T)
were all from Santa Cruz: anti-Belxg IgG, anti-Bim IgG,
anti-Cox IV 1gG and anti-Puma IgG were from Cell
Signaling).

To obtain whole cell lysates, cells were centrifuged at
300 = g for 5 min and washed twice with ice-cold PBS.
The pellet was resuspended in whole cell lysis buffer
(10 mM TRIS at pH 74, 1 mM NaF, 1 mM Na;VO,.
I mM PMSF, 0.1% SDS, 1% Triton X-100, plus protease
inhibitor cocktail), frozen, thawed and sonicated. Aliquots
were used to estimate the level of total protein using the
BCA method (Pierce). The samples were then diluted in
loading buffer and boiled for 4 min. Proteins were
resolved by SDS-PAGE and transferred to PVDF or
nitrocellulose membranes (GE Healthcare). After probing
with a specific primary antibody and horseradish peroxi-
dase-conjugated secondary antibody, the bands were
detected by the enhanced chemiluminiscence (ECL) kit
or the Advanced ECL kit (both GE Healthcare) using
either a gel documentation system (Bio-Rad) or X-ray film
(AGFA).

Isolation of mitochondria and gel filtration
chromatography

Cells (1.2 = ](l"} were left untreated or treated with an
appropriate concentration of 2-TOS, human recombinant
TNF-related apoptosis-inducing ligand (TRAIL) [36] or
staurosporing (STS) for different periods, harvested and
washed twice with ice-cold PES. The final pellet was
resuspendad in 500 pl of ice-cold hypotonic fractionation
buffer (25 mM Tris at pH 74, 2 mM EDTA, 5 mM
MgCly, 10 mM KCIL, 125 mM sucrose, 1 mM PMSF, plus
protease inhibitor cocktail), and left on ice for 10 min.
The swollen cells were broken using a glass homogenizer
(Kontes Glass Co.). The isotonicity of each sample was
achieved by addition of 250 pl of ice-cold hypertonic
fractionation buffer containing 500 mM sucrose. Organ-
elles and unbroken cells were centrifuged at 900 = g for
10 min, followed by centrifugation of the supernatant at
1700 = g for 5 min. The remaining supernatant was then
centrifuged at 15000 = g for 10 min and the mitochon-
drial pellet lysed in a buffer comprising 25 mM HEPES,
pH 7.5, 300 mM NaCl and 2% CHAPS. The mitochon-
drial lysate was centrifuged at 19,000 = g for 5 min and
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loaded onto the Superdex-200 10/300 Preparation Grade
column  (Amersham Biosciences). The column was
equilibrated with the 2% CHAPS lysis buffer (see above).
The proteins were eluted at 0.3 mlmin, and fractions of
0.5 ml were collected and mixed with 3-times concen-
rated Laemmli reducing sample buffer and boiled. The
samples were then analyzed by SDS-PAGE and western
blotting.

Assessment of apoptosis and ROS accumulation

Apopitosis was evaluated by flow cviometry (FACS
Calibur, BD Bioscience) using the annexin-¥ FITC and
propidium iodide method, essentially as described [2].
ROS accumulation was assessed using the fluorescent
probe dihydroethidium (DHE) essentially as detailed else-
where [2].

Analysis of Bak and Bax conformational changes

Drug-induced exposure of the N-erminus of Bak was
assessed using the epitope-specific antibody directed
against the amino acid sequence 1-57 of the Bak protein
(clone Ab-1) [37]. The active conformation of Bax was
estimated using anti-Bax IgG (clone 6AT) directed
against amino acids, 12-24, which only cross-reacts with
the active/mitochondrially localized Bax protein domain
[20]. Cells grown in a 6-well plate were exposed to
various concentration of 2-TOS, STS (positive control for
inducing Bak and Bax conformational changes) [37, 38]
or TRAIL, after which they were harvested. washed with
ice-cold PBS, and fixed with 0.25% paraformaldehyde.
The cells were then washed with ice-cold PBS and
incubated with primary antibody diluted 1:50 in digitonin
(100 pg/ml of PBS) for 30 min, which was followed by
a 30 min incubation with an FITC-labeled secondary
antibody diluted 1:75 in digitonin-PBS, and analyzed by
flow cytometry using ‘live gating’ to exclude cellular
debris.

Inmunopreci pitation

Pelleted mitochondria were resuspended in 1 ml of
immunoprecipitation lysis buffer (1% CHAPS, 150 mM
NaCl, protease inhibitors cocktail, 25 mM HEPES, pH
7.4), left on ice for 30 min before centrifugation at
16,000 = g for 3 min. A 20 pl aliquot of the supernatant
was used for the BCA protein level assay while the rest of
the lysate was pre-cleared with 1 pl of mouse serum
(protein concentration 4 mgfml) and 20 pl of Protein
G-conjugated agarose beads (Santa Cruz) at 4°C for
30 min. The Protein G agarose beads with the bound
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immunoglobuling were spun down at 1000 = g for 5 min
and the remaining supernatant comprised pre-cleared
lysate. The lysatze was then diluted to the final protein
concentration of 300 pg/ml. A 1 ml aliquot of the lysate
was incubated with 2 pg of mouse monoclonal anti-Mel-1
or rabbit polyclonal anti-Bel-xg or anti-Bim 1gG at 4°C for
3 h under gentle agitation followed by addition of 20 pl of
Protein G-conjugated agarose beads and incubated over-
night at 4°C. The Protein G beads were then pelleted at
LO00 = g for 5 min, washed 4 times with the immuno-
precipitation lysis buffer. resuspended in 40 pl of 1.5 times
concentrated reducing sample loading buffer and boiled for
5 min. The samples were then centrifuged to remove the
Protzin (G beads and the supernatant was loaded onto a gel
for SDS/PAGE. Co-immunoprecipitated proteins bound to
Mecl-1, Bel-xy or Bim were detected using specific anti-
bodies and western blotting. Pure lysis buffer handled in
parallel with the real samples, pre-cleared and containing
antibodies was used as a negative control.

Cantitative real-time PCR

Total RNA was extracted with the TRI reagent (MRC) and
reverse-transcribed to cDNA using oligo dT primers and
the M-MLV reverse transcriptase (Invitrogen). Quantita-
tive realtime PCR (Q-PCR) was performed using the
LightCycler 480 instrument (Roche) operated using 95°C
for 15 min; S0x: 95°C for 15 s, 38°C for 30 s, 72°C for
30 s and melting analysis was performed from 60 to 95°C.
Each PCR reaction mixture of 10 pl contained 5 pl of the
SYBERgreen Master Mix (Invitrogen), 0.5 pl ¢cDNA, and
forward and reverse primers at the concentration of
0.8 pM. Relative quantification of target genes expression
was performed using the formula described elsewhere [39].
f-Actin was used as a house-keeping gene.

PCR primers were as follows: Noxa: forward 5'-CTG
TCC GAG GTG CTC CAG TT-3 and reverse 5-TCC
TGA GTT GAG TAG CAC AC-3"; Puma: forward 5'-CCA
AAC GTG ACC ACT AGC CT-3 and reverse 5'-ACA
GGA TTC ACA GTC TGG GC-3"; Mel-I: forward 5'-TAA
GGA CAA AAC GGG ACT GG-3 and reverse 5-ACC
AGC TOC TAC TCC AGC AA-3": Bel-2: forward 5'-TGC
ACC TGA CGC CCT TCA C-3' and reverse 5-AGA CAG
CCA GGA GAA ATC AAA CAG-3: Bol-y: forward
§GTA AAC TGG GGT CGC ATT GT-3 and reverse
5-TGC TGC ATT GTIT CCC ATA GA-3"; Bak: forward
5-GCT ATG ACT CAG AGT TCC AGA CCA-3" and
reverse 5-CAA TTG ATG CCA CTC TCAAAC AG-3;
Bax: forward 5'-AGA GOA TGA TTG CCG COG T-3' and
reverse 5-CAA OCA CCC TGG TCT TGG ATC-3': Bim:
forward 5-GCA CAT TTC CCT CTG GOC TG-3 and
reverse 5-CCC ACG GGA GGC ATA CTT TCT G-3
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f-getin: forward 5'-AAT CTG GCA CCA CACCTTCT-3
and reverse 5-AG CAC AGC CTG GATAGC AAC-3

RNA interference

HI12%9 and MCFT cells were modified by silencing the
expression of the Noxa, Bim, Mcl-1, Bax and Bak proteins
using short interfering RNA (siRNA) essentially as
described elsewhere [40]. In brief, cells were grown at 30%
confluence in the absence of antibiotics and incubated with
individual siRNAs pre-incubated with Lipofectamine-
2000-supplemented OptiMEM mediom. Bak siRNA, Bim
siRNA and Mcl-7 siRNA (Ambion), and Bax siRNA (Santa
Cruz Biotechnology) were used at 60 nM, Nowg siRNA
(Santa Cruz Biotechnology) at 20 nM and the control
(scrambled) siRMA (Santa Cruz Biotechnology) at 20 or
60 aM. After 7 h, the OptiMEM medium was replaced
with complete RPMI medium without antibiotics. After an
additional 24 h, the cells were wransferred into a 96-well
flat bottom test plate or into 12-well plates and grown for
another 24 h, and assessed for the levels of individual
proteins and for cytotoxicity induced by 2-TOS.

MTT cytotoxicity test

The MTT colorimetric assay [41] was used to assess the
cytotoxic effects of 2-TOS on siRNA-transfected cells.
MTT (Sigma) was dissolved in PBS at 2.5 mg/ml and
sterile-filtered. 20 pl of the MTT solution were added into
each well of the %6-well plate with siRNA-transfected cells
treated with various concentrations of 2-TOS for 24 h. The
plates were then incubated at 37°C in 5% CO, for 3 h,
100 pl of 10% SDS was then added into each well, and the
plates were then stored overnight in the dark at room
temperature, after which they were analysed for absorbance
at 540 nm using a microplate reader (Synergy 1I; Biotek).
All experiments were performed in triplicate. The value of
ICsy and the 95% confidence interval of the mean were
calculated using GraphPad PRISM 5.00 software (Graph-
Pad Software) and non-linear regression to establish dose—
response inhibitory curves. The data sets were compared by
Extra sum-of-squares F test based on traditional statistical
hypothesis testing.

Statistics

The acquired data, unless otherwise stated. were analyzed
using the GraphPad PRISM 5.00 software. The data
represents  the mean = SEM  of three  independent
experiments. The symbol **" denotes P < 0.05. Images
are representative of at least three independent experi-
ments.
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We had viously shown that cancer cells treated with

previousl . e 1 [—.-_
#-TOS died independently of their p53 status as exempli- —— Bel-2 B-x,
fied by the p33~"" HCT116 colorectal carcinoma cell line - e v :

. 0
36]. These siudies have been extended here to p53 null
L36] P - e I''s I f .
1

cancer cells of different origin confirming that the p33
protein is redundant for apoptosis induced by the VE
analog (Fg. 2). For these studies, the cell lines expressing
wild type p53 protein included Jurkat (T lymphoma) and
MCF7 (breast carcinoma) cell lines, whereas the non-small
cell lung carcinoma cell line, HI299, is p33-deficient and
the breast carcinoma cell line, MCFTppe has a transcrip-
tionally silent p53. «-TOS induced apoptosis at concen-
trations ranging between 50 and 80 pM within 24 h in all
the cell lines tested, with only slight differences in the
capacity of 2-TOS towards the p33 null cell lines with all
showing cytochrome ¢ release (Fig. 2).

To obtain a greater understanding of the mechanism
leading to activation of apoptosis by 2-TOS and the role of
mitochondria in the process [2-4, 9, 37, 42-45], the role of
the Bel-2 family proieins indispensable for apoptosis
induction/progression was examined [13, 14]. First, Q-PCR
was used to estimate mRMNA levels for the pro- and anti-
apoptotic  Bel-2 family members, including Bax, Bak,
Noxa, Puma, Bim, Mcl-1, Bel-2 and Bel-xg. The only genes
showing a significant response to x-TOS-induced stress
with increased mRNA levels were Noxa and Puma (Fig. 3).
We next examined x-TOS-induced protein expression of
Moxa and Puma by western blot analvsis, which confirmed
increased levels of Noxa, but not the Puma protein and no

Cell viahility (%)
2

L] 5 5l 75 100
w-TOS concentration (M)

Fig. 2 2-TOS kills cancer cells regardless of their p53 status. The
wild type p53 Jurkat and MCF7T cells, the p33-null HIZ99 celk and
MCFooe cells with transcriptionally silent p53 were exposed to
increasing concentrations of @ TOS for 24 h and the apoptosis levels
andlyzed by flow cytomery using the anmexin V-FITC poojpidium
indide method and the results ame expressed as the percent cell
wiahility relative to non-treated cells. The insert documents the level
af cytochrome ¢ release in contml Jurkat cells (1) and cells exposed to
50 pM &-TOS for T(2or § h{3). Actinwas uwsed as a loading conrol
for the cytosolic fraction, while COX TV was used to document the
purity of the eytosolic fraction. Sample 4 documents the presence of
COX IV solely in the mitochondrial subfractions. Data shown
represent mean = SEM (1 = 3), western blot images ane represen-
tatve of at least three independent ex periments
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Fig. 3 TS enhances expression of the BH3-only protein Noxa
independently of cellular p53 status. Jurkat T lymphoma a and ather
cell lines b represented by MCFT with wildtype p53, pf3-deficient
HI299 cells and MCFT g cells with tanscriptionally silent p53 wene
treated with @-TOS (zee below) and assessed for the expression of
Bcl-2 family proteins a or only Noxa and Puma b using Q-PCR and
Westem bloting. Jurkat cells wene exposed to 50 pM 2-TOS for 6 h,
HIZ299 cells to 80 pM 2-TOS for 12 h, and MOFT and MCF Ty cells
o 50 ph 2-TOS for 15 h. ¢ The contro] and @-TOS-treated cells wene
also probed by western blotting for p53 or p21 protein levels in the
case of MCFT wt and MCFTn, cells and the cells wene treated with
20 pM Roscovitine for 20h as a control for p53 dependemt
upregulation of p2l protein. Actin was used as a marker of equal
protein loading for western blotting and as a house-keeping gene for
Q-PCR. The {}-PCR data represent mean + SEM (n= 3). The
symbal ¥ denotes significant differences between control and reated
cells with P < 005, Western blot images are representative of at least
three independent experiments

changes in the levels of other Bel-2 family proteins
(Fig. 3). Importantly, the increase in expression of Noxa
oocurred independently of the p53 status of the cells, as the
single BH3 only member of the Bel-2 family upregulated
in response to @-TOS in both the p33-null HI299 cells and
in the MCFTppe cells with transcriptionally silent p33
(Fig. 3).
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Fig. 4 ROS play a role in Noxa upregulation and apoptosis induction
by a-TOS. Jurkat cells were pre-incubated, as indicated, for 1 h with
I pM Mitod), exposed to 50 pM @-TOS, and assessed for accumu-
lation of ROS uwsing the fluorescent probe DHE (a; 1-h exposune),
apoptosis wsing the annexin W-FITC kit {b; 12-h exposure) and MNoxa
protein expressing by western hlotting (e 4-h exposune). The data in
pancls A and B represent mean = SEM (r = 3), the images in panel
C are representative of three independent experiments

In the next set of ex periments we tested the premise that
apoptosis induced by «-TOS and Noxa upregulation are a
result of generation of ROS. Farther, we tested the possi-
bility that the increase of Noxa expression is downstream
of ROS generation. This is sugpested by our previous
results showing that ROS are penerated within 1 h in
cancer cells exposed to «-TOS [2, 3, 7] and we documented
it in this study by experiments in which Mito(Q) was used as
a scavenger of ROS. Results presented in Fig. 4 document
high levels of ROS in Jurkat cells exposed to =-TOS for
I h, which was suppressed by Mito() (Fig. 4a). The ROS
scavenger also suppressed apoptosis induction (Fig. 4b)
and Moxa protein upregulation (Fig. 4c). These results
therefore support a causal relationship in 2-TOS-chal-
lenged cells between early ROS accumulation, MNoxa
upregulation and apoptosis induction.

Since Noxa protein upregulation is accepted as one of
several possible cellular processes that precede MOM
permeabilization [17], pore formation was examined.
Before the MOM pore can be formed, its components
(nsually Bak andfor Bax) must be conformationally acti-
vated. In accordance with earlier reports [20, 37, 38], flow
cytometry of permeabilized cells using antibodies directed
against epitopes exposad on the surface of “activated” Bax
and Bak proteins can be utilized to assess the exient of
conformational changes of Bak and Bax proteins in
individual cell lines. STS (L5 pM) was used as a positive
control for the activation of Bak and Bax proteins in
Jurkat cells, and TRAIL (250 ng/ml} was used for similar
purposes in the other cell lines [45]. All the cell lines
tested in this sudy responded to =-TOS treatment by
undergoing conformational changes in Bak protein,
whereas the Bax conformation remained unchanged in
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Jurkat cells, was slightly altered in MCF7 and was highly
modified in HI299 cells (Fig. 5). The observed confor-
mational changes of Bax protein were not regulated by
P33, since we observed prominent activation of the pro-
tein in the pS3-null H1299 cells and only slight changes
in the MCFTppe cells with transcriptionally silent p33
(Fig. 5).

Given the conformational changes detected in Bak
protein from all cell lines tested and in Bax protein from
some of the cell lines, we next investigated the extent of
oligomerization of Bak or Bax in response to «-TOS. Gel
filtration chromatography and mild buffer conditions were
used to separate purified mitochondrial lysates from control
cells and cells treated with the VE analog using a Super-
dex-200 column to separate macromolecules from 3 to
() kDa. Individual fractions were collected and analyzed
by western blotting for the presence of anti-Bak 1gG- and
anti-Bax-lg-reactive proteins. In agreement with the
results above showing conformational change (Fig. 5), we
observed anti-Bak IgG-reactive proteins in high molecular
weight (HMW ) fractions in all cell lines siudied following
their exposure to «-TOS, whereas only H1299 cells showed
anti-Bax lglG-reactive proteins in HMW fractions when
exposed to the VE analog (Fig. 6). Further, we observed
very weak Bax-positive bands in the HMW fractions from
mitochondrial lysates of MCF? and MCFT, cells
(Fig. 6). consistent with low levels of conformational
change detected in these cells (Fig. 5). The results show
that mitochondria from cells treated with 2-TOS, as well as
with TRAIL or STS contain significant amounts of Bak
protein in HMW fractions of up to 260 kDa. In the control
cell samples, Bak protein was present only in the low MW
fractions (50-80 kDa), consistent with the proposal that
Bak remains functionally inactive, bound in heterodimeric
complexes with Mcl-1 or Bcl-x;_in these cells [17]. On the
other hand, Bax protein was detecied in HMW fractions in
the cell lines (except for H12949 cells) only afier treatment
with TRAIL or 5TS. Bax protein in its inactive state
largely resides in the monomeric form in the cyvtosol.
However, initial analysis of fractions of mitochondrial
lysates from non-treated and 2-TOS treated cells did not
contain sufficient Bax protein present to allow detection
using standard ECL reagents. Consequently, Advanced
ECL detection kits were used and with greater sensitivity
revealed the presence of the Bax protein in the low MW
fractions corresponding to 20-50 kD in control cells as
well as in a-TOS-treated cells. These low MW forms likely
correspond to either the monomeric form of Bax loosely
attached to the mitochondrial membrane or the heterodimer
in complex with anti-apoptotic members of the Bel-2
family.

The above results indicated a prominent role for the Bak
proein in «-TOS-induced cell death. Next, the «-TOS
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induced increase in levels of Noxa was examined for its
role in Bak channel formation leading to apoptosis. For
these smdies, samples of mitochondrial lysates prepared
from x-TOS-wreated or control HI1299 cells were immu-
noprecipitated with antibodies against the anti-apoptotic
Bcl-2 family protein Mcl-1 or Bel-x;. both of which are
known to interact with BHI-3 and BH3 -only proteins. The
Noxa protein was found to co-immunoprecipitate with
Mel-1 in samples from x-TOS-treated cells but not control
cells (Fig. 7). No Noxa protein was detected in the Bel-xg
immunoprecipitates. Surprisingly, the amount of Bak pro-
tgin co-immunoprecipitated with Mcl-1 was significantly
higher in «-TOS-treated cells than in the control cells
(Fig. 7). A similar or even greater difference between
treated and non-treated cells was observed in Bel-xp
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conformational changes of the Bax protein. Following the treatment,
pemeshilized whole cells wene reacted with anti-Bak [gG or anti-Bax
IgG mecognizing the activated form of the proteins due to their altered
conformation, and the level of this change was assessed by flow
cytometry. Filled histograms represent untreated cells, empty histo-
grams represent 3-TOS treated cells

immunoprecipitates, where the amount of associated Bak
was also higher in «-TOS treated cells. Moreover, Bel-xg
was also co-immunoprecipitated with Bax protein from
teated cells and not from the control cells.

Bim, as another BH3 protein of interest was analyzed
for its interaction following x-TOS treatment and was
found associated with Bak, but not Bax after «-TOS
teatment (Fig. 7). The two splice variants of Bim protein,
BimEL and Biml., were detected in the mitochondria of the
wreated cells at significantly greater levels than in control
cells (Fig. 7). From these results, it is concluded that
#-TOS upregulates the Noxa protein that binds Mcl-1 and
also causes translocation of Bim into mitochondria that
together leads to activation of Bak to form pores in the
MOM.
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Although the results presented above documented the
involvement of the Noxa-Bak axis in apoptosis [460]
induced in wvarious cancer cell lines by =-TOS, more
definitive evidence was sought identifying the role of the
BH3 proteins. For this. use was made of Bax /Bak  Jurkat
cells as well as those lacking only the Bax protein. Expo-
sure of these cells as well as their Bax/Bak-proficient
counterparts revealed that Bax  and the parental Jurkat
cells were equally susceptible to «-TOS-induced apoptosis,
while the Bax /Bak cells were resistant, af least over the
first 24 h of treatment. Similar observations were made
when the three different Jurkat cell lines were exposed to
TRAIL (Fig. 8), consistent with a previous report [47].
While these results confirm the importance of Bak andfor
Bax proteins for fast induction of apoptosis. we observed
delayed cell death in the Bax /Bak™ cells (Fig. 8). The
nature and the molecular mechanism of the delayed death
of the double-deficient cells are unclear at this stage and
under investigation in our laboratory .

To further determine the roles of Bel-2 proteins in
apoptosis induced in cancer cells by «-TOS, RNA inter-
ference (RNAi) was used to knock down expression of
proteins of interest and the resulting change in the 1Cs
values for cellular responses to 2-TOS in the RNAi-treated
cells assayed using MTT. Exposure of cells to individual
siIRNA duplexes resulted in substantially reduced levels of
the targeted proteins, ie. Bak, Bax, Bim, Noxa and Mcl-1
(Fig. 9a). Downregulation of the Bak protein in MCFT
cells shifted the 24 h ICsy value from ~63 to ~ 100 pM
(Fig. 9b} and the 40 h ICs, value from ~45 to ~70 pM
(data not shown). Combining Bak and Noxa siRNA treat-
ment or using either siRNA alone produced similar effects
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probed by westem blotting for the presence of Bak and Bax proteins.
Treatment with 300 nhM STS for 6 h was usad a5 a positive contml for
Bak and Bax oligomerization in Jurkat cells. Treamment with TRAIL
at 250 ng/ml for 10 h was wsed as a positive control for Bak and Bax
oligomenzaton in HI299, MCFT and MCFT nq cells

in the HI1299 cells becoming more resistant to «-TOS
(Fig. 9c). Knocking down Bax had no effect on the sus-
ceplibility of the cells to z-TOS (Fig. 9c). Surprisingly,
downregulation of Bim did not vield statistically significant
difference in 24 h 1Csq. Importantly, downregulation of the
anti-apoptotic Mcl-1 protein significantly increased sus-
ceptibility of H1299 cells to 2-TOS (Fig. %), These results
confirm the importance of the Noxa-Bak-Mcl-1 axis in
apoptosis induced in cancer cells by «-TOS.

Discussion

Redox-silent VE analogs epitomized by the prototypic
#-TOS belong to the anti-cancer drugs termed °mitocans’
[1, 8, 48] which induce apoptosis in cancer cells, often in a
selective manner by mitochondrial destabilization. Mito-
cans comprise 8§ groups of compounds that destabilize
mitochondria by utilizing different mechanisms [48. 49].
We have placed VE analogs into group 2 [9]. containing
BH3 mimetics, and group 5 comprising agents interfering
with the electron redox chain [3, 4]. We and others have
documented that VE analo gs cause high level accumulation
of ROS in the early stages of apoptosis [2-7, 42, 44, 50]
leading to mitochondrial destabilization, involving regula-
tion of the Bel-2 family proteins [2, 10, 51]. However, the
precise molecular bases for the link between ROS accu-
miulation and mitochondrial destabilization have not been
identified. Although many inducers of apoptosis cause
ROS accumulation followed by pore formation in the
MOM, surprisingly, how these events link together has
until now not been clear [52].
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Fig. 7 Immunoprecipitation of selected Bel-2 family members
confirms & TOS induced interactions among the Bol-2 family.
Mitochondrial lysaes of HIZ9% cells were analyzed by antbody
pull-down and westem hlotting as shown, Ctrl: non-treated cells;
TOS: & TOS-treated cell samples with the anthodies as indicated.
LB: immunoprecipitaion using lysis buffer as a coniral for antibody
croas-neactivity, WL whole cell lysates a5 positive contm] for Bak,
Bax or ather proteins as indicated. a Right hand panel shows proteins
co-immunoprecipitating with Mcl-1. The left hand panel shows
proteins oo-immunoprecipitating with Bol-x. b Only Bak protein
co-immunoprecipitated with Bim in mitochondrial lysates from
a-TOS treated cells. ¢ The levels of protein expressed in samples of
whole mitochondrial lysates. d Comparison of levels of Bim protein
expressed in whale cell lysates from @-TOS treated versus non-tmeated
cells

In this study, the role of the Bel-2 family proteins in
permeabilization of the MOM during 2-TOS-induced
apoptosis of cancer cell lines has been determined. Results
with different wild-type and inactive p53 cancer cells were
consistent and extended our previous findings that the VE
analog induced apoptosis independently of the p53 status in
the HCTI16 colon cancer cell line [36]. Recently, it was
reported that «-TEA, an ether analog of =-TOS, also
induced apoptosis independently of p33, by upregulating
the BH3-only protein Moxa, although the precise mecha-
nism of MOM formation was not determined [19]. We
show here that x-TOS causes increased expression of the
Noxa and Puma mRNA, both independently of p33.
However, only the Moxa gene is upregulated at the protein
level, while that of Puma is not increased, indicating pos-
sible differences in the post-transcriptional regulation of
the Noxa and Puma proteins. Although Puma upregulation
at the mENA and not protein level to the best of our
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Fig. 8 Susceptibility of Bax- and'or Bak-deficient cells i o-TOS-
induced apoptosis. Panels a and b Levels of apoptosis in the panental,
Bax ™ or Bax~/Bak™ Jurkat cells treated for 12 h with 50 pM 2-TOS
ar 20 ng/ml TRAIL as indicated in panels ¢ and d: Time dependent
increase in apoptosis of parental, Bax™ or Bax ~/Bak™ Jurkat cells
treated with 50 pM 2=-TOS or 20 ng/ml TRATL as indicatad. The inset
panel in d shows level of pmteins as indicated in the respective
Jurkat cell populations. The exient of apoptosis was estimated by flow
cytometry using the annexin V-FITC/ propidiem iodide assay. The
data represent mean = SEM of three independent experiments. The
symbal **" denotes significant differences with P < .05

knowledge has not been reported before, the underlving
mechanism for these events will require further studies.

The ‘indirect model” [17] for pore formation in the
MOM involving the Bel-2 family proteins proposes a role
for BH3-only proteins (e.g. Moxa, Puma, Bim), in apop-
tsis induction in eukarvotic cells, that are upregulated
leading to the activation by subsequently displacing and
liberating the pro-apoptotic Bak or Bax proteins from their
complexes with anti-apoptotic Bel-2 family members (such
as Bel-2, Bel-xg or Mcl-1). The Mcl-1 protein, which lacks
the BH4 domain but contains a PEST sequence, has been
proposed o undergo proteasomal degradation in the course
of liberating Bak andfor Bax proteins that then form pores
in the MOM [53, 54]. However, the results presented here
suggest that degradation of the Mcl-1 protein following
MNoxa upregulation did not occur in any of the cell lines
tested. These resulis are similar to those from other smdies
documenting that the Mcl-1 protein does not need to be
degraded in order to be functionally inactivated during the
apoptotic process. For example, this has been repored for
apoptosis  induction by campthotecin involving Noxa
upregulation in HI299 and HeLa cells [33]. Bim-induced
apoptosis in MCFT cells [36], y-secretase inhibitor (GS1-
induced apoptosis in HCT1 16 cells [46], or the proteoso-
mal inhibitor bortezomid in B-cell Iy mphoma [57].

It was proposed that destabilization of the Mcl-1 protein
may involve its JNK-dependent phosphorylation [58].
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Fig. 9 Knocking down Noxa and Bak desensitizes cancer cells to
a-TOS-induced apopiosis. a Efficacy of downmegulation of the Bak,
Bax, Bim, Moxa and Mcl-1 proteins in HI299 and MCF7 cells using
iRMNA knock down. Actin was used as a standard for protein loading.
b Change in the ICs; value for @ TOS of MCFT cells pre-treated with
scrambled { SC) siRNA or Bak siRNA. ¢ Changes inthe ICsq value for
2-TOS of HIZ¥ control cells or cells pre-treated with scramhbled
{SC), Noxa, Bak, Bax, Bim or Mdl-1 siRNA, or with Bak plus Noxa
ziRMNA. Data show the mean = 95% confidence inerval, and the
symbol **" denotes statistically significant differences from conrol
cells with P = 005

We tested this premise in our system using the JINK
inhibitor SPOO0125. Since we found that this did affected
#-TOS-induced apoptosis in neither Jurkat nor H2199 cells
(data not shown), we did not pursue this pathway any
further in our studies.

Co-immunoprecipitation of Mcl-l complexed with
Moxa or Bak., Belxg with Bak and of Bim with Bak in
H129% cells showed that Mcl-1/Noxa and, rather surpris-
ingly, Mcl-1/Bak and Bel-x; /Bak interactions were more
abundant in the #-TOS-treated than in the control cells.
This kind of result was very surprising, since co-IP
experiments of this type of proteins usually give opposite
results. Explanation of this, however, may lie in the defi-
nition of the “direct model” for Bax and Bak activation
[18, 59-61]. Central to this model is the concept that Bak
and Bax sequestered by the anti-apoptotic Bel-2 proteins
represent only a fraction of the tal Bak and Bax protein
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pools when these pro-apopiotic proteins are activated either
spontanecusly or by some unspecified mechanisms
[18, 62]. Co-immunoprecipitation experiments presented
here indicate that «-TOS-induced activation of Bak and
Bax may cause their sequestration by Mcl-1 and Belx,
respectively, until a satration point is surpassed allowing
accumulation of the active forms of Bak and Bax. More-
over, the Moxa protein, upregulated by treating cancer cells
with 2-T0OS not only could compete with activated Bak
for the hydrophobic BH3 binding groove of Mcl-1 [63] or
Bcl-x; [64] making Bak freely available, but could also
possibly  displace Bim from its complex with Mel-1,
allowing Bim to act as a direct co-activator of Bak or Bax
[46]. Unexpectedly, we did not detect any interaction
between Bim and Mcl-1, although Bim accumulated in
mitochondria and interacted with the Bak protein, which
was the first time observed (and also tested in H1299 cells)
direct interaction of the wt Bim and Bak protein to the best
of our knowledge. The co-IP results suggest that increased
level of the Bim protein associated to the mitochondria of
#-TOS treated H1299 cells probably directly relates to the
increased number of the Bak protein detected in co-IF WE.
#-TOS perhaps aims Bim at mitochondria without any
other direct effect on the self-interaction of Bim and Bak.
Similarly, Noxa does not seem to disrupt, af least in our
stdy in H129%9 cells, the pre-formed anti-apoptotic Baks
Mcl-1. Bak/Bcl-xg. or even Bax/Bel-x; complexes and
rather competes with the BHI-3 proteins for the Mcl-1
protein.

The results obtained in this study better fit a model
where the excessive unsequestered monomers of activated
Bak protein (and Bax protein in the case of H1299 cells),
are then free to self-interact, forming a pore triggering the
apoptotic cascade downstream of mitochondria. In the case
of the non-small cell lung carcinoma HI1299 or A549 cells,
which express high levels of the Mcl-1 protein, Mcl-1 can
significantly prolong the apoptotic process induced by
various pro-apoptotic stimuli including cisplatin, etoposide.,
UV irradiation or calcium ionophores [63] with similar
results also shown for hematopoietic cells [66]. We pro-
pose that x-TOS sensitizes Mcl-1-overexpressing cells to a
variety of pro-apopiotic stimuli, in a similar manner to that
shown for cells treated with the topoisomerase 1 inhibitor
CPT-11 which also acted to increase expression of the
MNoxa protein [67].

Both the indirect and direct activation models share a
common  denominator: any  major  disruption of the
dynamic balance between the anti-apoptotic Bel-2 family
proteins and the BH3 pro-apoptotic proteins favoring
unsequestration of the later riggers the intrinsic apoptotic
process. 1t has been published that a conformational change
of the BH1-3 proteins is important for ag gregation of these
protzins and for their targeting o the MOM, where they
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eventually form a pore that allows the apopiotic cascade to
proceed [21, 22]. In this study, we used antibodies recog-
nizing epitopes exposed only on the activated states of
BHI-3 proteins. However, the detection of the activation
epitope on the Bak protein (documented by using the
specific antibody Ab-1) unlike that found for the Bax
protein (utilizing the 6A7 antibody) does not necessarily
mean that the Bak MOM pore will be formed [20, 21].
Thus the recognition of the N-terminal activation epitope
of the Bak protein by the Ab-1 antibody may detect only
the “priming” stage for Bak functional activation. We have
observed the activation or “priming’ of Bak in all cell lines
tested, and this correlated with the process of 2-TOS-
induced Bak MOM pore formation. By contrast, the Bax
protein was fully activated only in the HI1299 cells sug-
gesting a relatively similar importance for these two pro-
zins 0 mediate 2-TOS-induced apoptosis in the non-small
cell lung carcinoma cell line. The MCFT and MCFTpm
cells showed only slight levels of Bax activation, occurring
after most of the Bak protein had been activated which
suggests a higher level of functional importance for the
Bak protein in breast cancer cells.

After epitope activation or ‘priming’ of the BHI-3
proteins, they oligomerize due to interaction of activated
monomers via their BH3 domains within the MOM,
becoming detectable in higher molecular weight fractions
of mitochondrial lysates [68]. Our resulis demonstrate that
the Bak protein oligomerizes in mitochondria after «-TOS
treatment in all tested cell lines, since it was only then
detected in fractions =160 kDa. Ouwr data from FPLC
analysis of the mitochondrial lysates of cells treated with
2-TOS (Fig. 6) indicate that the Bak protein complexes
formed are homo-oligomeric, since Bax protein was not
found in these same fractions. Conversely, the results
observed in the H1299 cells indicate that the Bax protein
oligomers do not contain Bak protein. These observations
rule out hetero-oligomerization of the Bak and Bax pro-
teins during cancer cell apoptosis induced by VE analogs.

O data for Bak oligomerization are consistent with and
further explained by recent reports, documenting that fol-
lowing an apoptogenic signal, two Bak monomers initially
form a homodimer by way of generation of disulphide
bridges. which is followed by higher homo-oligomeric
structures that results in formation of a Bak channel in the
MOM [69, T0]. We propose that this step occurs following
Moxa upregulation in cancer cells exposed o 2-TOS, which
gives initially higher levels of ROS that themselves not
only cause increased expression of the Noxa protein but,
following Moxa-mediated departure of Bel-2 family anti-
apoptotic proteins from Bak, but also catalyse formation of
the Bak-Bak dimers.

Conformational changes of Bak protein has been shown
to occur during apoptosis induced by VE analogs in

D spriager
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prostate cancer cells via a BH3 mimetic like mode of
action [9]. However, we did not observe a similar activity
induced by «-TOS in the cell lines used in our experiments.
Unlike the report by Shian and colleagues, who observed
disruption of Bak-Mcl-1 or Bak-Bel-xg interaction in
prostate cancer cells treated with 2-TOS [9], we found that
the Bak protein did immunoprecipitate with Mcl-1 and
Bel-xp in MCF7 (data not shown) and in HI1299 cells
exposed to #-TOS. Therefore, the BH3 mimetic-like
activity of WE analogs may be cell-type specific. dose
related or both. NMotwithstanding, we suggest that the BH3
mimetic-like activity of VE analogs should make a signif-
icant contribution by sensitizing cancer cells to apoptosis
induction by other agents, particularly in cell lines over-
expressing the anti-apoptotic Bel-2 family proteins. How-
ever, the major role of VE analogs in apoptosis induction
can be ascribed to the accumulation of high levels of ROS in
the exposed cells, which translates o mitochondrial desta-
hilization, as delineated in this report.

The requirement of the Bak protein and involvement of
Mcl- I/Bak axis in 2-TOS-induced apoptosis was confirmed
by ENAi against Bak and Mcl-1 while knocking down of the
Bax protein did not significantly affect the 1Cs, values of
#-TOS, at least in H1299 cells. We observed an increase in
the ICsq value in cells exposed to the VE analogue following
knock down of the Bak or Noxa protein levels. Probably the
maost direct evidence for the impaortance of the Bak protein in
apopiosis induced by 2-TOS, at least for the Jurkat T lym-
phoma cells, comes from experiments comparing wild-type
cells with cells deficient in both Bak and Bax or either one of
these two proteins. The results clearly indicate that Jurkat
cells containing the Bak protein are susceptible to apoptosis
while the Bax protein appears not to be critical.

We have recently documented that the target of VE
analogs is the mitochondrial CII [3, 4, 44], and this has
been supported by others (Gogvadze et al., personal com-
munication). Thus, x-TOS displaces ubiquinone from CIIL,
such that electrons, penerated due to conversion of succi-
nate to fumarate at CI [71], cannot be intercepted and give
rise to superoxide [72]. The resulting ROS then cause
mitochondrial destabilization by a mechanism that has
previously not been clarified. According to the data shown
here, we propose a model whereby ROS leads to tran-
scriptional upregulation of the BH3-only protein Noxa that
may cooperate with Bim and results in unsequestration,
activation and oligomerization of the BH1-3 protein Bak,
with ensuing formation of a pore in the MOM. The 2-TOS-
triggered ROS accumulation that causes transcriptional
upregulation of Noxa is dependent on the FOXO family of
transcription factors and is the subject of ongoing research
(K.V. et al., unpublished results).

In conclusion, we document here that redox-silent VE
analogs, epitomi zed by «-TOS, destabilize mitochondria by
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promoting formation of MOM pores. To the best of our
knowledge, this is the first report defining the molecular
mechanism triggered by mitocan induced ROS accumula-
tion in cancer cells leading to mitochondrial activated

apoptosis.
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ABSTRACT: ¢-Tocopheryl succinate (a-T'OS) is a semisynthetic analogue of a-tocopherol with
selective toxieity to the caneer cells and anticaneer activity in wivo. Yet, no suitable formulation
of o-T'OS for medical application has been reported. Various formulations, for example, solutions
in omganic solvents, oil emulsions and vesicules prepared by spontaneous vesiculation, poly-
ethylene glyeol conjugates and liposomes of various compositions have been tested. We dewvel-
oped and characterised a stable lvophilised li posome-based o-T0S formul ation. -TOS (15 mol%)
was incorporated into large oligolamellar vesicles (OLVs) composed of soy phosphatidylcholine
(SPC) by the method of lipid film hydration followed by extrusion through polycarbonate filt ers,
Stabilised liposomal formulation was prepared by lyophilisation in the presence of sucrose
(molar ratio lipid/sucrose, 1:5). The size distribution of the liposomes (130140 nm, polydisper-
sity index 0.14) as well as the stable lipid and o-TOS contents were preserved during storage in
thelyophilised form at 2-8"C for at least 6 months, Thedata indicate good physical and chemical
stability of the lyophilised preparation of o-TOS lippsomes that can be used in clinical medicine.
& 2008 Wiley-Lisa, Inc. and the American Pharmaciats Association J Pharm Sei 99:24 342443, 2010
Keywords: vitamin E analopues; iposome; extrusion; a-tocopheryl succinate; lvophilisation;
stability; cancer; apoptosis; nanotechnology; particle size

INTRODUCTION

Proapoptotic analogues of VE have been reported to
exert selective toxicity to malignant cells and very low
negative side effect.'” The prototypic member of this
group of agents, «-TOS, is a redox-silent, semisyn-
thetic succinyl ester of a-TOH.” The VE analogue has
been shown to exert antiproliferative activity® and
induces cell apoptosis in vitro.® The antitumour
effects of «-TOS in various experimental models of
cancer have also been documented.®®

Thus far, no suitable formulations of proapoptotic
analogues of VE have been reported. From the clinical

Abbreviations: «-TOH, e-tocopherol; «-TOS, a-tocopheryl acid
suocinate; DLS, dynamic light acattering, LPC, lysophosphatidyl-
choline; MLV, multilamellar vesicle; (ILV, oligolamellar vesicle;
FDI, polydispersity index; SPC, aoy phosphatidylcholine; VE,
vitamin E.
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point of view, the main disadvantage of these agents
is their very low solubility in the agqueous environ-
ment. The hydrophobic character of VE analogues
predetermines the strategy for their formulations.
Different approaches to the preparation of delivery
systems of a-TOS have been investigated. These
procedures employed the drug selubilisation in
organic solvents such as ethanol and dimethylsulph-
oxide®!? or in oil emulsions,''® spontaneous vesi-
culation of the drug itself'” and the sodium'® or
TRIS" salts of the agents, conjugates of the drugs
with polyethylene g]émlm'm and liposomal formula-
tion of the agents.™ Development of an optimal
delivery system for «-TOS needs to forus on the
preparation of formulations of the VE analogue that
would be stable during long-term storage, and that
would retain its biological activity and would be
useful for clinical application.

Liposomes, lipidic membranous vesicles, represent
advanced and versatile nanoedelivery systems for wide
range of hiclogically active e:u:n'rl]:l-t:n.].n.dxa_2'-t These
relatively nontoxic systems have considerable poten-
tial for the entrapment of both lipophilic and
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hydrophilic drugs.* «TOS can be easily incorporated
into lipid membrane bilayers of liposomal vesicles.
The relatively simple procedure allows production of
lipozomes for various applications. Therefore, entrap-
ment of the drug in liposomes represents a very
effective route that enhances its therapeutic effect.
Lipozomal formulation of a-tecopheryl maleamide (a-
TAM), an esterase-resistant analogue of the ester a-
tocopheryl maleate,” was reported to eliminate the
acute toxicity associated with administration of the
free VE analogue.™

The physico-chemical stability of lippsomal nano-
particles depends on their composition and structure.
Physical modifications of liposomes, including fusion
and aggregation of the particles, as well as increase of
the membrane permeability and the drug release can
occur as the consequences of chemical degradation of
the liposomal system.?” Lyophilisation in the pre-
sence of cryoprotectants (e.g. saccharides) is a process
that stabilises the liposomal products for the purpose
of long-term storage. Saccharides protect the liposo-
mal integrity, enhance the retention of the drug
entrapped in the liposomes andg]grevent degradation
of the liposomal mmpanents.m'

The aim of this study was to develop an optimal
Iyophilised formulation of liposomal «TOS. The
preparation of the lyophilised liposomal o-TOS
formulation, its physico-chemical characterisation
and the evaluation of stability during 6-month
storage period were investigated. At month-storage
intervals, the following parameters of the stability of
the liposomal samples were determined: particle size
distribution, {-potential, lipid content, drug content
and drug entrapment efficiency.

MATERIALS AND METHODS

Chemicals

a-TOS, a-tocopheryl acetate («-TOA) and «-TOH
were purchased from Sigma-Aldrich (Prague, Czech
Republic). SPC (purity of 95%) and LPC were
obtained from Avanti Polar Lipids (Alabaster, AL).
The following chemicals were acquired from Fluka
(Prague, Czech Republic): ferrous chloride quadrihy-
drate  (FeCly4H:0), ammonium thiscyanate
(NH,SCN), cupric sulphate (CuS0,), phosphoric acid
(HgP0y), sucrose and cumene hydroperoxide. All
organic solvents used (reagent or HPLC grade) were
purchased from Sigma-Aldrich. In all experiments,
MiliQ water was used (Millipore, Prague, Czech
Repuhlic).

Preparation of «-TOS Liposomal Formulation

OLVs were prepared by the thinfilm hydration
method followed by extrusion through polycarbonate
filters as previously described®™* Briefly, the

DO 10.1002jgs
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mixture of SPC and «-TOS was dissolved in chloro-
form and transferred into a round-bottom flask. To
find the optimal composition, the lipid/a-TOS molar
ratios of 95:5; 90:10; 85:15 and 80:20 were tested. The
organic solvent was removed using the rotary vacuum
evaporator Laborota 4000 (Heidolph, Eelheim, Ger-
many) yielding a dry thin lipid film (40°C, 4h). The
lipid film was then hydrated with an agueous phase
(20 mM HEPES buffer, pH 7.20, 0.2 pm filtered) and
converted to the suspension of MLVs (lipid concen-
tration of 10 mg/mL) by continuous shaking (30 min).
The freezing and thawing step was omitted in order to
preserve the oligplamellar morphology of the lipo-
somes with a low internal volume of the water phase.
MLVs were then sequentially extruded seven times
through polycarbonate filters (Whatman, Alabaster,
AL} of various pore sizes (400, 200, 100, 80 and 50nm)
at room temperature to find the optimal extrusion
procedure yielding the population of OLVs. The
polycarbonate filters (diameter of 256mm) were
inserted into the high-pressure filtration cell, which
was linked to the FPLC system (Pharmacia, Uppsala,
Sweden) that controlled the flow rate and provided
the high pres sure, ™

Preparation of the Lyophilisate

The extruded liposomes were mixed with the appro-
priate amount of sucrose and sterilised by filtration
through 0.22-pm filters (Millex-MP Filter Unit;
Millipore). The lipid/sucrose molar ratios were 1:1,
1:3, 1:5, 1:7 and 1:10. Aliquots of the liposomal
preparation (10 mg'mL of total lipid content) were
filled into 20-mL sterile vials. These vials with 1.5 mL
of ippsomes were frozen at —80°C in a freezer and
then lyophilised using the Lyovac GT2 instrument
(Finn-Aqua, Tuusula, Finland). The samples were
placed into the drying chamber precooled to —45°C.
The lyophilisation procedure was run for 24 h at 8 Pa.
After this period, a second drying step was applied at
25°C for 12h under 20 Pa. The lyophilized samples
were stored at 2-8°C for further characterisation and
stability studies.

Liposome Size and {-Potential Dete rmination

The size distribution and {-potential of the liposomes
(lipid concentration of 10 mg'mL) were determined by
DLS and microelectrophoresis using a Zetasizer Nano
Z5 instrument (Malvern, Worcestershire, UK). The
He-Ne laser in the equipment operated at the
wavelength of 633nm. The measurements were
carried out at 25°C using the scattering angle of
173° for the determination of size distribution. Data
were analysed in terms of the average size and the
PDI.

The {-potential values were determined in the dis-
posable cell by assessing the velocity of the liposomes
in the electric field. To convert the electrophoretic
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mobility into the [-potential valies, the Smolu-
chowski constant f (K,)= 1.5 was applied using the
DT software (Malvern). The measurements took place
at 26°C in 20mM HEPES buffer used as the
dispersant.

Characterisation of Liposomes by
Transmission Electron Microscopy

The size and morphology of liposomes containing o-
TOS were studied by transmission electron micro-
scopy (TEM) using a negative staining method. The
liposomes were placed on the carbon-coated copper
grid and then stained with 2% ammonium molybdate
golution. The stained samples were characterised
using a Philips-Morgagni electron microscope (EM
Philips 208 5, MORGAGNI software, FEI, Brno,
Czech Repubhlic).

Lipid Quantification

For each particular preparation, the final lipid
concentration in the lposomal samples and in
the lipid extracts was determined according to the
Stewart method based on the gquantification of the
complex formed by phospholipids with ammoninm
ferrothiocyanate in the organic solution. ™

Lipid Extraction Procedure and
Lysophospholipid Determination

Lipids were extracted from the liposomes according to
the Bligh-Dyer™ two-phase extraction method.
Chloroform was removed on the rotary evaporator
and the dry residuum was redissclved in the mixture
of chloroform and methanol (2:1, viv). Aliquots of 5L
(owerall lipid content ~45pgl of the total lipid
redissolved extracts were applied on the TLC silica
gel 60 Fgsy plates (Merck, Darmstadt, Germany).
Separation of the Iysophospholipid from the phos-
pholipid was achieved in the development chamber
containing chloroform/methancl/water (65:25:4, v/v/
v} as the mobile phase. The developed plates were
dried for S5min at 100°C. Lipids were visualised by
bathing the plates in the staining reagent, which was
a mixture of 10% CuS0, (w/iv) and 8% HPO, (v¥) in
water, for 60s. Subsequently, the plates were heated
at 60°C for 15 min, which was followed by an increase
in the temperature to 130°C for 15 min. Individual
Iipids became detectable as brown spots, and their
optical densities were evaluated by photodensito-
metric scanning using the Scanner 3 apparatus
equipped with winCATS software (Camag, Muttenz,
Switzerland). The lysophospholipid content was

expressed as a percentage of the total phospholipid.
SPC and LPC were used as standards.

Determination of Hydroperoxide Content

Hydroperoxides in the liposomal samples were
determined by the ferric thiocyanate assay with

JOURNAL OF PHARMACEUTICAL SOEMCES, VOIL. 99, NOL 5, MAY 2010

several modifications. Samples of liposomes (50 pL)
were diluted to 0.5mL with methanol, and then
04mL of 1.14 mM FeCly4Hz0 solution was added.
The subsequent addition of chloroform and methanol
(0.5 mL each) formed a biphasic system. The sample
was then vortexed, and after centrifugation at 2000g
for 5 min two clear phases were ohserved. Solution of
60mM NH,SCN (0.2mL) was added to 0.8mL of the
upper aqueous phase for the development of colour.
The samples were analysed at 478nm using the
Uvikon XL spectrophotometer (BioTek, Winoosk,
USA). The stock solution of 0.19 mM cumene hydro-
peroxide was used as the standard.

Entrapment Efficiency of «-TOS

Aliquots of 100 pL of lippsomal «-TOS preparations
(1 mgmlL a-TOS) were diluted with 20mM HEPES
buffer to the final volume of 2 mL and stirred gently.
For the chromatographic analysis, the samples were
prepared by ultracentrifugation at 30,000rpm
(108,000g, rotor JA-30.50 Ti, Beckman-Coulter, Full-
erton, USA) for 50min at 4°C (Beckman-Coulter,
Avanti J-30I). The supernatant containing the free
drug was separated from the sediment. The liposomal
sediment was then redispersed in the same volume of
20mM HEPES huffer. The redispersed sediment and
the liposomes that were not centrifuged were frozen
at —80°C and then lyophilised for 24h. Both these
parts of the sample were redissolved in the same
volume of methanol (2mL) and vortexed. Aliquots of
10pL were injected into the HPLC system. The
entrapment efficacy of a-TOS loading into liposomes
(EETns) was calculated according to the following
equation:

EEras(%) :ﬁxlﬂﬂ i1

where Apjp.ros represents the amount of a-TOS that
remains associated with liposomes and AvorarTos 18
the total amount of o-TOS.

Analysis of a-Tocopheryl Succinate and
a-Tocopherol

The chromatography was carried out using a Beck-
man Gold Noveaun system composed of a 507 auto-
sampler, a 127 binary gradient pump and a 168 diode
array detector. The Agilent Eclipse XDB-C18
(150 mm x 4 6 mm ID, 4-pm particle size) stainless-
steel analytical column was attached. The acidified
mobile phase (0.03% acetic acid) consisting of
methanol and water (97:3, v/v) was degassed by
sonication prior to use. The separation was carried
out izocratically at the flow rate of 1.3mL/min and
ambient temperature. The detector wavelength was
set at 206 nm. The Gold Noveau software was used for
the data collection and analysis. The calibration
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graphs were calculated by linear regression analysis
of the peak area ratio of the standard and the internal
standard wersus the drug concentration of the
standard. «-Tocopheryl acetate was used as the
internal standard.

Determination of Residual Water Content

The residual water content in the lyophilised
lippzomal «-TOS preparations was determined by
Karl Fischer titration method using a volumetric
TitroLine KF titrator (Schott Instruments, Mainz,
Germany). KEnown amount of anhydrous methanol
was added into container with a syringe to solubilise
Iyophilised cake of liposomal preparation. This
procedure avoided contamination of the sample with
airborne moisture. Enown amount of solubilised
sample was withdrawn by syringe from the container
and added to the Karl Fischer titration vessel The
residual moeisture content in anhydrous methanol
was used as the blank. After the weight of sample in
the final container was determined, the percent
moisture was calculated. The results represent
means of duplicate samples.

Statistics

The software GraphPad PRISM was used for the
calculation and preparation of the size distribution
and {-potential graphs. Statistical analysis using one-
way ANOVA (significance level, p < 0.05) test was
used for the size distribution and {-potential studies.

RESULTS

Preparation of Liposomal Formulations of «-TOS

The optimal amount of «-TOS drug entrapped in the
SPC liposomes was found to be 15 mol% of total lipid.

200 iy

The concentration of «-TOS higher than 20 mol%
with respect to the total lipid leads to the phase
separation, as assessed by TEM. The micrograph in
Figure 1A documents the presence of liposomal as
well as nonliposomal structures. Assessment of the {-
potential revealed two peaks (Fig. 1B) with the more
negative signal attributable to the nonliposomal
fraction composed predominantly of negatively
charged «-TOS. The liposomal composition of
85mol% SPC and 15 mol% «-TOS was chosen for
further development of the lyophilised liposomal
preparations. Final size distribution of the liposomes
reflected the pore size of the respective filters used
for the extrusion (Tab. 1). Extrusion through the
polycarbonate filters of the pore size of 0.2 pm was
found optimal with respect to the final size distribu-
tion and pressure/flow rate parameters. Extrusion of
up to 50 mL of the liposomal suspension (10 mgmL of
lipid) in one run was facilitated by linking the high-
pressure cell to the FPLC system equipped with a
superloop. This method produced wel-defined pre-
parations of a-TOS liposomes. The final average size
of the liposomes was 133 +4nm and the PDI was
within 0.14 + 0.02, as determined by the DLS assay.
The negative {-potential of —13.4 +1.4mV for the a-
TOS liposomal preparation was obtained in 20mM
HEPES (pH 7.2).

Cryoprotective Effect of Sucrose

The lyophilisation process of liposomal o-TOS pre-
parations in the presence of various additions of
sucrose as cryoprotectant was studied in order to
enhance the physical stability of the liposomes. The
size distribution of the liposomes prior to lyophilisa-
tion and after the lyophilisate reconstitution was
compared and evaluated using the DLS assay. The
protection of the original size of liposomes

15105

1.0w10%

Tolal Couris

5 0=10t

o_
~150-100 -50 0 50 100 150
-patential {mV)

Figure 1. Characterisation of iposomal formulation containing 20 mol% of o-TOS. (A) Phase
separation visualised by TEM. White arrows indicate lposomes; black arrows indicate non-
liposomal stroctures. (B) Two peaks of [-potential were obtained for the liposomal preparation
with 20mol% of «TOS (empty circles) characterised by the presence of nonliposomal and
liposomal structures. The Cpotential of the optimised liposomal preparation containing
15 mol% of a-TOS is denoted by the full circles. The {-potential values weme assessed in

20 mM HEPES buffer.
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Table 1. Final Size Distribution of Optimal Lippsome o-T0S Formulation Extruded through Polycarbonate Filters of

Different Pore Size

Size Distribution

Filter Pore Average Polydispernsity

Size (nm) Size (nm) Index Intensity (nm) Volume (nm) Number (nm)
400 172 0.16 205 202 112
200 140 0.10 157 145 100

100 122 0.08 134 121 a1

B0 103 0.07 111 98 79

50 B9 0.06 92 B2 68

Lipraomal samplea of the lipid concentration of 10 mgml were analysed in 20 mM HEPES buffer at 25°C.

(133 =4 nm, PDI0.14 + 0.02) was the main parameter
used to consider the cryoprotective efficiency of
sucrose (Fig. 2). When a minimal addition of sucrose
was used (molar ratio, 1:1), the liposomes were
physically unstable and tended to fuse and thus
increased their size. Both the particle size and the
PDI (240 +24nm, PDI 0.70 +£0.16) significantly
increased as a consequence of the fusion and
agpregation processes. Although the prepared lipo-
somes (molar ratio, 1:3) had acceptable average size
(141 +4nm), the PDI was relatively high
(0.26 £ 0.05). The minimal molar lipid/sucrose ratio
necessary for the optimal stabilisation of the liposo-
mal «-TOS formulations was found to be 1:5, as
determined by the DLS assay (size 131 £3nm, PDI
0.14 + 0.03) and verified by TEM (data not shown).
The presence of sucrose at this optimal ratio was
sufficient to preserve the morphology and size
distribution of the «TOS liposomal preparation
and was chosen for further stabilisation of the
formulation. The Liposomal samples with elevated
amounts of sucrose (molar ratios, 1:7 and 1:10)

300 10
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Figure 2. Effed of different lipid/sucrose molar ratios on
the physical stability of the Iyophilised optimal liposomal a-
TOS formulation after reconstitution. The lippsomes
extruded in the presence of suerose through a 0.2-pm
polycarbonate filter were used as control of size dist ribution
prior to lyophilisation. & S atistically significant differ-
ence versus ‘before’ and wersus ‘1:3, 1.5, 1.7 and 1:.10°
(p=0.001).
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exhibited mo additional stabilisation effect (size
126+ 2nm, PDI 013+0.01 and 125+ 2nm, PDI
0.14 £ 0.01, respectively).

Physico-Chemical Characterisation of
Liposomal «-TOS

As mentioned above, the liposomal «-TOS formula-
tion was lyophilised with an optimal amount of
sucrose (lipid/sucrose molar ratio, 1:5) and then
stored at 2-8°C for up to 6 months. The lyophilised
samples were reconstituted at 1-month intervals with
20mM HEPES buffer to give a final concentration of
the liposomes with the lipid concentration of 10 mg/
mL. The reconstitution step of the lyophilised dry
powders was fast, and the rehydrated samples
constituted dispersions of liposomes with milky
translucent appearance. All physical and chemical
parameters of the stability of «-TOS liposomes were
assessed both prior to lyophilisation (initial state),
immediately after reconstitution of the lyophilizate
(time zero), and every month after reconstitution of
the lyophilisate. The pH of the reconstituted Liposo-
mal preparations did not change from the initial value
of 7.20+0.15 during the storage period.

Physical Stability of Liposomes

The process of lyophilisation did not affect the
physical stability of the liposomes containing sucrose
as the cryoprotectant. The size distribution measure-
ments of the reconstituted liposomes always showed
mono-modal distribution. The particle size distribu-
tion and the {-potential of the liposomes containing
aTOS were 133+4nm (PDI 0.14+£002) and
~13+14mV, respectively, before lyophilisation
and 131 + 2nm (PDI 0.14 £0.03) and -13+2.0mV,
respectively, after the lyophilisate reconstitution
following 6 months of storage (Tab. 2, Fig. 3). The
typical phenomenon of the liposome instability that
usually results from an increase in the particle size
was found neither by TEM nor by DLS evaluation. No
significant changes in the [-potential of the lyophi-
lised liposomes after the reconstitution were
observed. These data document that the initial
parameters of the physical stahility of the «-TOS
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Table 2. Physical Stability of Reconstituted
Lyophilisates of Optimal «-TOS Liposomal Preparations

Storage

Time Average Polydispersity  [-Potential
(Months) Size (nm)* Index” (mV)*
Initial state 1334 0142002  —134+14
0 12844 0142001 122413
1 126:+5 015001  —11.3+17
2 12843 0.16+001  —13.0+132
3 12744 013002  —115+186
4 12942 0122001 111417
5 12744 015002  —13.0+19
8 13142 0142003  —13.8+20

The size distribution and {-potential were analysed in 20 mb
HEPES buffer at 25°C. Each data pant representa the arithmetic
mean + S0 (k= 3.

*2°No statistically significant differencea (p < 0,05) of the mea-
aured parametera were obasrved during storage.

liposomal preparation were preserved by sucrose in
the form of the dry lyophilised powder during storage
for up to 6 months at 2-8°C.

Chemical Stability of Lipids

In the liposome preparations, the final lipid content
was determined in each liposomal sample. We
detected the presence of lysophospholipids as well
as hydroperoxides as frequent degradation products
of phospholipids. The final content of the liposomal

A

lipids was found to be higher than 95% of the initial
state, which indicates a good stability of the lipid
content with very little lipid loss during storage.
Thin-layer chromatography (TLC) was used as the
screening method for the lysophospholipid determi-
nation. The liposomal lipids were isolated by the two-
phase extraction method prior to TLC analysis. The
extraction efficiencies for the lipids were higher than
90%. The lysophospholipid content was found to be
lower than 4% of total lipid in the liposomal samples
after 6 months of storage. The presence of lysopho-
spholipids was also confirmed by direct comparison of
the retention factor obtained in TLC analysis
(Rp=0.18) with the retention factor of the standard.
During the whole storage period, the level of
hydroperoxides was found to be less than 2% of total
lipids, as determined by spectrophotometric analysis.
The results documenting the chemical stability of the
lipid fraction of the liposomes are summarised in
Table 3.

Entrapment Efficiency of «-TOS and Liposomal Content
of «-TOS and «-TOH

For the preparation of lipopsomal samples for HPLC
analysis, ultracentrifugation was followed by the
lrophilisation step. The content of o«-TOS was
determined in the sediment as well as in the total
preparation. The o-TOS entrapment efficiency
(EEtgs) of the lipesomal samples was calculated

Figure 3. Size distribution (by volume) and the typical microphotography by the negative-
staining TEM of the optimal liposomal o-TO8 formulations were determined prior to Iyophilisa-
tion (A) and after reconstitution of the lyophilisate following 6-month storage at 2-8°C (B).
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Table 3. Chemical Stahility of Reconstituted Lyophilisates of Optimal «-TOS

Liposomal Preparations

Storage Time Lipid Content Hydroperoxide Lysophospholipid
(Months) (% of Initial) Content (%) Content (%)
Initial state 100 =0.1 39

0 99 =0.1 EX:3

1 101 0.1 39

2 a8 0.3 EX:3

3 100 1.3 3.7

4 102 1.0 a5

5 99 19 3.6

[ 100 1.6 16

The data for hydroperoxide and lysophoapholipid content are expressed sa percentages of the
total lipid concentration in respective saamplea. All data represent means of duplicate asmplea.
The residual water content (w/'w) remained unchanged in the range of 121 6% up to 6 montha

during storage (Karl Fiacher titration method).

according to Eq. (1). The obtained values of EEqqs of
the reconstituted liposomal o-TOS formulations were
greater than 90% during the storage period and 92%
in the initial preparation. These values indicate a
successful a-TOS trapping in Eposomes and confirm
very good incorporation of the drug into the SPC
lipozomal membrane bilayers. Monitoring the EEqqs
values during the G-month storage period in a
refrigerator has shown no discernible changes in
the lipesomal content of a-TOS. The content of «-TOS
in the liposomes determined by HPLC was within the
range of 95-106% of the drug concentration in the
initial preparations. The presence and quantity of a-
TOH as the degradation product of «TOS was
detected. The level of «-TOH in the preparations
was assessed to verify the chemical stability of «-T0OS
entrapped in the liposomes. The HPLC analysis has
proven that the a-TOH content did not exceed 5% of
the a-TOS content. The results of the chemical char-
acterisation of the drug are summarized in Table 4.

Table 4. Chemical Stability of «-TOS Entrapped in
Liposomes after Reconstitution of the Lyophilisate

Storage o« TOS o-TOS o TOH
Time Content Entrapment Content
(Months) (%% of Tnitial) (%) (%)
Initial state 100 92 11
0 101 04 1.2
1 103 92 1.6
2 101 95 21
3 97 91 29
4 a8 93 39
5 97 94 4.7
[} 95 94 49

The data for «-TOH content sre expresssd a3 percentages of
o TOS concentration in respective samplea. All data represent
means of duplicate samplea,

The reaidual water content (w/w) remained unchanged in the
range of 1 2-1.6% up to 6 montha during storapge (Karl Fischer
titeation method)
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DISCUSSION

The VE analogue o-TOS and its esterase-resistant
analogue a-tocopheryl maleate amide (a-TAM)** are
efficient anticancer drugs as documented by studies
on different experimental models of cancer. Their
liposomal formulations were found to be well toler-
ated in mice of various strains and preserved the
strong anticancer efficacy of the VE analogues, as
shown using the transgenic FVB/N ¢-neu mice with
spontaneous breast carcinomas ®® Nonliposomal sys-
tems like wesiculated VE analogues formed by
spontaneous vesiculation were found to be toxic for
some analogues of VE, for example, a-tocopheryl
1:|:-1a]ai;e,“3 or a-TAM.* Thus, entrapment of such
analogues (as shown for o-TAM) minimises the
secondary toxicity while the anticancer efficacy
remains preservﬁd.”

Stable preparations of a-TOS and similar antic-
ancer agents that could be stored for prolonged
periods of time are needed. A plausible approach to
this problem is the use of iposomes, which have been
utilised as suitable carriers for a variety of drugs and
vaccines. Moreover, liposomal technologies are
applicable at the industrial scale for the production
of sterile preparations suitable for parenteral admin-
istration in the chnical setting. Therefore, we
developed a method for the preparation of liposomal
a-TOS, the drug that has been shown by us and others
to exert potent anticancer activities in a variety of
preclinical models,"® #1783 ang its Iyophilised
formulation, which was stable during a 6month
period.

The hydrophobic character and low agqueous
solubflity of «-TOS predetermine liposomes as
suitable delivery systems. The multiple liposomal
bilayers in oligolamellar liposomes show an effective
capacity for incorporation of a-TOS and they also
enhance the solubility of the drug by partitioning of a-
TOS among the phosphatidylcheline molecules. We
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prepared the optimal liposomal o-TOS formulation by
the classical method, which constitutes hydration of a
lipid film followed by an extrusion step. This simple
process allowed preparation of low-dispersive and
homogeneous populations of liposomes. The lipo-
somes were able to encapsulate up to 15 mol% of a-
TOS without any negative effect on the stahility of the
membrane hilayers. At higher molar ratios of o-TOS,
phase separation occurred and nonliposomal strue-
tures were formed (cf. Fig. 1A). This phase separation
limits the encapsulation capacity of the SPC lipo-
somes for a-TOS to <20 molar%.

Other methoeds for the preparation of liposomal a-
TOS were described in lterature, for example,
combination of the lipid film formation followed by
anionic surfactant hydration and detergent dialy-
5is.*® However, this procedure is more time-consum-
ing and no data on phosphatidylcholine/a-TOS molar
ratio have been documented in the literature. There-
fore, we favour the method described in this commu-
nication.

Application of a secondary processing method, that
iz, extrusion through polycarbonate filters, was
successfully used for the reduction of the final size
distribution of the «-TOS liposomal preparations to
<150 nm. Liposomes of these sizes are appropriate for
intravenous applications, especially their long-circu-
lating versions are suitable for targeting of solid
tumours.

Saccharides such as trehalose or sucrose are
cryoprotectants known to exert a stabilising effect
on ].ig:.aomal membrane hilayers during Iyophilisa-
tion. In our case, we selected sucrose as the low-cost
cryoprotectant suitable for the application in clinical
medicine. The saccharides stahilise the liposomal
bilayers when the membrane-stabilising water is
removed, for example, by drying or by lyophilization.
The protective effect is related to the ability of direct
interaction of disaccharides with the polar head-
groups of phospholipids by forming hydrogen bonds.
The saccharides also form an amorphous and glassy
matrix and exhibit low molecular mohility (vitrifica-
tion). The individual particles become embedded in
this state during lyophilisation, and they are also
protected from the mechanical damage of the crystal-
line ice formation.® The eryoprotectants need a
careful optimisation of concentration for effective
stahilisation of the liposomal delivery systems.*® We
observed that at the lipid/sucrose molar ratio of 1:5,
very good morphological as well as chemical stability
of the lyophilised preparation was achieved. Similar
results were reported for the stability of lyophilised
liposomal formulations of the camptothecin-based
anticancer drug SN-38." TEM observations con-
firmed that the structure of the oligelamellar Lipo-
somes incorporating «-TOS was not changed during
storage in the lyophilised stage. This iz important
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because this type of liposomes is endowed with
sustained release of the entrapped drug, since their
concenfric membranes are slowly degraded and
release of the drug from the bilayers is attenuated. *”

Liposomal formulations of a-TOS have already
been reported, although the physico-chemical char-
acterisation of these preparations over a prolonged
storage period was not assessed ®*! Lyophilisation/
freeze-drying of the liposomal products in the
presence of a suitable saccharide cryoprotectant
was found to enhance the stability of the d.lz'
Iyophilisate powders during long-term storage.*>*
A major advantage of this process is Ivophilisation of
liposomes under appropriate cryoprotective condi-
tions. The structural integrity of the liposomes is
protected and the potential particle fusion and
aggregation are prevented. During the storage
period, the a-TOS-containing liposomes maintained
their vesicle size unchanged and, upon reconstitution,
the original liposome size was always observed. Based
on the DLS assay, the liposome size distribution was
found to be about 130nm within 0.14 of PDI (cf. Fig. 3
and Tab. 2).

During freeze-drying, water is removed by sub-
limation from the liposomal formulation so that
possible alterations of the physical and chemical
properties during long-term storage, in particular
lipid hydrolysis, are minimised.**** As a consequence
of significant lipid hydrolysis, the organisation of the
lipid assembly can change from lamellar to the
micellar system.* In our o-TOS liposomal prepara-
tions, the content of lysophospholipids was not
changed during storage (cf. Tab. 3). Another potential
problem encountered upon the storage of liposomal
preparations is oxidation of lipids, resulting in
phospholipid degradation. The primary products of
oxidation of lipids in the presence of molecular oxygen
are lipid hydroperoxides *” Further, the lipid packa-
ginglorganisation in the bilayer iz disturbed as a
result of lipid oxidation, which results in an increased
membrane permeahility. We found that in our
preparations, the content of lipid hydroperoxides
did not exceed 2% of the total lipid during the 8-month
storage, and that the increase of the lipid hydroper-
oxide content occurred during the first 2 months of
storage (cf. Tab. 3). The low percentage of hydroper-
oxides and lysophospholipids in the Lposomal pre-
parations following their 8-month storage period are
within the limits suggested by Barenholz and
Amselem™ for liposomal preparations of doxorubicin,

In our lippsomal formulation, up to 5% of «-TOH
was found as a degradation product of o-TOS during
the prolonged storage period. The decomposition of a-
TOS during the 6-month storage represented only
about 4% of total «-TOS (cf. Tab. 4), which is
acceptable from the pharmacological point of view.
This decrease of a-TOS content affected neither the (-
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potential of the liposomes (cf. Tab. 2} nor the pH
values of the preparation (results not shown). These
results clearly decument that «-TOS undergoes only
minimal hydrolysis during prolonged storage, mak-
ing such preparations suitable for clinical application.
In conclusion, we developed methodology for the
preparation of lyophilised o-TOS liposomes, as a
stable dry-powder formulation. This was achieved by
the lyophilisation/freeze-drying process using the
optimal amount of amorphous sucrose matrix as
the cryoprotectant and stabiliser of the lyophilisate.
This preparation is suitable for storage for at least 6
months, since none of the major physico-chemical
parameters tested was altered beyond the acceptable
limit. In preclinical testing, such liposomal formula-
tions of a-TOS have been proved to be well tolerated
by mice after repeated intravenous applications, and
the anticancer effect was demonstrated in vive using
transgenic FVB/N c-nen mice with spontaneous
breast carcinomas and the mouse B16F10 melanoma
model.® To summarize, we have developed a
formulation of a a-TOS, a promising anticancer drug,
which is warranted for testing in clinical trials.
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The vitamin E analogue o-tocopherd succinate (ce-TOS) iz an efficient anti-cancer drug. Improved efficacy
was achieved thmough the synthess of a-tocopheryl maleamide (o-TAM), an esterase-resistant analogue of
- tocopheryl maleate. In vitmo tests demonstrated significantly higher cytotoicity of ce-TAM towands cancer
cells [MCF-7, B16F10) compared to «-TOS and other analogues prone to esterase-catalyzed hydrohysis.
However, in vitm models demonstrated that o TAM was qytotoode to non-malignant cells (eg lymphocoytes
and bone marmw progenitors ). Thus we developed lyophilized liposomal formulations of both a-TOS and o
TAM to solve the problem with oyt obicity of free o TAM [neurotadicity and anaphylazis), as well as the low
splubility of both drugs. Remarkably, neither acute towicity nor immunotoxicity implicated by in vimo tests
was detected in vivo after application of liposomal o-TAM, which significantly reduced the growth of cancer
cells in hollow fiber implants Moreover, lipesomal formulation of c-TAM and «-T0S each prevented the
growth of tumours in tansgenic FVE/N c-nexw mice bearing spontanecus breast carcinomas. Liposomal
formulation of o-TAM demonsirated anti-cancer activity at levels 10-fold lower than those of o-TOS. Thus,
the liposomal formulation of o-TAM preserved its strong anti-cancer efficacy while eliminating the in vivo
texcicity found of the free drug applied in DMS0. Liposome-based targeted delivery systems for analogues of
vitamin E are of interest for further development of efficient and safe drug formulations for clinical trials.

L 2004 Elsevier Inc. All rights reserved.

Introduction

a-Tocopheryl sucdnate (o-TOS) is a semi-synthetic analogue of
vitamin E (VE] with selective toxiaty for cancer cells (Neuzi et al,
2001a) and anti-cancer efficacy in vivol Prasad et al, 2003). A new
derivative, a-tocopheryl malkeamide (o-TAM), represents a novel dass
of apoptogenic VE analogues with a non-cleavable amide bond,
endowing them with higher pro-apoptotic effects in vitro (Tomic-
Vatic et al, 2005). o-TOS is a potent inducer of apoptosis in a wide
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range of human and murine ancer cells [(Dalen and Newzil, 20035;
Weber et al, 2002: Neual et al, 2001b: lsrael et al, 2000; Yu et al,
19497, 19949), while showing limited or no toxiaty toward non-
malignant cells (Meuzil et al, 2000a; lsrael et al, 2000; Yu et al,
19499}, In experimental models, o-TOS and its derivatives have been
demonstrated to inhibit a variety of cancers (Wang et al, 2006),
induding breast (Wang et al, 2006; Hahn et al, 2006; Dong et al.,
2008) lung (Ramanathapuram et al., 2004) and colon cancer (Barnett
et al., 2002; Weber et al.,, 2002; Meuzl et al, 2001b; Prasad et al.,
2003 ), as well as melanomas [ Malafa et al, 2002) and mesotheliomas
([ Stapelberg et al, 2005; Tomasett et al., 2004).

A significant limitation of wsing «-TOS and other VE derivatives is
their low solubility in aqueous solvents. Hydrophobic character and
low solubility of a-tocopherol and its derivatives pre-determine their
drug formulations. Applications of w-TOS in ethanol, DMSO or
vegetable oil emulsions by intravenous or intraperitoneal routes are
largely restricted o mouse tumour models, with little clinical
relevance. Vesiculated forms of o-TOS and various surfactants and
solubilizers (eg polyethylene ghycols) have been tested as suitable
formulations for human application. Spontaneous vesiculation of
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sodium or TRIS salts of o-TOS (Jizomoto et al, 1984) and other
dicarboxylic acid analogues has been utilized for drug formulations
that are suitable for Lv applications. Anti-cancer effects of vesiculated
o-TOS were proven in mouse tumour models, but this formulation
does not eliminate i vivo toxidty of some potent analogues of VE,
such as a-tocopheryl oxalate (Kogure et al, 2005). Some practical
problems with long-term stability during storage were also not
addressed.

Liposomes represent an advanced and versatile nanodebivery
system for drug formulation that can eliminate or suppress organ-
specific toxic side-effects of various drugs (Allen, 1997 ). «-TOS and
other vitamin E analogues could be easily incomporated into the lipid
bilayers to produce liposomes of various size distribution and surface
maodification, affecting their half-life, organ distribution and targeting
o cancer cells, Recently, successful experimental treatment of pre-
established tumours of the highly metastatic murine mammary
cancer cell ine 4T1 was demonstrated, wsing combination of
chemotherapy with vesiculated o-TOS and dendritic cell-based
immunotherapy (Ramanathapuram et al, 2005). Low toxicity and,
especially, immunotoxiaty of anticancer drugs and their formulations
are important requirements for successful combination of chemo- and
irmumuno therapy.

In this paper we present data showing that both «-T05 and the
new, highly potent analogue o-TAM, when formulated in liposomes,
efficently induced apoptosis in cancer cells in vitro and suppressed
tumours in mouse models without secondary toxicity and
LG B iy,

Materials and methods
Cell culture and reatment.  BIGF10 mouse melnoma and MCF-7

human breast cancer cell lines were obtained from the European
Collection of CGell Cultures The cells were grown in the RPMI-1640

medium supplemented with 102 of fetal calf serum, 50 pg/ml
penicilling 50 pg/ml streptomycin, 100 pg/ml neomyan, and 300 pg/
ml i-ghitamine, and were treated with a-tocopherol (o-TOH), «-TOS
( both Sigma), a-tocopheryl maleate (o-TOM) [ Birringer et al, 2003)
or a-TAM | Tomic-Vatic etal., 2005) (see Fig.1 for structures of VE and
its analogues ). Drugs were solubilized in small volume of DMS0 and
then in PBS (residual concentration of DMSO in medium was below
1%). The concentration range was 0.6-300 pM, exposure time 24 h.

Prepamtion of Eposomes.  liposomes containing VE analogues in
combination with EPC (egg phosphatidykcholine, 99% Avanti Polar
Lipids ), were prepared using the proliposome-liposome method, or
hydration of a lipid film, followed by extrusion through polycarbonate
filters with different pore size in an analogous way to that descaribed
earlier (Turanek etal., 2003; Turanek, 1994). The hand-operated mini-
extruder (Avanti Polar Lipids) was used for preparaton of small
wvolumes of liposomes (up to 1 ml) Large-volume liposomes were
extruded using a high-pressure cell attached to the FPLC instrument
(GE Healthcare) (Turanek, 1994,

Size and zetg-potential measurements  DLS (dynamic light scattering)
and micro-electrophoresis were performed using a ManoSkzer 52
{ Malvern, UK) to measure the size and zeta-potential of iposome
preparations, using phospholipids at 1 mg/ml in PBS and temperature
of 25 °C. Disposable cells were used for zeta-potential measurments.
The size of the liposomal preparation was expressed as volume
distributions (% in dass).

MTT-based cytorosdcity assay. The MTT wiability assay was used as
described (Mosmann, 1983; Bank et al, 1991) to assess the
cytotoxicity of VE analogues, The results of the test were confirmed
by Hoffman modulation contrast and fluorescent microscopy [ Nikon
T200 microscope equipped with G2B flter set) to visualize

o-TOH

GHy

Fg L Strudures ol VE analaguées The struchnes ala-todwm pheral (a-TOH), &-oaphery ] suainate [o-TDS), a-tacopheryl maleste [a-TOM)] and a-tocopher yl maleamide [a-TAM)

are shown
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morphological changes of treated cells. Propidium iodide (PL; 5 pM)
and YO-PRO-1 (5 pM) (Molecular Probes) were used to distinguish
dead or apoptotic cells from living cells {ldeiorde et al, 1995). The
eposure ime was 24 h.

Cyrotoxic effects of VE analogues on ConA-stimulated mouse
spleenocytes.  Standard *H-thymidine incorporation test was used
to study in vitre oyotoxic effects of a-TAM and «-TOS on mouse
spleenocytes stimulated with concanavaline A (Cond; 10 pg/ml).
Briefly, spleenocytes were prepaned from of Balb/c mouse spleen by
its homogenization through a fine nylon mesh, Cells density was
adjusted to 10F cells per ml of the RPMI-1640 medium supplemented
with 10% pre-colostral calf serum and antibiotics. Cells were seeded in
96-well plates in triplicate and exposed to a-TOH, a-TOS or a-TAM.
The tested drugs were solubilzed in DM S0 and the final concentration
of DMSO in the medium was 0.5% (v/v) o lower. The celk were
supplemented with *H-thymidine (50 w, 5 pG/ml) 24 h before
harvesting), and assessed for *H-thymidine incorporation using the
Toplount NXT B-counter (Packard Bioscience ). Exposure Himes 24, 48,
and 72 h were used to follow the toxic effect on lymphocytes in
various stages of activation and proliferation.

In wvitro cytotoxic effect of VE analogues on mouse bone morrow GM-
(FC  For granubeyte-macrophage colomy-forming cell (GM-CRC)
determination, bone marrow cells from Balb/c mice were drawn by
flushing the femoral bone with IMDM, counted [Model ZN, Coulter
Electronics), and kepton ice untl used. Femoral marrow cells [ 10° per
ml) were plated in triplicate in a semi-solid emvironment created by a
plasma dot containing IMOM plus 20% fetal calf serum, and 3% [1-3-
containing conditioned medium (Vacek et al, 1990). Tested
ompounds (@-TOS or «-TAM) were added into medium and the
cultures were incubated for next 7 d in semisolid medium Colonies of
at lieast 50 aells were scored using a microscope (40x magnification ).

I vive oy totowic effect of ee-T0OS and a-TAM on GM-(FC from mouse bone
marrow and on peripheml blood ucocytes.  Balb/c mice (female, 8
per group) were injected v, with 100 wl of PBS (control), empty
liposomes [ liposomal contml, 1.3 gof PC/kg), liposomal «-TOS (100 or
10mg /kg) and liposomal c-TAM (25 mg/kg ). Four animals from each
group were euthantzed by cervical dislocation 48 h later and the
number of GM progenitors in bone morrow counted as described
(Vacek et al, 1990). The other 4 mice in each group were wed o
assess the effect of VE analogues on peripheral blood count during
Jweeks after drug administation. To do this, 20 pl of blood was taken
every week from the tail vain and the mumber of leucocytes counted
(Model 2N, Coulter Electronics).

Berlin test Jor toxddity of liposomal VE analogues in mice. The Berlin
test of general toxicity was used as the method for evaluation of
potential toxic effects of VE analogues on Balb/c or C57Bl mice
(females). Individual animals (10 per group) treated with given
agents were welghed and their behavior monitored for the nest 10 d.
Mice treated with PBS or empty liposomes were used as control
groups, Liposomal preparations were administered Lv. or ip as a
single dose (100 mg/kg a-TOS, 25 mg/kg a-TAM) or as 4 mepeated
doses within 6 d (25 mg/ kg per dose «-TOS, 5 mg/kg per dose o-
TAM]. Typical symptoms of toxicity based on the Berlin test, induding
motoric disorder, respiratory problems, apathy, horrent fur, behavioral
changes and loss of body mass, were monitored daily. The test was
omplemented by dissection of the euthanized animals and
mspection of their organs (weghing, microscopic observation of
morphological changes).

Hollow fiber assay for and-tumour effimcy of VE analogues.

Polyvinylidene difluoride [ PVDF) hollow fibers ( molecular mass cut-
off 500 kDa, internal diameter 1 mm) (ELMAX® Implant Membrane,
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Spectrum Laboratones ) were processed according to the manu-
facturer's instructions. Loading of Abers with cells and their surgical
implantation was done according to the published protocol (Hall et al.,
2000; Hollingshead et al, 1995). A 5 mm incision on the linea alba
exposed the pedtoneum which was then incised (2 mm) to allow
passage of hollow fibers into the abdomen. Thiee fibers per mouse
were inserted in the aganiocaudal direction on the right side of the
peritoneal cavity.

Balb/c or C57Bl mice (3 per group) with hollow fiber implnts
containing BIGF10 or MCF-7 cancer cell were treated iv. with
liposomal c-TAM by tail vein injection. Cumulative doses of 75 mg
o-TAM per kg [ three equivalent doses of 25 mg/kg applied on days 1,
3 and 5 after implantation of hollow fbers) were applied. The mice in
the control group were treated with the same dose of empty
liposomes.

On day 6, the hollow fibers were retrieved from the mice and the
samples assessed for viable cells using the MTT viability assay. The
fibers were incubated in G-well plates (3 fibers/well) in 3 ml of the
complete RPMI 1640 medium, containing 1 mg/ ml MTT, for 4 h at
37 "C.The MTT solutionwas then aspirated and the fibers washed with
2 ml saline containing 2 5% protamine sulfate overnight at 4 °C. A
second wash was performed with 2 ml saline containing 25%
protamine sulfate, and the fibers maintained at 4 *C for 4 h The
fibers were then placed in a 24-well plate (1 fber/well), SDS (0.2 ml
of 10 solution) added to each well to extract the formazan crystals,
and the plates rotated for 4 h at wom temperature, The etracted
samples were transfermed to 96-well plates, and the absorbance was
recorded at 540 nm.

Mouw bresst cancer experiments.  The transgenic FVB/N c-neu mice
with spontaneous breast cardnomas (Guy et al., 1992) were treated
with c-TOS sohubilized in DMS0 or formulated in liposomes. From
3 months of age, the mice were regularly scanned for tumours using
the Vewo770 ultrasound imaging (USl) system (VisualSonics)
ecquipped with the 60 MHz (40 pm resolution) RMY704 scan-head
[ VisualSonics ), essentially as detailed elsewhere (Dong et al., 2007
Wang et al., 2007; Dong et al., 2008). After tumours were detected
[ typically 10-20 mm®), treatment with -TOS in DMS0, or liposomal
o-TOS or o-TAM commenced. Therapy with c-TAM in DMSO was not
attempted since in preiminary toicity studies, 1.or 2 ingdions of -
TAM in DMS0 at the dose of 0.8 mg per animal (16 mg/ke) killed the
test (Balb/c) mice, L& at levels 10-fold lower than those of a-TOS used
in therapy of mice with experimental tumours and showing minimum
tosaicity. Mice were injeced with o-TOS in DMSO intraperitoneally
and with the liposomally formulated agents via the tail vein, with 5
total injections ondays 1 4,7, 10 and 13 @-TOS in DMS0 was injected
at 400 mg/kg. Liposomal preparations of o-TOS and o-TAM,
comprising 105 (w/w) of the VE analogue and 90% (w/w) EPC,
were reconstituted in water so that the preparation ontained 25%
{wi/v}) liposomes. The average size of the iposomes was 140-145 am,
their polydispersity index in the range of 00013, The volume of the
liposomal preparation injected per animal was such that every animal
received 400 mg/ kg a-TOS or 40 mg ke «-TAM per dose.

Analysis of VE analogues. VE analogues were extracted from
liposomes by Blight-Dyer two-phase extraction (Bligh and Dyer,
1959 chlomform was removed on a rotary evaporator and the dry
residuum dissolved in the mobile phase (methanol-water, 99:1,
acidified with 3% acetic acid}, and subjected to HPLC analysis. The
Edipse XDB-C18 HPLC column (4615 mm, 5 pm) (Agilent) was
eluted at L2 ml/min using the Beckman System Gold HPLC system.
Injected volume: 10 pl. UV detection: 205 nm. «-Tocopheryl acetate
[ Sigma) was used as the internal standand (20 g a-tocophe ryl acetate
per 1 mg of a-TOS). Calibraton curve for vitamin E and the tested
analogues was linear in the concentration range 1- 100 pg/ ml. Elution
times: a-T0S, 6.1 ming a-TOH, 78 min: a-tooophe iy | acetate, 112 min.
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Stanstics  The program GraphPad PRISM was used for the calculation
of oytotoxicity curves and 1o, Newman-Keuls Multiple Comparison
Test was used for statistical analysis of hae motoxkicty and the hollow
fiber studies. For the pre-dinical tumour model, differences in the
mean relative tumour size (4 5.0.) were examined using analysis of
covariance [ANCOVA) with days as the covariate, Statistical analyses
were performed using the SPSS™ 10,0 analytical software. Statistical
significance was accepted at p=005.

Anmal safery.  Mice wene housed and handled according to the rules
of the Commission for Animal Welfare of the Ministry of Agriculture of
the Czech Republic, and according o the guidelines of the Australian
and New Zealand Council for the Care and Use of Animals in Research
and Teaching, and were approved by the local Animal Ethics
Committees,

Results
Preparation of lposomal VE analogus

We first attempted to prepare various types of liposomes
encapsulating the VE analogues «-TOS and o-TAM. Because o-TOS,
unlike c-TAM, is commercially available, we optimized the liposomal
preparation using the sucdnyl analogue, and the results were then
applied to preparation of liposomal c-TAM. Liposomes composed of
EPC could aceept up to 15 molar % of «-TOS without affecting the
stahility of the bilayer. Phase separation was observed by transmission
electron microscopy when the concentration of «-TOS in liposomal
composition was 20 molar % of total lipid (results not shown). This
observation was confirmed by zeta-potential measurements, Two
peaks with zeta-potential of —48 and — 18 mV [assessed in PBS) were
observed confirming non-liposomal and liposomal a-TOS containing
structures, respectively. The composition of 90% EPC and 108 o-TOS
was chosen for further experiments as optimal with respect o
morphological stability of liposomes. Liposomes with well defined
size distribution were prepared by application of extrusion through
polycarbonate flters with various pore sizes, Small-scale preparations
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by extrigion through palyarbonaste filers of diflerent pore Siz and their siee
digtribution wad xedsed by LS [B) oT0S-conlsining lipotomes prepared by
extrigion through a 200 nm filker were xssessed for size distibuion befare
haphilization and alter rehydration lfallowing 2 G-month storage in the refige rator.
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Fig- 3. Oytotaic elfect of VE analogues on cancer oell linet Human brexdt cardnoma
MF-7 [A) and mouse melanoma B16F10 alk [B) were expatad for 24 hio a-TOH, a-
TOS, a-TOM ar e TAM at the concentr gions shown and assessed for MTT adtivity o
detailed in Material and methads. Media contral B et 2t — 1 because of the kog(c)
sgale [C) The mowe melinoma BIGFID cells were treabed with the vehicle [wninal
cells) ar for 8 h with «TAM 2t 5 ar 8 pM, and observed under epilluarescence
micrascape. The lunrescent markers Yo-Pro-1 [green) and P [red /yellow) were used
Tar visualization of early apopiotic changes and post-apoplolic, Semndary necrosis
respadively.

{up to 1 ml) were performed using a hand-operated mini-extruder.
Large-scale preparations [ 10-20 ml) were achie ved by application of a
high-pressure ectrusion cell and the FPLC chromatographic system as
the source of high pressure.

Fig. 2A shows fine-tuning of the size distribution with resped to
the appled filter pore size. Both technigques used for extrusion
produced liposormal preparations of similar quality, therefore the
high-pressure extrusion cell linked to the FPLC apparatus was used for
the large-scale process (grams of phospholipids ). Polycarbonate filters
with 0.2 pm pore size were used to produce monodispersive liposomal
preparation (size of 140-145 nm and polydispersity within 01-0.13)
suitable for v application. The extrusion process was also running at
relatively low pressure (~1 MPa). Zeta-potential of liposomal «-TOS
(10%) in PBS was —124+2mV.

For long term stomge and transport, liposomes were stabilized by
Iyophilization in the presence of sucrose. The ipid:sucmose molar ratio
of 1:5 was found suffident to preserve the physical (size, polydis-
persity) and chemial (content of o-TAM or o-TOS) propertes of the
liposomal preparations, Phy sical stability of lvophilized posomal o-
TOS after rehydration is shown in Fig. 28, which demonstrates no
changes in the physical stability of the liposomes, Also, there was
virtually no difference in the content of o-TAM and TOS (as
assessed by HPLC) in the lyophilized liposomal samples stored for up
to 12 months at 4 °C (data not shown ).

In vitro oy totoxicity of VE analogues againg cancer cell knes

The human breast cancer cell line MCF-7 and the murine
melanoma cell ling BIGF10 were used for testing the effects of a-
TOH and its analogues «-TOS, o-TOM and «-TAM. The cytotoxic
potential of the four agents is presented in Figs. 34, B, with the order of
-TAM=0-TOM >0-TOS S o-TOH. No toxicity was observed for the
redox-active o-TOH. Simdlarly, the 1Csy values followed the same
trend, with the lowest ones for a-TAM for both cell lines (Table 1). The

206



L Turdnek & al [ Bxicolagy and Applied Phanmacalogy 237 (2009) 249-257

Table 1
Koy values al the effect allipesomal VE analagues an the vishility ol MCF-7 and BIGF10
el

Vitamin E analogue Caneer eell line
MCET BIGF10
¥og (M)
aTAM 133 53
-TOM 355 266
TS a5 615
aTOH =300 =300

* The K, values [uM ) were caloulated from the MTTactivity curves [f Fig 3) wing
tthe GraphPad PREM saftware

A3

high level of toxicity of o-TAM to cancer cells was confirmed by
fluorescence microscopy of BIGF10 cells exposed to the VE analogue
using the marker of apoptosis YO-PRO-1 and necrosis Pl, showing
profound appearance of apoptotic morphology of the cells | Fig. 3C).

Cytotoxdc gfects of VE analogues on ConA-stimulated mouse
spleenocyles

Mouse spleenocytes were stimulated with ConA and ecposed for
increasing periods of time o o-TOS or a-TAM, and assessed for
inhibition of their proliferation, The dose response curves in Fig. 44
demonstrate that the inhibitory effed of a-TAM, was stronger than
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mo-TAM 10 mg'ks
B e-TAM 25 mp'kg
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[Fig- 4 Liposomal VE analogues are non-tade to narmal cells in viva. (A ) Mouse spleenocytes, pre pared from Balb/e mice and stimulated with 10 pg/ml Cond a5 detailed in Materials
andl methaod 4, were exposed Lo @-T0S or «-TAM lr the lime periods and andentration shown, and their profiferation was roesied using the H-thymidine incorparation method,
expresied in counts per min [B, kel panel)l GM progenibars wene isol ated Fom Balb ¢ mouse bane marniw and ireated with a-TOS or a-TAM at the concentrations shown, the
mumberolcalonies was aunted and expressed per individul well (R right panel). Balh /¢ mice were injeaad i p. with the vehide, empay liposomes or liposomal «-TOS oroa-TAM at
the deges shown, and CM-CRC calonies in bone marmow counted 48 h Later and expressed per individual Femur [* denotes auatistically significant & Ferences with p<003 in
amparson i cantral). [(C) Balb/¢ mice were injectad iv. with the vehide, emply lipisomes or liposomal a-TOS or a-TAM at the doses shawn. Small valume alblaod [20p]) was
drawn lrom exch animal 1.2 or 3 week s Liter, and thenuwmber of leukocytes counted. The deshed harizantsl line shows the nor mal leukocyte bood count in healthy, untrested Balb/c
mice, with flandard devidion indicated by the dotted knes. No satisticd significant dilfers noes wene Kund be bveen contmal and Lre aed groups.
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that of oe-TOS. This data is consistent with the toxicity of the agents to
cancer cells.

In vitro and in vive cytotoxic effects of VE analogues on GM-CFC from
mice bone momrow

Wi next studied toxicity of free a-TOS and -TAM to the GM-CFC
progenitors in vitro, Our results show that o-TOS was non-toxic when
applied at doses of up to 50 v, while o-TAM, in contrast, was highly
toxic at 50 uM and was also toxic when applied at 10 uM (Fig. 48). In
vivo application of both derivatives as liposomal preparations did not
cause any suppression of bone marrow proliferation and decrease in
GM-CFC progenitors. On the ontrary, we observed 1.5-2.5-fold
stimulation of bone marrow proliferation reflected by an increase in
GM-CFC progenitors after application of liposomal formulation of both
derivatives (Fig. 48).

Effect of Eposomal VE analogues on leukocyre count

Application of neither iposomal o-TOS nor o-TAM affected the
leukocyte count in peripheral blood within 3 weeks following their
administration in mice, when applied as a single dose at 100 mg/ kg -
TOS, or 25 or 10 mg/ kg o-TAM | Fig. 4C). Qur results demonstrate that
the leukocyte counts in mice treated with the two agents adminis-
tered as liposomal preparations were well within the range of normal
leukocyte numbers in mice, Thus, there is a good corelation between
i vive effects of liposomal preparations of both VE analogues on bone
marrow prolifeation (cf Ag. 48} and leukocyte count in peripheral
blood after iv. application of the agents.

Berlin toxdaity test

Wi studied the general toxiaty of iposomal preparations of bath
o-TOS and o-TAM i mice. Untreated mics and mice treated with
empty liposomes were used as controls. Neither of the typical
symptoms of toxicity used by the Berlin test, induding motoric
disorder, respiratory problems, apathy, horrent fur, behavioral
changes, anorexia and loss of body mass, were observed immediately
after application of the drugs or within the following 10 d in either
Balb/c or C57Bl mice. Mo morphological changes of inner organs were
observed after dissection and microscopic examination. Contrary o
the liposomal formulation, free o-TAM applied in DMS0 at 5 mg/kg
caused rapid death of the animals. Symptoms like spasms and heavy
breathing pointed o neumtoxiaty or anaphylactic reaction. Therefore
we discontinued experiments that involved the use of nondiposomal
formulations of a-TAM.

Effect of Eposomal a-TAM on holow fiber model of cancer cell
proliferation

The hollow fiber model was used for pre-screening of potental
anti-ancer activity of o-TAM in vivo. Because of the surgical
intervention required for insertion of the hollow fiber implants, it
was of interest to follow the potental effects of liposomal a-TAM on
healing of surgical wounds, We did not observe any adverse effects
(inflammation, ulceration, abnormal deatrisation or re-opening of
cut) of liposomal o-TAM on wound healing which procesded in a
normal and comparable manner in both control Balb/c or (578 mice
and in animals treated with liposomal a-TAM. We next evaluated the
effect of liposomal a-TAM on proliferation of MCF-7 and BIGF10 cell
lines in Balb/c mice. Application of lposomal o-TAM significanthy
reduced the growth of both cell lines in the implants (Bg. 54). In the
second experiment, we focused on BIGFI0 cells implanted in young
(34 months) and old [(8-9 months) C57Bl mice. In both groups of
animals, liposomal «-TAM suppressed growth of cancer cells in the
hollow fiber imolants by 50-70%. with somewhat higher efficacy in
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Fig. 5 Lipasomal VE analagues inhibil proliferation af cander aellsin vive and suppress
brexst carcinomas Hollow fbers were seeded with MCF-7 or BIGFI0 cells and
implanted in the perionewm of Balby ¢ mice (AL of with B16F10 cells and implanted in
the perioneun af 3-4 or 8-8 manth okl C57B1 mike (B ) 28 detailad in Materials and
methads. The mice were then injected with 3 deoses al lipasomal e-TAM 2125 mg kg ol
the VE anakigue exch a1 48 hintervals. the hollow fbers remaved and prolikeration of
the cells evauabed wsing the MTT atay a6 delailed in Materials and method s Resulis al
two independent experiments are shown in B [* denokes statistically significant
differences with p<0035 in @mparfison to contral). [C) Tramgenic VBN cneu
tranigenic mice with spontaneows brest cardnomas were trested by injection af
Tipersoymal eo-TOS and oo-TAM atdoses corres ponding to 15 2nd 15 proal of o-TOS and a-
TAM, respectively, administered on days 0.4, 7 and 13, as detailed in Maeriak and
methads. The tumowr valume was quantified non-invasively by US| and expressed
relative Lo the initis] volwme, which was 21 +5 mn’. Pael D shows repretenlytive
images al a contral mouse 2t the anset of the experiment and on day 13 and a mose
treated with liposomal a-TOS onday 13 The data shown are mean values+ 5D (n=5],
the symbal **" denotes Slatistcally significant dille rences with p<005

the older mice (Fig. 5B). No symptoms of toxidty after iposomal a-
TAM application were observed in either group of mice.

Anti-cancer effects of liposomal VE analogues in experimental breast
cancer

We next assessed the effect of liposomal a-TOS and «-TAM on
breast carcinomas in the transgenic FVB/N c-neu mice with
spontaneous ductal HERZ-high breast cardnomas. Liposomal pre-
parations of both a-T0S and «-TAM suppressed breast carcinomas in
the c-neu mice by 90-100%, when applied in amounts corresponding
to approximately 15 pmol o-TOS and 1.5 pmol o-TAM per dose (Fig.
5C). Importanty, neither of the two liposomally formulated
analogues was toxic to the c-neu mice. This is espedally encouraging
in the ase of o-TAM, which is extremely toxic when applied as
solution in DMS0.
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Discussion

We and others have recently focused on a novel dass of anti-
cancer agents, redox-silent VE analogues, Of these, the ester a-TOS
has been studied most, due to its relatively high apoptogenic
activity and selectivity for cancer cells, as well as anti-cancer
efficacy in animal models of neoplasia (for review see Neuzi et al,
2007a). In the quest for more efficient pro-apoptotic drugs, over 60
compounds analogous to the prowotypic «-T05 have been synthe-
sized and tested for their apoptogenic activity towards cancer cells,
some showing sy values in the low micromolar range (for review
see Newril et al, 2007b for review). A serious problem encountered
when maximizing the apoptogenic activity of compounds by
modifying their structure is loss of selectivity for cancer cells in
vitro of tumour tissue in pre-dinical models, For example, the
highly apoptogenic a-tocopheryl axalate is toxic to immunoomm-
promised mice (Kogure et al, 2005).

We have recently developed a novel group of VE analogues, in
which the functional domain is linked to the tocopheryl head group
via an amide bond that is not prone to estemse-catalyzed hydrolysis.
Furthermore, since peptidases are in general far more discriminating
and less promiscuous than esterases, we reasoned that the apop-
togenic activity of tocopheryl amides may be more pronounced
i vivo, thereby increasing the anti-cancer efficacy of the amides vs.
the esters (Tomic-Vatic et al, 2005). The s value for a-TAM was
~2 M for the Jukkat T lymphoma or the Meso-2 mesothelioma cells,
while it was about 10-times higher for the corresponding o-TOM. On
the other hand, the non-malignant fibroblasts were rather resistant
o o-TAM (Tomic-Vatic et al, 2005). However, when we tested o-
TAM in vivo, in an experiment in which 40 mg/ kg (1.5 pmol) of the
agent, Le. ~ 10-times less than the efficient dose used in mouse
models of cancer for o-TOS (Dong et al., 2007; Stapelberg et al.,
2005; Malafa et al., 2002; Barnett et al., 2002; Weber et al, 2002;
Dong et al, 2008), the amide analogue showed extreme toxicity.
Thus, one or two injections of a-TAM in DMS0 in Balb/c, C578 or
FVB/N c-neu mice caused death of the animals, assodated with
severe neurotoxicity and anaphylactic shock We therefore were not
able to proceed in testing this highly apoptogenic amide analogue of
VE in pre-clinical models of cancer. Application of liposomal
preparations of a-TAM was not accompanied by any sign of toxicity,
as assessed using the Berlin toxicity test and gmss pathological
examination of the animals. This fact is supportive to application of
liposomes as carriers for this drug.

Liposomal formulations have been used to administer hydrophobic
drugs into the bloodstream (Alken, 1997 ). This approach of fers several
advantages. For example, the drug is embedded in the liposomal
partides that form an emulsion in the bloodstream, while the “naked'
drug would (at least to some extent) predpitate at the site of
administ@ation, possibly resulting in severe local and/or systemic
inflammation, activation of the complement and general toxicity.
Liposomal preparations also allow for longer half-life of the drug in
the bloodstream and better uptake by cancer cells, in particular when
the drug is embedded in long-drculating liposomes (Karanth and
Murthy, 2007; Gabizon, 1992). An interesting report described the use
of pH-sensitive liposomes comprsed of «-T0S and phosphatidyl
ethanolamine for drug delivery [ Jizomoto etal., 1984 ). Such Bposomes
are more selective for cancer cells with an acidic pH gradient in the
proximity of the plasma membrane (Gerweck and Seetharaman, 1996;
Karanth and Murthy, 2007), and we reported that o-TOS, a weak acid,
& taken up considerably faster by tumour cells than their non-
malignant counterparts (MNeuzid et al, 2002). Most impotanthy,
perhaps, liposomes have been used as a delivery vehicle to bypass
the frequent generic toxicity of ant-cancer agents (Tattersall and
Qarke, 2003; Krishna et al., 1997 ).

For the above reasons, in particular the last one, we deaded to
mnwvesigate whe ther VE analogues, represented by o-TOS and o-TAM,
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can be used as ant-cancer agents following their liposomal formula-
tion. For this, the method of extrusion was used for liposomal
preparation, applying filters of a defined pore size. We chose for
further application liposomes containing 108 of the VE analogue
prepared by extrusion through a 200-nm filter, with appropriate
physical properties induding the size distribution and zeta-potential
(cf Fig. 2A) These liposomes also showed very good physico-
chemical stability, such as little or no change in the size distribution
following lyophilization and reconstitution after prolonged storage (¢
f. Bg. 28), and no change in the contents of either of the two VE
analogues (see the Results section). Therefore, we exploited the use of
liposomes comprising o-TOS and -TAM mouse models of cancer.

o-TAM, however, strongly suppressed m vitro proliferation of
ConA-primed mouse spleenocytes (cf. Fig. 44) as well as formation
of GM-CSF colonies (cf Fig. 4B). On the other hand, when injected
into the bloodstream of the experimental animals, liposomal «-TOS
and «-TAM did not induce suppression of GM-progenitors in the
fernur. In fact, both agents stimulated prolifeation of progenitors by
50-150% (cf Fig. 4B). This is indicative of the promotion of
hematopoiesis by liposomal formulations of VE analogues at doses
that hawve been used to suppress tumours in animal models (Dong et
al., 2007; Stapelberg et al, 2005; Malafa et al, 2002; Barnett et al.,
2002; Weber et al., 2002 Dong et al, 2008). Elimination of the
potential in vive adverse effect on GM-progenitors in the femur by o-
TAM, which was indicated by cytotoxic effect found for the ‘naked
compound in vitro, could be explained by favourable redistribution of
the drug incorporated in lposomes, so that the concentation of o-
TAM in bone marrow did not reach the toxic levels. Eimination of
bone marrow toxicity of some antiviral drugs, eg azidothy midine,
entrmapped in liposomes was well documented in literature (Phillips
and Tsoukas, 1992; Garg and Jain, 2006). Momover, it was found by
us and others that liposomes themselves exert shight immunostimu-
lating activity and @n also induce stmulition of bone mamow GM-
progenitors (Turanek et al. 1997 Kasna et al. 2004). These data can
be moonciled with an earlier report, documenting promotion of
erythropoiesis by «-TOS (Gogu et al, 1991) as well as texicity of o-
TOS to leukemic cell while not affecting normal hematopoiesis
[ Freitas et al, in press). The authors showed that o-TOS, when added
to bone marrow cells at ~10 pM, stimulated an increase in the
number of the erythmoid lony-forming unit [ CFU-E)-derived
colonies, comparable to the effects of 50 mU of erythropoietin or
200 U of IL-3. When applied at 50 mg/kg, o-TOS cused ~75%
increase in (FU-E-derived colonies in femur bone marrow cells
(Gogu et al, 1991). Collectively, these data indicate that liposomal
formulations of both «-TOS and o-TAM can be used safely in
experimental mouse modeks of cancer.

Before assessing the anti-cancer activity of liposomal analogues in
a relevant mouse cancer model, we first tested the effect of liposomal
o-TAM on the growth of cancer cells in hollow fiber implants in mice
(Hall et al., 2000; Hollingshead et al, 1995). Our data reveal a very
good mesponse to the VE analogue applied via the tail vein, with up to
9% inhibition of cancer ce ll proliferation (cf. Figs. 5A, B} Importantly,
too, liposomal o-TAM did not exert any discernible toxicity in these
animals, as assessed using the Berlin test This s in sharp contrast to
the pilotexperiment, in which we injected mice with a-TAM dissolved
in DMSO, resulting in rapid death of the animals (see the Results
section). The ladk of general toxicity of liposomal -TAM in mice
allowed us to move to the ulimate experiment of this project, testing
the iposomal formulations of a-T08 and o-TAM in a relevant model
of neoplastic disease. We used the transgenic FVB/N c-neu mice
carrying the rat HER-2/neu proto-oncogene driven by the MMTV
promoter on the H-29 FWB/N background, with spontaneous forma-
tion of ductal breast carcinomas (Guy et al, 192). Both liposomal o
TS and o-TAM reduced the tumour growth by almost 90% (of Ags.
5C D), similarly as shown before for a-T0S solubilized in com oil and
injected in the c-neu mice with breast cardnomas | Dong et al., 2007
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Wang et al, 2007). In accond with the in vifro data, some 10-times
lower doses of liposomal a-TAM were needed in comparison to a-
TOS to induce comparable anti-tumour effects. Again, and consistent
with previous experiments, there was no adverse reaction of the
transgenic mice to the liposomal VE analogues during the course of
the therapy. These results clearly demonstrate that liposomal
formulations eliminate the deleterious generic toxicity inherent to
non-liposomal o-TAM. This is in agreement with previously
published data for other anti-cancer agents (Tattersall and Clarke,
2003; Krishna et al., 1997).

There are scant reports on pharmacokinetics and tissue distribu-
don of «-TOS and other analogues after iv. administration in
vesiculated or liposomal forms. One study showed that «-TOS
applied to rats had a half-life of approdmately 10 h with a small
volume of distribution and low cleamnce. o-TOS was preferentially
accumulated in the lung and hver tissue and assodated with cell
membrane lipids, especially within the microsomal and mitochon-
drial membranes (Teng et al., 2005). Considering the toxicity,
phamacokinetics and pharmacodynamics of vitamin E analogues,
the physical nature of the applied drugs is an important factor. in vive
toxiaty of some derivatives of vitamin E could be ascribed to their
wxicity toward certain somatic cells when applied at higher
concentrations, but, more probably, the rapid onset of acute toxiaty
is due to the physical nature of the vitamin E derivatives, These
hydrophobic compounds dissobed in the organic phase (eg DMSO
or ethanol) can form nano- and micopartides after injection into
water phase. The structure of these particks has not been described
in an adequate manner in the literature. According to our experience,
after injection of -TOS ethanolic solution into water phase, the VE
analogue forms microparides and metastable nanopartides (30~
60 nm), which tend to predpitate. The high density of the surface
negative charge of these partickss could be responsible for activation
of the complement and rapid predpitation of the drugs can lkead o
formation of micropatides indudng embolization in the lungs and
the heart. We observed these symptoms in mice that died after iv.
application of o-TAM dissolved in DMSO. Intraperitoneal application
of the DMSO-dissolved derivatives appeared to have caused toxic
effects due to their precipitation on the surface of inner organs and
induction of inflammation in the peritoneum. Fusion of inner organs
after ip. application of a-TO% is a good evidence of inflammation in
peritoneum and injury to pelicia of inner organs. This supports our
view that suitable drug formulation such as using liposomes or other
nanoparticular carriers is useful for getting relevant pre-clinical data.
In this study we were not focused on finding the maximal tolerated
doses. Instead, the applied doses of liposomal preparations were
selected with respect to be effective again cancer but not harmful to
the immune system. In other words, we used doses tolerable with
respect to immunotadcity or, more precisely, doses that did not
interfere with hematopoiesis. This is also important for the
development of future combined immuno-chemotherapy based on
co-application of autologous dendritic cells (Ramanathapuram et al.
2004, 2005) or w-application of various immunomodulators [eg
CpG oligonucleotides, MOP analogues, monophosphoryl Lipid A
bacterial extracts etc.).

Sudies on pharmacokinetics and pharmacodynamics of liposomal
w-TOS and o-TAM and the follow-up to this study will be focused on
the mle of lipopsomes and low-density lipoproteins in redistribution of
the drugs. Cancer cells express high level of reoeptors for very low-
density lipoproteins, which represent the best carriers for hydm-
phobic anti-cancer drugs. After reaching the ciculaton, o-TOS
associates with drculating lpoproteins, which deliver it to the
microvasculature of tumour tisswe, whem it & taken up by cancer
cells (Pussinen et al., 2000). Liposomes designed for selective transfer
of a-T0S and other anti-cancer VE analogues to serum lipoproteins
after 1w applicabon could improve the anti-cancer effect and
selectivity of these drugs.

Conclusion

The fundamental outcome of this study is the elimination of acute
tozicity of free -TAM by its incorporation into liposomes. We report
here that liposomal formulations of VE analogues «-TOS and o-TAM
preserve their anti-cancer efficacy while eliminating any secondary
taxicity, The formulation of anti-cancer agents like VE analogues in
liposomes makes these drugs selective for cancer cells in pre-clinical
models, This is intriguing dinically, since it suggests a feasible
approach to the preparation of anti-cancer drugs for application in
human patients,
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a-Tocopheryl succinate (2-TOS) is a selective inducer of
apoptosis in cancer cells, which involves the accumulation
of reactive oxygen species (ROS). The molecular target of
a-TOS has not been identified. Here, we show that - TOS
inhibits succinate dehydrogenase (SDH) activity of
complex II (CII) by interacting with the proximal and
distal ubiguinone (UbQ)-binding site (Qp and Qp.
respectively). This is based on biochemical analyses and
molecular modelling, revealing similar or stronger inter-
action energy of a-TOS compared to that of Ub() for
the Qp and Qp sites, respectively. CybL-mutant cells
with dysfunctional CII failed to accumulate ROS and
underwent apoptosis in the presence of x-TOS. Similar
resistance was observed when CybL was knocked down
with siRNA. Reconstitution of functional CII rendered
CybL-mutant cells susceptible to 2-TOS, We propose that
a-TOS displaces UbQ in CII cansing electrons generated
by SDH to recombine with molecular oxygen to yield
ROS. Our data highlight CII, a known tumour suppres-
sor, a5 a novel target for cancer therapy.
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Introduction

Cytotoxic drupgs acting by selectively affecting mito-
chondria in cancer cells, ‘mitocans’ (Neuril et al., 2006,
2007; Ralph et al., 2007), are attractive for the treatment
of cancer (Ko er al., 2004; Bonnet er al., 2007; Dong
et al., 2007; Neuzl er al., 2007). Pime examples of such
drugs are a-tocopheryl sucanate (x-TOS) (MNeuzil et al.,
2001a, b), 3-bromopyruvate (3BP) (Geschwind er al.,
2002; Ko et al, 2004) and dichloroacetate (DCA)
(Bonnet ef al., 2007). 3BP inhibits the glycolytic path-
way enzyme hexokinase, and succinate dehydrogenase
(SDH), suppressing adenosine 5'-triphosphate produc-
tion and mitochondnal respiration (Ko er al, 2001; Xu
et al, 2005). DCA targets cancer cells by inhibiting
pyruvate dehydrogenase kinase (Bonnet er af., 2007).
Finally, p-phenylethyl isothiocyanate selectively kills
cancer cells by eliciting the generation of reactive oxygen
species (ROS) (Trachootham er al., 2006).

2-TOS, a redox-silent analogue of vitamin E (VE),
causes rapid production of ROS im cancer cells,
triggering apoptosis (Weber er al, 2003; Stapelberg
et al., 2005; Swettenham et al., 2005; Wang et al.. 2005).
x-TOS also mhibits the anti-apoptotic function of Bel-2
and Bel-x; by blocking their BH3 domains (Shiau et al.,
2006). This may explain, in part, how x-TOS scnsitizes
cancer cells to other anti-cancer drugs. However, it does
not explain how the agent causes accumulation of
ROS, obligatory mediators of «-TOS-induced apoptosis.
Antioxidants like superoxide dismutase (SOD) or the
mitochondrially targeted coenzyme Q (MitoQ)) (James
et al., 2005, 2007) negate the apoptotic action of «-TOS
(Alleva et al., 2001; Weber er al., 2003; Stapelberg er al,
2005). Cancer cells that accumulate low levels of ROS in
response to o-TOS are less susceptible to apoptosis
(Kogure et al., 2002; Kang er al., 2004; Stapelberg er al.,
2005; Swettenham e af., 2005).

The effects of 2-TOS on cancer cells, combined with a
reduced toxiaty towards mormal cells, result from a
greater antioxidant defence of the latter (Church er al.,
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1993; Safford er al., 1994; Allen and Balin, 2003; Huang binding sites of CII represent a novel, and thus far
et al., 2006) and/or increased levels of esterases that unrecognized target for anti-cancer drugs.
hydrolyse the pro-oxidant =-TOS by hydrolysis to the
redox-active, non-apoptogenic «-TOH (Fanss et al.,
2001 ; Neuzil and Massa, 2005).
The molecular target of -TOS in cancer cells that  Results
results in ROS production has not previously been )
defined. One possibility how the VE analogue could give Cancer cells accumulate ROS and undergo apoptosis
rise to ROS and ensuing apoptosis is by mterfering with when exposed to a-TOS )
the ROS-gencrating centres along the mitochondrial We first tested if exposure of breast cancer ccllf; to
electron redox cham. Of particular interest is complex 1T a-TOS caused generation of ROS. The results obtained
(CII), since previous data showed that toxicity of -TOS by H:"*' cytometry [FLE-'.“W}; la, b) show that both
on cancer cells can be suppressed by MitoQ (Stapelberg erbB2-low MCF7 and erbB2-high MDA-MB-QS: cells
et al., 2005; Swettenham er al., 2005) that is known to  accumulated ROS and underwent apoptosis when
interact with the ubiquinone (UbQ)-binding sites of CII challenged with «-TOS. Electron paramagnetic reso-
(Tames er al., 2005, 2007). Here, we examined the effect  nance (EPR) spectroscopy confirmed ROS generation
of #-TOS on the respiratory chain, identifying the UbQ- OUCUITITVE 118 ff"-“_ exposed to 1_"]—05 [_Fl.%"l“-‘-‘* le 3_"d d).
binding pockets in CIT as the key molecular target for ~ Pre-treatment of the cells with MitoQ or ther co-
the agent, and proposc that its interaction with the  treatment with SOD suppressed ROS accumulation and
UbQ-binding sites results in ROS generation. The UbQ-  decreased the extent of apoptosis (Figure lc). MCF7 p*
il
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Figure 1 Reactive oxygen species (ROS) generation and induction of apoptosis in cancer cells by a-tocopheryl succinate (x-T0OS).
ErbBI-low M and -high MDA-MB-453 cells were exposed to 2-TOS at 30pM and for tmes shown, and assessed for
dihydroethidium (DHE} fa) and annexin V-positive cells (% ) k). Jurkat cells were treated with 30 2-TOS tor 2h or as shown and
azsessed for ROS accumulation using electron paramagnetic resonance (EPR) spectroscopy (e evalation of the 5,5-dimethyl-1-
pyrroline M-oxide (DM POROH adduct kevel m nmol/mg protein; d. representative EPR spectra of cells exposed to «=T0OS m the
absence (1) or presence of mitochondrially targeted coenzyme Q (Mito(Q) (2) or to MitoQ) only (3)). (e) The kinetics of apoptosis
induction in Jurkat cells exposed to 30 pM 2-TOS in the absence or presence of Mitod). Control {C) MCFT parental and p” cells
exposed to S0pM w=TOS for 2h (T) were assessed for ROS accumulation (f) and apoptosis (g). Where indicated. the cells were pre-
treated for 1 hwith 2 pM Mitol) (M Q) or co-treated with 50D ( polyethylene glycol (PEG 50D, 750U mg). The data shown represent
mean values £ s.d. (r=3). The symbol ** denotes significant ditference (F<0.05) in the level of apoptosi and ROS of treated cells
compared with the untreated control cell population.
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cells with dysfunctional electron redox chain, when
exposed to «=TOS, showed relatively low levels of ROS
accumulation and the induction of apoptosis was
reduced (Figures 1f and g).

a-TOS rargets the UbQ-binding pockets on CIT

Studies with =-tocopherol (x-TOH) indicated that it
could bind to the UbQ site in CII where it acts as a
competitive inhibitor of SDH (Yu and Yu, 1983). We
thus investigated whether >TOS, with its related
structure but opposing biological activity, interferes
with Uk} binding to CII. Using high levels of succinate
(20 mm) that s capable of entering cells (Spencer, 1977;
Machara et al., 1988) to promote both SDH activity
(Machara et af., 1988; Berndge and Tan, 1993) and
mitochondrial respiration proceeding via CII, NeuTL
cells were assayed for SDH activity in the presence or
absence of x-TOS. The mhibitors of SDH activity, 3BP
(Sanborn er @i, 1971) and 3-nitropropionic acid (3NPA)
(Scallet et al., 2003), were employed as positive controls.
To establish the relationship between mhibition of
SDH and 344,5-dimethylthiazol-2-y1)-2,5-diphenyltet rmzo-
lium bromide (MTT) reduction, mitial experiments
with 3BP and 3NPA were performed in the absence of
succinate that might otherwise compete for binding to
the enzyme, and the results confirmed that 3BP and
INPA inhibited CII-mediated MTT reduction and that

SDH activity and MTT reduction were closely related
(Figure 2a).

Thenoyltrifluoroacetone (TTFA) is an inhibitor of
CII that blocks the succnate-dependent MTT reduction
by targeting the UbQ-binding sites rather than the SDH
ecnzyme catalytic site (Sun et al., 2005). The CII UbQ
sites are situated beneath the active site of SDH, in the
transmembrane regon of the CII. With high succinate
levels as the substrate driving Cll-mediated MTT
reduction in whole cells, treatment with 3BP, =-TOS
or TTFA inhibited MTT reduction in a dose-dependent
manner (Figures 2b—d). Pre-incubation of cells with
Mito), a form of UbQ that preferentially localizes to
mitochondria where it binds to CII but not CIII (Kelso
et al.,, 2001; James ef al., 2005, 2007), overcame the
inhibition in MTT reduction by TTFA and =-TOS, but
not by 3BP (Figures Zb—d). These results indicate that
%-TOS inhibits SDH activity in a similar manner to
TTFA.

Verification that a-TOS nhibits mitochondrial
respiratory CIT activity

Additional support for the role of 2-TOS in inhibiting
CII activity was obtained with mitochondrial prepara-
tions from rat liver and membrane fractions from
Paracoccus denitrificans. SDH activity decreased rapidly
after treatment with «-TOS (Figure 3). These data

SDH activity (% comtrol)

] Mo MO .
Q2 M MO
5 M MG
+ ]
] 50 100
TTFA (uM)
o011 10 25 50 100 pM
E——— =
Y 3NPA U 3Bp
1 100
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. g
] 25 £
IBP (uM) 2-TOS (uM)

Figure 2 The effect of I-nitropropionic acd (ANPA), 3-bromopyruvate (3BP ). thenoyltrifluoroacetone (TTFA) and a-tocopheryl
succmate (=TOS) on the ability of MeuTL cells to reduce 344, 3dimethylthiazol-2-y1}- 2, 5-dipheny betrazolium  bromide (MTT).
{a) MTT reduction in phospha te-buffered saline (PBS) was assessed atter a 4 h co-incubation period in the presence of INPA or 31BP
n=d at the concentrations (M) shown. (b-d) Cells were pre-incubated for 60min with mitochondrially targeted coereyme () (Mito())
at the concentratons indicated (Ctrl, 2 or 5pM; insert box) before addition of 3BP (0100 M) (k) and assessed for their ability to
reduce MTT after a 2h incubation period. Cells pre-treated with Mitol) were then treated with TTFA (c) and with 2-TOS (d) at the
concentration shown, and were assessad for their ability to reduce MTT in RPMI containing 20mM succinic acid (pH 7.4)aftera 2h
incubation period. Results are presented as mean reduction (%) of MTT relative to control {untreated) + s.d. The symbaol **' denotes

significant differences with P= {003,
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Figure 3 Inhihition of succinate dehydrogenase (SDH)/complex 11 (CII) activity in isolated rat lver mitochondria (a, e). and
Paracocews denitrificans (b, d) by a-tocopheryl succinate (- T0S). Preparations of mitochondria from rat liver or membranes from P.
denitrificans were incubated in a reaction mixture faclitating mitochondrial SDH/CID activity (pmol'min per mg protein) and
containing 2 é-dichlorophenol-indophenol + phenazine methosulphate (DCPIP + PMS). Samples in a and b contained succinate and
were both treated with & TOS as indicated. Dose—response curves displaying changesin the reaction rate {pmol'min) for DCPIP were
measured as absorbance at 600 nm under ditterent concentrations of succinate as indicated in the absence or presence of 2-TOS (e, d).
Resulis are represented as mean values £ 5d. {m=3). The symbol *" indicates valies significantly ditferent from the controls with
P05
strongly indicate that «-TOS, acting directly on the UbQ  as well as ROS generation (Figure 4d) and apoptosis
site(s) of CII, interferes with the clectron flow to induction in response to x-TOS (Figure 4f).
phenazine methosulphate (PMS) and  2,6-dichloro- Using a human monoclonal SDHC antibody, we
phenol-indophenol (DCPIP). In contrast, «-TOS had  probed the Bl, BY and B10, and the Cll-reconstituted
no effect on NADH dehydrogenase (CI) activity (data  Chinese hamster lung fibroblasts (B9,..) for the presence
not shown), consistent with selective targeting of CIIL of SDHC. Western blotting analysis ( Figures 4h and 1)
Next, we tested whether «-TOS mitiated apoptosis in revealed high levels of human SDHC m the B9, cells
parental Chinese hamster lung fibroblasts (B1 cells)., CI- and its low level in MCF-T cells treated with the SDHC
dysfunctional cells (B10 cells) and CII-dysfunctional siRMNAs. The B9 cells with reconstituted CIT revealed
cells (B9 cells, with a mutation in the gene encoding the re-appearance of SDHC. Densitometric  evaluation,
succinyl dehydrogenase subunmit C (SDHC subumt, showed that siRNA treatment of MCF7 cells lowered
CybL)). B9 cells were less mesponsive to x-TOS, with the level of the SDHC protein by 50-80% (Figure 4j).
lower levels of ROS accumulation (Figure 4a) and These data are consistent with the RT-PCR results
diminished SDH activity (Figure 4b) compared to the showing presence of human SOHC mRNA in CII-
parental (Bl) or B10 cells. B9 cells were also relatively reconstituted cells and low levels of the transcript in
resistant to apoptosis induced by =-TOS (Figure 4c). MCF7 cells treated with SDHC siRNA (Figure 4g). The
Reconstitution of CII in the CybL-mutant (B9) cells siIRNA approach was specific for SDHC, since we did
normalized the SDH activity (Figure 4b), and also  not observe any changes in the level of the SDHB
restored cell semsitivity to o-TOS-induced killing subunit protein in the SDHC-treated MCFT cells (data
(Figure 4c). not shown).
Data obtained with the Cll-dysfunctional (B9) and
the reconstituted B9 cells were independently verified by Molecular modelling reveals strong binding of x-TOS
treatment of MCF7 cells with four different short- to UbQ sites on CIT
interfering RMNAs (siRNA) against CybL. Duplexes 1, 3 To rationalize our results, suggesting that 2-TOS
and 4 substantially suppressed CIT activity (Figure 4e), interacts with CII wia the UbQ-binding sites, we
Oneooene
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Figure 4 Apoptosis induction by a-tocopheryl succinate (2-T08) is suppressed in complex I {CIIdystunctional cells. Parental {B1 ),
Cl-dystunctional (B10 ), Cll-dystfunctional { Cvh L-mutant; BY) and CybL-mutant cells following CII reconstimtion by transtection with
human CvAE | BY o) were exposed to o-TOS S0pw and for 24h, unless shown otherwise, harvested and assessed for ROS accumulation
{a). succina te dehydrogenase {SDH) activity assessed in whole cells on the basis of 344 5-dimethylthiazol-2-y1} 2, 5-diphenyltet razolium
bromide (MTT) reduction with succinate as a substrate (b) and apoptosis (¢). MCFT7 cells were pre-treated with CybL or nonspecitic
nterfering RMNAs (siRNA), exposed to «-T0OS as shown, and as for reactive oxygen species (ROS) accumulation (d),
¥ (&) and apoptosis induction (f). (g) Results of RT-PCR analysis of B1, BL0, B9 or Brec cells as well as SDHC siRMNA-
F7 celk using human SDHC primers. (hiResults of western blotting of B1, B10, BY and BY,., cells using monoclonal
immunoglobulin GG {Igl7) anti-human SDHC. Western blotting is also shown to document the levels of SDHC in MCFT7 cells treated
with ditferent SDHC siRNA duplexes and with NS siRNA (i), which was evaluated relative to the actin band (j). Results are
represented as mean values $2.d. (n=3), images are representative of three mdependent experiments. The symbol **" indicates values
significantly ditferent from the controls with P<0.05.
performed molecular modelling using AutoDock (Mor- the mhibitor TTFA bound as the basis for our study.
ris et al., 1998). The crystal structure of porcine heart  Structural analysis revealed the proximal UbQ-binding
mitochondrial CII has been reported (Sun et af., 2005). site (Qp) and also identified the position of the proposed
Since it exhibits high sequence identity with human CIT  distal UbQ-binding site (Qp). To test the feasibility of
(95-97% for the individual subunits), we used this  using AutoDock for this system, we first simulated the
structure (1ZOY) and the related structure (1ZP0) with binding of UbQ3 to both the Qp and the proposed Qp
Oncogene
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sites. UbQS5 was chosen as it is of similar size to 2-TOS
(Figure 5¢) and contains a similar number of rotatable
bonds (16 and 17, respectively). Figure 5a indicates that
UbQ5 docked in Qp to a deeper position than that
observed for the portion of UbQ resolved in the
published crystal structure (Sun et af, 2005). UbQ5
was also found to dock into the proposed Qp site, with
the UbQ ring positioned in front of the binding site and
the hydrophobic tail located inside the site (Figure 5c).

In the Qp site, the ring system of «-TOS sits in the
same binding pocket as the UbQ) ring but is tilted to one
side. The succinate ester moiety extended deeper into the
binding site protruding down towards the location of
the prosthetic haem group. The carboxyl group fits
neatly into this pocket and is involved in a identate
hydrogen bond with Serd2(C) (Figure 5b). Serd2(C) also
interacts with the ester oxygen of x-TOS. As befits the
hydrophobic nature of the remainder of the =-TOS
molecule, all the other mteractions with the protein are
hydrophobic. Thus, the hydrocarbon side chain loops
around and extends out of the Qp site and along the
same channel where the isoprenoid side chain of UbQS
is located.

In the Qp site, the phenyl ring system of 2-TOS sits
towards the bottom of the binding site with the
succinate ester moiety extending out the bottom of the
site In a similar way to that observed for the head group
of the phospholipid wvisible in the onmmnal crystal
structure (Figure 5c). The sucanate moicty hydrogen
bonds to Lysl135(D) and Lys128(p) (Figure 5d), while
the hydrocarbon side chain loops around the inside of
the binding site. The calculated energy of interaction for
the docked conformations of «-TOS (Figure 5¢) sug-
gested that it can bind at aeither site. While the binding
energy of a-TOS at the Qp site is slightly less than that of
UbQ35, =-TOS would certainly compete with Ub(Q35. At
the Qp site, 2-TOS shows a much stronger binding
energy than that of UbQ5 and would be expected to
easily displace it from this site (Figure 5e).

We had to use UbQS5 in the modelling study because
of the relatively high number of rotatable bonds m
x-TOS (17) and UbQS5 (16); adding the full isoprene tail
of UbQI10 (with the extra rotatable bonds) makes the
AutoDock calculations intractable. Also, data analysis
from the published crystal structure only shows electron
density for the very start of the soprenoid cham
sugpesting that the rest of the tail is not particularly
tightly bound at this site (Sun et al., 2005). Therefore,
the expected interaction energies of UbQ10 for the two
sites will be similar to those calculated for UbQS.

Apoptosis induced by a-TOS is independent of its BH3
mimetic activity

Shiau et al. (2006) reported that VE analogues possess
BH3 mimetic activity, interacting with Bel-2 and Belxg.
To ascertain whether the apoptogenic activity of =-TOS
i dependent on this activity, we utiized the BH3
mimetic BH31-2" (Calbiochem, Gibbstown, NI, USA)
(Degterev er al, 2001; Milanesi er al., 2006). Cytotoxi-
aty of «-TOS was asessed in MCF7 cells exposed to

Complex Il 2= an anti-cancer drug target
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increasing concentrations of BH3I-2". We found that
levels =5pM  caused mitochondrial destabilization
(not shown). Combining BH3I-2' (Spm) with «-TOS
sipnificantly enhanced the sensitivity of the cells to the
VE analogue (Figure 6). These data indicate a synergs-
tic effect of BH31-2' and «-TOS, and suggest that the VE
analogue induces apoptosis predominantly by other
modes than acting as a BH3 mimetic.

a-TOS imhibits tumour growth irrespective of erbB2 status
To demonstrate anti-cancer activity of «-TOS, we first
determined whether the VE analogue could suppress
tumour growth in an ammal model of breast cancer with
low erbB2 expression, given that over two-thirds of
human breast cancers express low levels of the receptor
tyrosine kinase (Slamon er al., 1989). Nude mice were
xenotransplanted with MCF7 cells and treated with
x-TOS. Data in Figure Ta show that =-TOS repressed
tumour growth with a significant decrease in the tumour
size. We then tested treatment of erbB2-high breast
carcinomas using the transgenic FVB/N c-neu mice (Guy
et al., 1992). Compared to the controls, the tumours in
the «-TOS-treated mice showed a 30-40% reduction in
size over the several weeks of treatment. These results
suppest a high level of efficacy for o-TOS therapy
against breast carcinomas regardless of their erbB-2/
HERZ status.

Discussion

It is increasingly recognized that mitochondria are
emerging as cffective targets that may provide the
selectivity needed for potent anti-cancer therapy (Neuzil
et al, 200lb; Don and Hogg, 2004). Studics with
mitocans have shown exciting potential for cancer
therapy since these drugs have imited side effects, and
some of these compounds possess specificity for cancer
cells (Neuzl ef al., 2007).

This study supports a role for - TOS as a competitive
nhibitor of the UbQ site(s) in CII. Our data reveal that
both the Qp and Qp stes of CIT are targets for 2-TOS.
Binding of the VE analogue at CII promotes ROS
peneration in cancer cells. The validity of the molecular
modelling approach is supported by our identification of
several other compounds with strong mteraction en-
ergics for the CII UbQ site(s) (not shown). Of them,
pyridoxal phosphate has been previously identified as a
potent inhibitor of SDH activity by competing with
UbQ (Choudhry er al., 1985, 1986).

Molecular modelling strongly supports the notion
that the binding of »-TOS to CII within the Qp and Qg
sites 15 a key to the apoptogenic actvity of the agent.
These observations were verified by expenments with
cells where a mutation in CybL disrupts the CII function
and the ability of cells to survive when growing in the
presence of succinate. First, CyhL-mutant cells, unlike
their Cl-deficient and parental counterparts, failed to
accumulate ROS and induce apoptosis when exposed to
2-TOS, while reconstitution of functional CII reinstated
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a-Tocopheryl succinate (2-TOS)

o

Ligand |Interaction encrgy at QP Inicraction encrgy at Qyf
(kealimaol) (kcal/mol}

. o,

N

UbQs -14.7 -14.1

y

o-TOS -14.1 -15.4

Uhiguinome-5 (UbQ5)

Figure 3 Molecular modelling reveaks interaction of 2-tocopheryl mucanate (2-T0O3) with ubigunone (UbQ)-binding sites n complex
II{CII). {a) Cut-away view of the Q- binding site showing the haem group (bottom lett corner) and the position of U'b() { green carbon
atoms) as indicated with arrows. The best-fit conformations of UbQ3 (cyan carbons) and -TOS (orange carbon atoms) are also
shown. (b) Ligplot diagram showing the major interactions between the best-docked conformation of & TOS and the Qg hinding site.
{e) View of the proposed Qp-binding site (with overhanging bridge asa translucent surface) showing the best-docked conformations of
Uh0)5 {cyan carbons) and 2-TOS {orange carbons). (d) Ligplot diagram showing the major interactions between the best-docked
contormation of 2-TOS and the Qp-binding site. {e) Chemical structures of Ub(Q3S and =T3S and a tabk of interaction energies for the
best-ranked docking conformations for UbQS and =TOS in the O and Qp-binding sites. Images in (a) and (¢} were prepared using
Astex Viewer {Hartshorn, 2002), while those in (b) and {d) were prepared using Ligplot { Wallace et al., 1995).

susceptibility to the apent. These findings can be
reconciled with a study reporting resistance of CybL-
mutant cells to apoptosis when challenged with various
cytotoxic agents ( Albayrak et al., 2003). Hence, CII is an
important driver of ROS production mediated by cytotoxic
drugs. Second, we demonstrate that knocking-down CybL

On cogans

rendered cancer cells resistant o o-TOS-tnippered ROS
accumulation and apoptosis induction (Figure 4). This is
important evidence, since the sRNA approach is an acute
insult to the cells, while a knockout cell line can undergo
adaptive differential expression of genes, potentially
ohscuring the direct effect of the knockout genotype.
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Figure & =-Tocopheryl succnate (2-T0OS) causes apoptosis
independent of its BH3 mimetic activity. MUFT cell were treated
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pre-treatment with Sp BH3L-Y. Cells were then assesed for
mitochondrial depolarzation (a), reactive oxygen species (ROS)
generation (b) and apoptosis induction (c). Results are represented
as mean valuestsd. (m=3). The symbol ** indicates vahes
significantly difterent from the controls with P <05,

We and others have previously shown «-TOS to be a
potent inducer of ROS in cancer cells (Weber et al., 2003;
Kang et al., 2004). The «TOS drug target we have
identified as CII of the respiratory chain has been
proposed as a contributor to cellular ROS production
(McLennan and Degli- Esposti, 2000). Addition of MitoQ)
to cells did not overcome the 3BP-mediated inhibition of
SDH activity since 3BP acts upstream at the site of the
SDH catalytic centre. Mito) overcame both the TTFA-
and -TOS-mediated inhibition of SDH activity. While
TTFA binds to both Qp and Qp sites in CII (Sun ef af.,
2005) like 2-TOS, it displays less sclective toxicity (Zhang
et al., 2001) than the VE analogue for killing cancer cells
(Meuzl er al, 2001b). Further studies are mequmed to
understand this differential speaificity.

Complex 1l as an anti-cancer drug target
L-F Dang ef al

Relative mmor size

o

Relative tumor size

abd 5
1] i ]
Treatment time (d)

Figure T Inhibition of breast cancer in mouse models by =-
tocopheryl succinate (2-TOS). (a) Nude mice were inoculated with
MCFT cells and once tumours became established, the animak
were treated every 3 days with l0pmol per mouse of =TOS
dissobved in dimethyl sulphoxide (DMS0) or with DMS0O alone,
by ip. injection. Tumour size was measired usng callipers and was
correlated to the size of the carcinomas at the onset of the therapy.
Four animals were used in each group. (b) Female FVE/N cneu
mice with small tumours received either 10 pmol 2=TOS solubilized
in corn ail/4% ethanol (R=11) or the excipient alone (controal,
n=% by ip. injection once every 3 days. Tumour size was
quantified usng ultrasound imagng (USI). Two independent
experiments were conducted. The inset in b shows representative
images of tumours acquired by USI in the control {upper image)
and treated (lower image) FVEB'N c-new mice on day 22 of the
experiment. The results shown are mean values 4 s.e.m. The symbaol
‘¥ denotes significant differences (F=0.035).

When o-TOS displaces UbQ from its binding site(s)
on CII, electrons may no longer be tunnelled down the
SDH hydrophilic head on to AD and relayed via the
[Fe-5] centres and the haem group to UbQ (Cheng et al.,
2006; Tran et al., 2006). Instead, they recombine with
molecular oxypen to enhance superoxide amon radical
(0z) production that leads to induction of apoptosis in
the cancer cell. Although it s posable that ROS
peneration occurs via the FAD site (Yankowskaya
et al., 2003; Gottheb and Tomlinson, 2005), it cannot
be excluded that electrons in the case of a dysfunctional
CII, interact with oxygen, which is dissolved in the
membrane part of CII (Slane er al, 2006). Another
possibility is that electrons move to CI by reverse
electron transport, where they form 07 (Adam-Vizi and
Chinopoulos, 2006). Blocking UbQ binding promotes
ROS generation by removing the opportunity of
electrons to react with its acceptor (Figure 8). Ths s
strongly supported by studies with the Caenorhabditis
elegans mev-1 mutant that can oxidize succinate to
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Figure 8 Model tor the interference of a-tocopheryl succinate (-
TOS) with the mitochondrial electron chain. The scheme shows the
proposed effects of =-TOS with the branching of the electron
transport cham in its upstream region and clarifies the point of
inhibiion by «-T0OS as specifically interacting with complex 11
(CI). It also suggests CII as the possible site of superoxide
generation, although its precise location within succinate dehy-
drogenase (SDH) has not been identified. The possible reverse
electron transport from CII to CI is also shown.

fumarate but cannot transfer electrons to UbQ), resulting
in increased ROS levels and premature apeing (Ishii er al.,
1998). This can be reconciled with a recent study suggesting
that the Qp sk s mmportant for electron channelling
between UbQ) and the juxtapositioned haem group (Zhao
et al., 2006), which contributes to stabilization of the
transient ubisemiquinone radical (Tran er al, 2006).
Interestingly, several human cancers, such as pamaganglio-
mas, resulting from penetic disorders due to mutations in
CII' subunits, including SDHC, may also be induced by
increased ROS formation (Miemann and Muller, 2000;
Gottlieb and Tomlinson, 2005; Ishii et al, 2005).

Our results are not dissimilar to a recent report
documenting selective molecular mechanism of apopto-
sis induction in cancer cells by adaphostin, a compound
that binds to the UbQ reduction (Q;) site of CIII,
resulting in ROS accumulation (Le er al., 2007). That
CII is of importance in ROS formation s further
evidenced by a recent report showing that non-steroid
ant-inflammatory drugs caused ROS generation in cells,
of which the majority was derived from CII (Soller et al.,
2007). Moreover, ferulenol, a coumarine derivative, has
been reported to affect the succmate UbQ) reductase by
mterfering with the UbQ cycle (Lahouel et af., 2007).
Given these recent results, more drugs affecting CIT are
likely to be found in near future.

Although anti-cancer drugs have been described that
may target the UbQ sites on the oxidoreductase
complexes along the mitochondrial respiratory chain
to ncrease cellular ROS levels and activate apoptosis
(Dias and Bailly, 2005: Hall, 2005; Le er al, 2007),
2-TOS has an additional feature in that it also disrupts
the anti-apoptotic function of Bel-2 and Bo-xy by
blocking their BH3-binding domain (Shiau et al., 2006).
Hence, 2-TOS may prove superior for inducing cancer
cell death because of its dual action on two important
targets, Qp and Qp sites of CII, and the Bel-2 family
proteins, promoting the induction of mitochondrially

On conene

mediated apoptosis. This notion is further corroborated
by our data revealing sensitization of cancer cells to
2-TOS by the BH3 numetic BH31-2'.

We also show that 2-TOS suppresses tumour pro-
gression in mouse models of breast cancer regardless of
their erbB2 status. This could be explained by =-TOS
blocking the CII UbQ-binding sites, thereby causing
ROS generation with ensuing induction of apoptosis,
acting in a dominant manner downstream of any anti-
apoptotic pro-survival activity resulting from the erbB2
receptor tyrosine kinase sipnallmg. This makes the VE
analogue a potentially useful anti-cancer agent when
dealing with the challenge of breast cancers with high
levels of expression of erbB2/HER2? that are rather
recalatrant to therapy (Slamon er al., 1989). Similarly,
we recently demonstrated that a peptide conjugate of «-
TOS (with relatively high affinity for the erbB2 receptor)
effectively kills breast cancer cells (Wang et al., 2007).

To conclude, we present the molecular tarpets of the
intriguing anti-cancer agent x-TOS with low toxicity to
non-cancerous tissues (Weber er al., 2002), a compound
that acts by selectively affecing mitochondnia, orga-
nelles that are essential both for life and for unleashing
the apoptosis machinery (MNewmeyer and Ferguson-
Miller, 2003). We identify the UbQ-binding sites of the
mitochondrial CII as a new target for anti-cancer drugs,
and propose that these results will not only lead to the
establishment of VE analogues as efficient anti-cancer
apents but also will increase the interest in mitochon-
drial components as targets that are yet to be fully
exploited for selective cancer therapy. Work is presently
underway, using in sifico modelling, to identify lead
compounds that induce apoptosis by interfering with the
UbQ-binding site(s) of CII and develop them into
efficent and selective anti-cancer drugs. Our results on
the molecular mechanism of apoptosis induced in cancer
cells by «-TOS may be reconciled with our climical
outcome from a mesothclioma patient who has been
treated with the VE analopue. The data reveals a
significant climical benefit with «-TOS therapy, causing a
reduction in tumour volume and improved the well
being of our subject who had a lethal type of neoplastic
pathology (Robnson et al., 2005). We are currently
preparing to set-up a larger clinical trial in which a
cohort of mesothelioma patients will be treated with the
mitocan x-TOS.

Materials and methods

Cell culiure and (reatment

Human breast cancer cells MCF7 with low and MDA-M B-4353
with high levels of erbB2, and the murine breast cancer erbB2-
high NeuTL cells derived from the c-new mice were cultured in
Dulbzcco’s modified Eagle’s media (DMEM) with 10% fetal
call serum (FCS) and antibiotics. Jurkat T lymphoma cells
were cultured in RPMI-1640 medium with 10% FCS and
antibiotics. MCF7 cells deficient in mtDNA (p") were prepared
as described (Weber er af., 2003). Cl-dysfunctional (BI10 cells)
(Seo er al, 1997), Cll-dysfunctional (B9 cells with mutant
CybL (Oostveen er al. 1995)) and the parental Chinese
hamster lung fibroblasis (BI cells) (Oostveen er all, 1995) were
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grown in DMEM with 10% FCS, antibiotics, 10mg/ml
glucose and non-essential amino acids.

Asgessment of apoplosis, ROS aecwrdation ard mienibrane
potential

Apoptosis was quantified using the annexin V-FITC kit
(PharMingen, Franklin Lake, N1, USA) (Weber e al., 2003).
Cellular ROS were detectad with the probe dibvdroethidium
(Molecular Probes, Carkbad, CA, USA) by flow cviometry
(Weber ev al, 203), or by trapping with 5, 5-dimethyl-1-pyrroline
Neoxide (DMPO; Sigma, St Louwis, MO, USA) using EPR
spectroscopy (Weber er all, 2003). Cells were also pre-treated for
Th with 2pM MitoQ) (James & o, 2005) or co-incubated with
S0D (polyethylene glyeol-SOD, 750U iml; Sigma). The mito-
chomdrial inner transmembrane Jp|:1r.erm'.al (AW, ;) was assessed
using 3,5'.6,6"-tetrachloro-1.1' 3,3 tetraethylbenzimidoazn lyl-car-
bocyanino indide (JC-1; Molkcular Probes) (Weber er al, 2003).

SDHT activicy assay

MTT solutions were prepared by dissolving 2. 5mg/ml MTT
(Sigma) in phamhate—huft‘ered saline (PBS) alone or phenol
red-free RPMI media with 20mM succinic acid, pH 7.4
Solutions of INPA, «-TOS and MitoQ in ethanol, TTFA in
dimethyl sulphoxide (DMS0) or 3BP in PBS were added to
cells simultaneously with MTT. The drugs were tested in
exponential growth phase of cells in 96-well plates using 4-8
replicates per dilution. Cells were also pre-incubated for 1h
with 2 or 5uM MiteQ). Final concentrations of ethanol or
DMSO in cultures were <0.1% (v/v). Treated and control
cells were exposed to MTT for 2 or 4h at 37°C and 5% CO.
Supernatants were removed, except for 30pl, before adding
150 pl DMSO o dissolve the formazan crystals, and absor-
hance measured at 570 nm.

Preparation of mitochondrial particles

Rat liver mitochondria were freshly prepared as described
(Rice and Lindsay, 1997) and stored at —=20°C until used.
P denitrificans CCMOB2 (MNCIE 8944) was grown anaerohically
at 30 °C in a medium containing 50 mM succinale as the carbon
source and 10 mM nitrate as the erminal acceptor. Membranes
were prepared as published (Burnell er af, 1975) and stored at
=20°C until used.

Measurement of mitochondrial CI and CIT activity

Reduction of the CI1 substrate DCPIP in the presence of cells
or liver mitochondrial preparations was measured at 600 nm
{Trounce e af, 1996). Reaction mixiures contained 0.5mM
NADH, SmM succinate, 10mM KON, 50uM DCPIP and
S0pmM PMS. For each assay point, 0.5 mg sample protein was
used and «-TOS added as indicated. When measuring the CI
(NADH dehydrogenase) activity, PMS was omitted.

RNA interference, cell transfection, western blotting and
RT-PCR

The siGENOME OMN-TARGETplus set of four duplexes of
siBMA  oligonucleotides (Dharmacon, Chicago, 1L, USA)
argeting the Cybl (SDHC) subunit of CII were used.
Monspecific siRMNA was used as a negative control. Transfections
of MCF7 cells with siRNA were performed as described
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(Stapelberg et o, 2005). B9 cells were transfected using the
Topo pCR3.1 Uni plasmid harbouring the Cpbl pene (Slane
el al, M06) and sdected as describad (Weber er al, 2003). Stably
ransfectal and siRMNA-treated cells were assessed for SDH
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bulin G (IgG) (clone 3E2: Novus Biologicals, Littleton, CO,
USA) with anti-p-actin IgG (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) as a loading control. RT-PCR was performed
using a standard protocol. The published human CwbL (Slane
e al, M06) and Chinese hamster glweeraldehyde 3-phosphate
dehydropenase primers (Sever er af, 2004) were used.

Molecular modelling of «-TOS interaciion with UbQ binding
in CIT
For details, see the Supplementary Information.

Animal experiments

Balb/c nu/nu mice were inoculated s.c. with MCF7 cells
12 = 10° cells per mouse). After tumours developed, mice were
injected with 10 pmol «-TOS in DMSO ip. every 3 daws.
Control mice were injected with an equal volume of DMSO.
Tuimour size was estimated with digital callipers.

Transgenic FVBIN c-neu mice (Guy e al, 1992) were used
with ~70% of the female mice developing spontaneous ductal
breast carcinomas within ~7 months. Tumours were quanti-
fied by USI using the VevoT70 device fitted with the RMV 704
scan-head (VisualSonics) operated at 60MHz and with 40 pm
resolution (Dong er al, 2007; Wang ef al., 2007). Mice received
10 pmol 2-TOS in corn oil/4% ethanol or the wvehicle
administered i.p. every 3 days. =-TOS therapy of the animals
comimenced when the tumour voluine was ~40 ' Add mal
studies were performed according to the guidelines of the
Australian and New Zealand Council for the Care and Use of
Animals in Research and Teaching and were approved by the
local Animal Ethics Committee.

Surtistical analyses

Between-group comparisons were made using mean +s.d. and
the unpaired Sudent’s i-test. Differences in the mean relative
mmour size {+sem.) was examined using analyses of
covarance (ANCOVA) with days as the covariate. Statistical
analyses were performed using SPSS 10,0 analvtical software.
Statistical significance was accepted at P<0.03.
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Abstract

“Mitocans" from the vitamin E group of selective anticancer
drugs, o-tocopheryl succinate (o-T0S) and its ether analogne
o-TEA, triggered apoptosis in proliferating but not arrested
endothelial cells. Angiogenic endothelial cells exposed to the
vitamin E analogues, unlike their arrested coun

readily accumulated reactive oxygen species (ROS) by inter-
fering with the mitochondrial redox chain and activating
the intrinsic apoptotic pathway. The vitamin E analogues
inhibited angiogenesis in vitro as assessed using the “wound-
healing” and “mbe-forming” models. Endothelial cells defi-
cient in mitochondrial DNA (miDNA) were resistant to the
vitamin E analogues, both in R(OS accomulation and apoptosis
induction, maintaining their angiogenic potential. co-TOS
inhibited angiogenesis in a mouse cancer model, as doco-
mented by nltrasound imaging. We conclude that vitamin E
analognes selectively kill angiogenic endothelial cells, sup-
pressing tuomor growth, which has intriguning clinical implica-
tions. [Cancer Res 200767 241 11906-13]

Intreduction

Under physiologic conditions, endothelial cells are suspended in
iy and proliferate only in response to endotheial injury. In growing
tumars, malignant cells secrete a cocktail of mitogens, such as
vascular endothelial factor (VEGF) and fibroblast growth
factor 2{FGF2), which diffuse from the tumor cell and interact with
cognate receptors on preexisting endothelial cels, triggering their
proliferation (1). A prerequisite for tumor progression beyond a
small initial carcinoma is formation of new blood vessels, a process
known as angiogenesia The stage at which tumor growth
stimulates the “switch-to-the-angiogenic-phenotype” is not knowr.
It has been assumed that this ocours at the stage when the
diffusion of nxygen and nutrients across the cells is hampered so
that a hypoxic core within the growing tumor i formed (2, 3).
Becanse angiogenesis is essential for tumor progression, its
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inhibition makes a plansible anticancer strategy (4-6). Several
approaches have been used to inhibit mmor angiogenesia and
prevent tumor progression, including gene therapy, immunother-
apy, or chemotherapy (7-9)

A novel approach to inhibit angiogenesis is selective induction of
apoptosia in endothdial cells (10). Hogg and olleagues (11)
recently ohserved that targeting angiogenic endothelial cells by an
arsenic derivative efficiently suppressed their proliferation and
drove them into apoptosia. This translated to suppression of tumor
progression and regression of tissue vascularization (10, 11} The
authors showed that the drug interfered with the function of the
adenine nudeotide translocator within the mitochondrial inner
membrane. This is consistent with the notion that mitochondria
are emerging as novel targets for cancer therapy (11-13).

We have defined a class of compounds mitocans, which
suppresses cancer by inducing apoptosis via targeting mitochon-
dria (13). These drugs include a number of cytotoxic agents, such
as the above-mentioned arsenic derivative, as well as a group of
vitamin E analogues, epitomized by the redox-silent a-tocophery
succinate (o-TOS), a selective inducer of apoptosis in cancer cells
and a potent anticancer agent (14-20) «-TOS and its analogues
have been shown to efficiently induce apoptosis by targeting
mitochondria, a process involving generation of reactive moygen
species (ROS refs. 16-19), which also suppresses cancer cel
praoliferation {18). Recently, we have shown that «-TOS canses ROS
generation in cancer cells by displacing ubiquinone in its binding
sites on complex I1 (13). This activity of vitamin E analogues
translates to cancer suppression in a variety of preclinical models
(15, 20-23).

We ohserved earlier that «-T0S specifically cansed apoptosis in
proliferating endotheial cells, being nontoxic to arrested endothe-
lial cells, although the mechanism was not resolved (24). Because
this finding & suggestive of selective toxicity of «-TOS for
angingenic endothelial cells, we explored this phenomenon in
more detail. Here we present data on the mechaniam of greater
susceptibility of angiogenic endothelial cdls to o-TOS as well as to
the ether analogne and link this efficacy to inhibition of tumor
angiogenesis in viw in a preclinical model of breast cancer using
mice with spontaneous breast carcinomas.

Materials and Methods

Cell culture and trestment. The endothelial-like EAlG26 cells (25)
wen maintained in DMEM supplemented with 100 el L hypoosuthine,
04 wmad (L aminopledn, and 16 pmol /L toymidine. These cells mtain
properties of endothelial cells inchaling exprsion of factor VIO (25)

Cancer Res 2007; 67: (24). December 15, 2007
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tuabse-Forming activity, and the propensity to persist in confluent cultures (71
EAly926 cells deficient in miDNA (0 phenotype) were prepansd as detailed
elewher (16). Acguisition of the p° phenotype was confirmed by lack of
e ression of cytochrome ¢ oxidase sulburmit 1 bt not subunit IV (data not
shown L

The cells wem treated under conditions of high mediom, or nil
proliferation (850, ~ T0%, and 100% conluency. respectively). The dnygs
used (Supplementary Scheme 1) were a-tocopbersl (o TOH), the ester
anakogue o-TOS (both Sigmal, and the omlly applicable ether analogae
257 et ramet byl 2R-{(ARSR.12-t rimet by tridecyl e hromarn-6-osyacetic
acid {m-tooophe rylooyacetic add, o-TEA; rell 23)

Assemsment of apoplosis and mitochondrial potential, Apoplosis was
estimated mutinely by the Annexin V binding method based on phos-
phatidyl s rine externalization at the elatively early phases of programmed
ool] death, essentially as deserdbed olbewhen: (161

Mitoehomdrial inner tansmembrane potential (A% 5) was estimated
using the paychmmatic probe 55" A6t etrachloro-1.1"3.3 tetrae thyl e -
imidoarolybearbocyaning jodide (JO-1: Molecular Probes) as detailed
eleewhen (16)

Evalution of ROS acoumulation, cell proliferation, and oell opde
distr fyution. Celhdar ROS were detected indirectly by low eytometry wsing
ity e thi dinium (DHE: Molecular Probes; rel 18) and directly by electron
paramagnetic msonance (EPR) spectroscopy (161 after treatment of cells
with @-TOS or a-TEA In wme experiments the cells were pretraed ke
1h with 2 pmael/L mitechondrally targeted coemeyme O (Mito(k rel 26) or
coincubated with superoxide dismutase [polvethndens glyool-supenxide
dismutase (PEG-S0D): Sigma 54636] at 750 wnits/ml.

Cell proliemton was determined wsing an ELISA colorimetric kit
(Roche) to determine the mumber of cells in § phase of the cell cycle, based
o DMA incorporation of 5-bromo-2-deoxyuridine (BrdUnd) sing the
mam Bcturers protocel. For cell cyele analysis, cells were plated in 20-wel
plates so that they mached —50%. 708, amd 100% comfuency alter
M-h recuperation. Cells were then harvested and resuspended in buffer
containing sodium citmte (1%L Triton X-100 (015 RNas: A (005 pg/mL])
annd propidinm kedide at 5 pgfml. incubated in the dadk for 30 min at 4°C
and anayzed by Dow cylometry.

Assessment of complex I (suecinate debydrogenase) activity.
Solutions of 3-(45-dimethylthiazol-2-9 -25-diphenylietmaoliom  bromide
(MTT: Sigma) wen e pared befors wse by dissolving 25 mg/mL of MTT in
PES containing 3 mmol/L ssccinic ackd (pH 7.4) as the sole substrate
Sock solutions of thenoyltrilsoroacetone (TTFA: Sigma) in DMSO, and
aTO8 and Mito) in ethanol were prepared The dngs were tesed on
EAly326 cells in the exponential growth phase in 9%6-well microtiter plates
using lour to eight meplicate wells per drug dilotion assayed To asess the
ahility of Mitod) Lo restore MTT reduction, cells wene preinoubated for
3h with 3 wmael /L Mite) Cells were allowed to reduce MTT ke 2h o 37°C,
and absorbance was measured al 570 nm

Wound-healing and tube-forming activity assessment Endothelial
oells were seeded and cultured to complete confluence. The central mgion
o a monslayer of cells was “wounded” by scraping away cells, generating
a denuded 05mm wide stripe Begrowth of cells was asmesed by
ollowing the knetics of fling the gap, visualized under a micrmoscope
equipped with a grid in the evepiece. The healing rate was expressed in
/e

For the Lubsefomming activity of endotbelial cells formation of capilary-
like structures in a three-dimensional setting was sssessed. essentially as
described elsewhere (TL In brief, 300 ul. of cold Matrigel (BD Biosciences)
per well were transferned with a cold tip using a 24-well plate. Matige]l was
awerlaid with a suspenson of EAly96 cells, eo that a total of 200 pl of
complete medium with 5 % 107 cells were added to sach well Alter 6 hin
the incubator, the polygonal stnsctures, made by a network of EAn@926
capillaries was established. The cells wen: trsted and tube-kxeoin g activity
was estimated by counting the number of complete capillaries connecting
ind ividual points of the polygonal stroctunes in a light micmscope 24 halter
trarskrring the cells o Malrigel Three Belds in the central ama were
whosen mndomly inevery well. The number of capillaries in oonitmd odltores
was consderad 1N

Cell transfections. EAG3 colls wore trmnsfected with a plasmid
harboring the Bolx -BGFP gene (27) as deseribed elsewhere (16) The cels
were maintained in the selection medium for at least fve passages. aller
which they wem assesced for expression of the protein by inspection lor
green Buomescence using a Muomscence micrsoope o by Western blotting,
revealing >9% transfected cells (data not shown]

VE-cudherin expression Western blotting was pedormed as reported
eadier (16) nsing anti-V E-cadberin l*f:' (Santa Cruz) For immunofhones-
cence microscopy, EAhyaRe cells al — 4% or 100% confoence were
incubated with anti-VEcadbedn 1gG, blowed by secomdary FITC-
conjugated lg and maonting with 476-diamiding-2-phenyindols —containing
Vectashiekl The cells were inspected in the Leica DMIRE2 Quomscence
micmseope fitted with deconvehtion soltware

In vive experiments, A colony of lmnsgenic FIENZE cnen mice
carrying the mt HER-Z'ney proto-oncogene driven by the mouse
tumer vins promoter on the H-23 FYB/N backgmund (28) was established
al the Grfith Uniersity Animal Facidity and maintained onder drict
inbreding conditions. Approdmately 708 of the female mice dewlop
aponlanseus mammary carcinomas with a mean lalency of — 7 months.
Formation of tumors was monitored by ultmsound imaging using the
NevoT T instru rment (VisalSonics) equipped with the VisualSonics RMVT04
scan bead (mean bequency, 6 MHz msclition # pm) allowing
nonimasive scanning of tumor tssue and tumer volume guantification
Scmning was performed on mice anesthetized usng isflumne with
conlinous monitoring of the bead mte a5 reported deewherse (23] As soon
a5 tumors were detected, the mice were trated by ipadministration every
3 days o o-TOS dissolved in corn ol /4% ethanel (15 pmol @ TOS per
injection per mouse). The kinetice of tumor growth was followed by
ult msgnand imaging every Srd day.

The VewsTT0 ultrasound imaging device is equippad with the Power
Doppler funciion, which makes it possible to follow dreulation in blood
vessele, This was applied Lo assess the extent of angiogeneds in the FIBN
conen mice caminomas The control and treated mice were assessed by
ult rsound imaging wsing the same respicatory gating, and the volime of
Blood vessels within tumors was expressed as percentage of vascularization
of individial tamons.

Results

We first exposed EAhy926 cells at different levels of proliferation
to TS and o-TEA. As shown in Fig. 14 and B, endothelial cells at
the lowest conflnency were most susceptible to apoptosis, whereas
arrested endothelial cels showed much greater resistance. Prolif-
erating endothelial cells neither accumulated ROS nor underwent
apoptosis when exposed to the redox-active o-TOH (Supplementary
Tahle 51). Both o-TOS and o-TEA also suppressed proliferation of
endothelial cells (Fig. 1C and ). The differences in proliferation of
endothelial cells were assessed by cell cycle distribution (Supple-
mentary Fig. 514 ) revealing only a small 5§ phase subpopulation in
the arrested cells, whereas a high number of cells in § phase were
found for the 50% proliferating cultures. Supplementary Fig. S18
documents high levels of expression in the confluent endothelial
cels of the cell surface protein VE-cadherin involved in cell-cell
contact of endotheial cells.

The fact that angingenic endothelial cells are susceptible to the
mitocans o-TOS and o-TEA raises the guestion of the mle of
mitochondria in apoptosis induced by vitamin E analogues, with
a-TOS known to cause accumulation of ROS in cancer cells. We
therefore assessed endothelial cells inder conditions of prolifera-
tion and arrest for ROS generation as a response to o-TOS or
o TEA. Indeed, proliferating but not arrested endothelial cells
responded to the challenge by early accumulation of high levels of
ROS, as assessed by flow cytomewy (Fig 24 and F) and EPR
spectroscopy (Supplementary Fig. 52). Mito() and SO suppressed
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RS generation and apoptosis induction by the vitamin E
analogues in angingenic endothelial cells (Fig. 2C and D)

Next, the role of mitochondria in apoptosis of endothelial cells
eposed to o-TOS and «-TEA was investigated. Supplementary
Fig. 534 shows that the majority (>97%) of control cells had high
AW whereas exposing proliferating endothelial cells to either
agent resulted n early (within 24 h) dissipation of AY¥,, occurring
in 15% to 20% o the populaton. Mitochondrial destabilization is
generally followed by caspase activation. Supplementary Fig. 538
reveals that caspases were activated in apoptosis induced by the
two vitamin E analogues becanse the pan-caspase inhibitor 2-VAD-
tmk efficiently inhibited apoptosis in proliferating endothelial cells.
We also show here that overexpression in endothelial cells of the
antiapoptotic protein Belog protected the cells from o-TOS- and
e TEA-induced apoptosis {Supplementary Fig. 53C).

We have shown that vitamin E analognes cause genemtion of
BOS with ensuing induction of apoptosis in cancer cells by inter-
fering with coenzyme () binding in the mitochondrial complex I1.
We therefore tested the possibility that o«-TOS triggers ROS
generation in endothelial cells by interfering with the complex T
SDH activity. Table 1 documents that o-TOS and «-TEA inhibited
SDH activity similarly, as shown for TTFA a compound known
to displace coenzyme () in complex IL Inhibiton of SDH activity
by - TS, - TEA, or TTFA was rescued by Mito(), which is known
to interact with complex II. These data strongly suggest that
a-TOS and «-TEA act by interfering with ubiquinone binding of
complex IL

We next asked the question whether the propensity of
angiogenic endothelial cells to undergo apoptosis when chal
lenged with wvitamin E analogues, translates to inhibition of
angiogenesis. We used two experimental approaches to assess
angingenesis in viro, based on the wound-healing and the tube-
forming activity assays. In the wound-healing assay, cell were
grown to complete confluence and then a central strip of cells
was removed, after which regrowth into the cleared space was
evalated {Su}_:p]emenmrf Fig. 54]. Figure 34 and £ show that the
healing rate was — 20 pm/h for control cells, ~ & and ~3 pm/h for
cells exposed to 25 and 375 pmol/L o-TOS, respectively. No
regrowth was obszerved at 50 pmol/L «-TOS. A dose-dependent
inhibition of wound healing was also observed for o-TEA (Fig. 3C
and ). Importantly, inhibition of wound healing by the vitamin E
analogues was associated with ectensive apoptosis induction in
the wound zone of the endothelium (Fig. 38 and ). Next, a dose
dependent inhibitory effect on endothelial cell tubeforming
activity was ohserved for o-T0S and «-TEA (Fig 4). The vitamin E
analogues suppressed the tube-forming activity of the endothelial
cells by way of apoptaosis induction, as found by assessing the cells
ftor apoptosis after their treatment and analysis atter retrieval from
the Matrigel cultures.

The role of mitochondria in susceptibility of angiogenic
endothelial cells to - T0OS was confirmed in experiments in which
milNA-deficient endothelial cells were exposed to the vitamin E
anglogue and assessed for ROS accumulation and apoptosis
induction by e cytometry. As documented in Fig. 54, dividing
populations of po cells, unlike their parental counterparts, showed
reduced levels of ROS. The subeonfluent p° endothelial cells also
failed to undergo efficient apoptosis when exposed to o-TOS
(Fig. 58). We were interested whether endothelial cells deficient in
miDNA maintain their wound-healing and tube-forming activity,
and, if s0, how this s affected by «-TOS. Figure 5C and D reveal
that endothelial cels deficient in mtDNA are capable of wound

] 50% comiteemcy
Il 7% comfeency
I 00 contlusney |—

50

Annexin V-positive cells (%)
g

B

0

Helative
proliferative rate

Time (h) Time (hi

Figure 1. Vitamin E analogues induce spoplosis and inhibil pollerdion in
angiogenic bul nol anested endotelial cells. EAWSDE cells were seeded to
veach bow (- 5085 ), medum (-~ 70%), and high {100%) conueney . The calls
wem teated with 25 or 50 pmoll o-TOS A and C) of «TEA (8 and 0] for
incmasing pesiods of lime and assessed lor spoplosis induclion by he AnnesdnV'
binding memod (A and B) o praileration (assessed on S0% conusn! ceis)
by means of BrdUsl neorporation (C and D). Columns, mean (o = 3, bars, S0,
*, slakglicaly signiican! diferences fram 100% conuent calls; #, INose rom
both 100% and 70% conflient celis (A and B). *, statisically signiicant
dillerances Iram the contrds (ctl; C and D).

healing and tube formation, although at a slower rate than the
parental cella Impaortantly, the p° cdls maintained the two featires
of in vitro angiogenesis (wound healing and tube formation) even
in the presence of o-TOS. These results strongly suggest the
importance of normal mitochondrial funcion for suseeptibility of
angiogenic endothdial cdls to vitamin E amalogues.

We next tested whether the inhibitory activity of «-TOS on
angingenesis in vitro translates to an in vivw situation. Hence, we
used the tmnsgenic FVE/N c-nar mice that form spontaneous
breast ductal carcmomas at the age of ~7 months due to
mammary tissue-specific overexpression of the receptor tyrosine
kinase erbE2 (HERZ). In particular, we studied the effect of ip.
administered «-TOS on the kinetics of the tumor growth and
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n

Figure 2. Viamin E snalogues cause
accumuiabion of milochondis-denved superaide
in angssgenic endofaiial cells. EAWSZE cells
ware seeded al two difleseni densiiies 1o achieve
~50F% and 100% conuent cells, al which stage
My were exposed 1 a-TOS (A) of - TEA (B)

o 25 and 50 pmalL 1or increasing periods of
e, Genemlion o ROS was assessed aier
incubating Be cellk with DHE and esfimaing
mean Buorescence ntensty (MFY) using flow
cylometry. Prolleraling WE cels ware
pretreaied lor 10 rin with PEG-S0D 25 unllstnl)

o 2h with 3 ol Miled and assessed
tor ROS accumulaion LEng Bow cylamelry aner
3 h (C) of fof SpOplasiE inducBon using the
Annein V mahod aer 12-h exposune 1o

25 pmolll & TOS of & TEA (0). Columrs, mean
in = 3 bars, BD. *, slakstically signibeant
dflemnees hom 100% conbuent cells (A and B)
", slalisbeally sgnllicant dilerences (nm cells
eposed 1o o-TOS or o-TEA anly (C and O).
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vascularization of the carcinomas. This was performed using the
Power Doppler function of the ultrasound instrument that allows
for noninvasive and very precise quantification of the tmor
volume and percentage tumor vascularization. Figure & documents
that -T(S suppressed growth of the umor, decreasing the volume
of the carcinomas by ~30%. Importantly, the extent of tumor
vascularization increased with time in the control mice, whereas it
decreased significantly when the animals were treated with the
vitamin E analogue. These data link the antitimor effimcy of
TS5 with its propensity to act as an antiangiogenic agent in o,

Discussion

Our earlier data showed that proliferating endothelial cells,
unlike their confluent counterparts, were susceptible to apoptosis
induction when exposed to «TOS (24), but the maolecular
mechanism had not been resolved. Recent data by Don et al. (10)

are consistent with owr findings because they showed that
proliferating endothelial cells were susceptible to the mitocan
arsenide, whereas growth arested cells were resistant to the dmg,
although the reasons for protection of the growth-arrested
endothelial cells were not identified.

{(ur major interest was to understand the molecular mechanism
of differential sensitivity of endothelial cells to the dinically
interesting vitamin E analogues in relation to their proliferative
status. Becanse in wirvo endothelial cells in tumors show a high
proliferative rate, whereas endothelial cells of normal blood vessels
featire a very long halt-life before dividing. it can be expected that
vitamin E analogues will kill angiogenic endothelial cells in tumors
but not endothelial cells of the normal vasculature. Similarly, as
shown by Don et al {10), we also found that proliferating
endothelial cels responded to exposure to apoptogenic vitamin E
analogues by accumulation of relatively high levels of ROS. In the
case of agents such as «-TOS, the mechanism of genemtion of ROS

Table 1. «-TOS and «-TEA inhibit SDH activity

Concentration ([umoliL)* TTFA TTFA + MioQ «-TOS w-TOS + MinQ w-TEA «-TEA + MitoQ
(1] Tk 1y Ty Ty 104

125 Thl £ 53 W1+ 19 Bl +79 w2l £ 11 T1+79
5 443 * 6.1 Wl & 23 632 & Al WeE A5 .1+ A2
b 413 £ 38 THY * 69 489 £+ 332 T™OE 53 389 % hl

with 3 pmol /L Mito()

*Prolilerating endotbelial cells wen exposed 1o TTFAL e-TOS, and «-TEA al the concentmtions shown lor 2 h following, as showna 2h preincubation
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AnnexinV—positive cells (%)

mTEA

in cancer cdls i most likdy due to displacement by the vitamin E
analogue of ubiquinone in one or both of its binding pockets
within the mitochondrial complex II (13). It is therefore probable
that the ahsence of the electron acceptor, ubiquinone, will result
in recombination of electrons with molecular oxygen to form
superoxide It has been shown that the absence of complex I
[maore specifically, the cytochrome B-large, Cybl, or the SDH
subunit C (SDHC)] due to mutations in SDHC results in lower
lewels of ROS generation when the cells are eposed to a-TOS or

several unrelated inducers of apoptosis, and this is reflected by low
levels of apoptosis induction {13, 29). We also assessed the possible
role of complex I1 in apoptosis induction by vitamin E analogues in
endothdial cells and found that o-TOS and «TEA inhibited SDH
activity, and that it was restored in the presence of the complex
ll-interacting Mito{) (30). similarly, as also observed for TTFA.
an agent that displaces coenzyme () in complex I (31). Our data
suggest a general mechanism of ROS-mediated induction of apo-
ptosis by vitamin E analogues in both cancer cells and proliferating
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Figure 4. Vitarren E ansogues mfini Bie wbalomming
activily ol EAWI26 colls. EAhy 306 colls were seaded in
24-well piales wilth 300 pL of Matigel per well o Bl
SEpenEon of 200 pl of complsle medium with 5 = 10°
cells were added io each wel. Conirol culiums as well
as hose suppham anted wilh «-TOS of =-TEA a1
concentralions s hown (umad/L) were svakated by courting
in a Bght microscope Me nummier of complele lubes
conmecting pants of mdkidual polygms of the capllary
nefwod ai 24 h as delailed in Maieriak and Methods

[A). Cells were retieved afler 24 h from Matigel and
assessed lor apoplosis inducion (B). C, Malsgel cullures
al 121 in the abeence of any drug of in the presence of
50 oL - TOS of 25 pmolil. o TEA. Columns, mean

{n = 3); bars, S0, ha el phatograghs are
representalive of Mres independant expediments.
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Cancer Res 2007; 67: (24). December 15, 2007

11910

www.aacrjoumals.omng

228



Vitamin E Analogues Inhibif Angiogenesis

a1l

Figure 5. EAhSEE calls dalicant in mIDNA are -
resisian o «-TOS. Prolleraling parenis or
rDNA-delicient (%) EAI26 colls were exposed
16 x-TOS at 25 pmdlL or &5 shown and assessed
for ROS accurmlaton wsing DHE (A} and for
apogplosis inducon uEing the Annexin V bindng
method (B). Pasental and miDNA-dalicient
endothekal cells were seaded in Peti dishes, allowed
o reach confuency, and the andofhalium woundad.
Regrowh was lolivwed in e Shasnce of prasmoe
ol 25 pmdl «-TOS 8 24 h and evauaedas dataillad B
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endothelial cdls, which is based on displacement of coenzyme ()
in its binding pocket(s) in the mitochondrial complex I, which
results in generation of superoxide. We propose that this site s
also likey to be responsible for the antiangiogenic effect of vita-
min E analogues by way of binding of vitamin E analognes that
displace the natural electron acceptor, resulting in genemtion of
apoptosis-inducing ROS levels.

Not only does the selectivity of vitamin E analogues as agents
inducing apoptosis in angiogenic endothelial cells have significant
dinical relevance in helping to arrest tumor progression, but also
the molecular mechanism as defined here is of major interest and
importance. Don et al (10) reported on selective killing of
proliferating endothelial cells by an arsenic derivative. They
showed that the angiogenic cells accumulated high levels of ROS,
wunlike their arrested counterparts. We also observed this in
angiogenic endothelial cells exposed to o-TOS and «-TEA. These
differences in accumulation of ROS seem central to the suscepti-
hility or resistance of the endothelial cdls to apoptosis because
eliminating KOS accumulation, such as by coexposure to
antioxidants, also suppresses the extent of apoptosis. Numerous
compounds have been reported to inhibit angiogenesis by way of
killing proliferating endothelial cells or causing their cytostasis.
These indude anticancer drugs paclitaxel (32, 33) or vinhlastine
{34), the histone deacetylase inhibitor LEH589 (35), the vascular-
targeting compound ZIG126 (36), or the proteasome mhibitor
bortezomib (37). Although these agents have been shown to reduce
tumos in experimental animals, neither of them has been reported
for selective toxidty toward proliferating while being nontoxic to
arrested endothelial cells. To the best of our knowledge, this
intrigning paradigm has only been shown for the mitocans
arsenide (10) and witamin E analognes (reported here). The

selectivity of apoptosis induction in angiogenic endothelial cells
by vitamin E analogues is particularly interesting because vitamin
E analogues have shown pmmise as anticancer agents in several
animal models. This is further fueled by owr dinical outcome from
a mesothelioma patient who has been treated with transdermally
applied a-TOS. The data reveal a signifimnt dinical bendit with
«-TOS therapy, cansing areduction in tumor volume and improved
well-being of our subject who previously was suffering from a lethal
neoplastic pathology (38, 39).

The molecular mechanism for the very low levels of ROS
accumulation in arrested endothelial cellk eposed to vitamin E
analogues is not known at present We can suggest at least two
possihilides that could explain this. First, the arrested cells may
respond to the stress imposed by vitamin E analogues by
generating lower levels of ROS due to a difference in the cellular
systems that canse formation of radicals. The other, probably maore
plausible possibility, is due to potential up-regulation of the
antinxidant systems in the resistant, arrested endothelial cells. One
enzyme that may be up-regulated is manganese superaxide
dismutase {MnS0D). This ides is consistent with reports showing
that cells deficient in mtDNA are resistant to apoptosis and show
inreased expression of MnSOD (40-42). We have also found
elevated expression of MnS0D in arrested endothelial oeng,"'
possibly related to higher levels of p53 (43, 441 The molecular
mechanism of regulation of MnS0D epression in endothelial cells
in relation to their proliferative status is the subject of ongoing
studies.

7). Neamil et 2l unpublished data
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Becanse killing of angiogenic endothelial cells by «-TOS and
a-TEA suggests that vitamin E analogues may possess antiangio-
genic activity, thereby suppressing tumor progression, we studied
the effedt of the two agents on angiogenesis in vitro. In these
experiments, we used the immortalized EAhy926 cells because
these cells, unlike the primary endothelial cdls with imited lite
span {usually four to five cell cycle transitions), can be used for up
to 100 doublings, while preserving properties of primary endothe
lial cells induding expression of von Wilebmnd factor or P selectin,
as well as formation of mbes in a three dimensional setting and
persistent arvest (7,25 ). Our results clearly document the efficacy of
a-TOS and o-TEA ininhibiting angiogenesis in witro, as assessed by
both the wound-healing and tube-forming approach Importantly,
inhibition of angiogenesis in vitro was associated with the
induction of apoptosis in the proliferating endothdial cells, which
suggests a link between the dficacy of vitamin E analogues to
induce apoptosis in proliferating endothelial cells with their
antiangiogenic activity.

We also assessed endothelial cells deficient in mtDNA for their
susceptibility to «-TOS becanse p” cancer cells are resistant to
apoptosis (16, 19, 40, 45) and feature an impaired mitochondrial
dectron redox chain, a major source of BOS generation (46, 47).
We found that p” endothelial cell were relatively resistant to
a-TOS-induced apoptosis. We alo observed that p° endotheial
cells retained the propensity of normal endothelial cells to undergo
wound healing after injury as well as tube forming in Matrigel, and
that neither the wound-healing nor the tube-forming activities were

impaired by o T0OS These are important findings that further
support the importance of fully fundional mitochondria to make
angingenic endothelial cells susceptible to apoptosis induction by
vitamin E analogues.

Lastly, we evaluated the effect of & TDS on angiogenesis in vivo.
To do this, we used the transgenic FVE/N c-nex mice with
spontaneous development of breast carcinomas (28). We have
ohserved recently that analogues of vitamin E coupled to peptides
binding the HER2 receptor suppressed progression of these tumors
(X3} The VevoTT0 utrasoumd device allows us to visualize and
quantify blood vessels so that noninvasive assessment of the
kinetics of angiogenesis in tumos treated with a potential inhibitor
of angingenesis can be assessed directly in real time in vive. We
found that «-TOS significantly suppressed tumor progression,
consistent with our recent report (23), and that this was
accompanied by inhibition of angiogenesis. Ultrasound imaging
revealed that the percentage of the tumor mass ocoupied by blood
vessels increased in control animals by as much as ~ S-fold over the
3 weeks of the experiment in the control animals, whereas it was
suppressed by —50% in mice treated with «-TOS These data
unequivocally document the antiangiogenic property of -T0S. This
result is of clinical relevance because HER2-positive breast cancer is
resistant to therapy (48) and because breast cancer accounts for
»25% of female cancer patients in the USA with almost 200,000 new
cases and 4,000 deaths predicted for 2007 (49).

Onr im vitr results suggest that apoptosis is a plausible factor
by which vitamin E analogues inhibit angiogenesis. However, we
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mmot rile ot other poasibiliies that may contribute to the
overall antiangiogenic activity of the drugs. These include, in
particular, the effect of @-TOS on expression of genes by which
tmmor cdls promote angiogenesis, such as VEGF, as shown for
hweast cancer cells (50), and FGF2, as reported for mesothdioma
cella (18, 51). Notwithstanding, apoptosis seems to be an
important mechanism by which vitamin E analognes inhibit
angingenesis, thereby inhibiting tumor progression, which is

dinically intriguing.
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Abstract

Mitochondria have recently emerged as new and promising targets for cancer prevention
and therapy. One of the reasons for this is that mitochondra are instrumental to many
types of cell death and often he downstream from the mitial actions of anti-cancer drugs.
Unlike the tumour suppressor gene encoding p53 that 15 notoriously prone to inactivating
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mutations but whose function 15 essential for mduction of apoptosis by DNA-targeting
agents (such as doxorubian or 5-fluorouracil), mitochondna present targets that are not
so compromised by genetic mutation and whose tarpeting overcomes problems with muta-
tions of upstream targets such as p53. We have recently proposed a novel class of anti-
cancer agents, mitocans that exert their anti-cancer activity by destabilising mitochondria,
promoting the selective induction of apoptotic death in tumour cells. In this communica-
tion, we review recent findings on mitocans and propose a common basis for their mode
of action in inducing apoptosis of cancer cells. We use as an example the analogues of vita-
min E that are proving to be cancer cell-specific and may soon be developed into efficient

anti-cancer drugs.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent advances in molecular biology and molecular medicine have shed some
light on the mechanisms underlying cancer initiation and progression and have
helped to promote the design of novel therapeutic strategies. However, curing neo-
plastic disease still presents a formidable task, owing in part to the cancer cell
mutational capacity and the consequent variation exhibited by cancers, even of
the same type. Some types of cancer are very difficult to treat (such as erbB2-posi-
tive breast carcinomas). Some remain fatal such as malignant mesothelioma (MM),
a relatively rare neoplasia arising largely from asbestos exposure and affecting sev-
eral hundred thousand people worldwide, mostly in industrialised countries. Unless
an efficient treatment for these diseases is to be found, all of the patients suffering
with these cancers are likely to have significantly reduced life-spans. Furthermore,
with the relocation of asbestos related industries into developing countries like
China and India and as a result of the =20-year latency of MM, an emergence
of such cancers in these countries is assured. These are only a few of the many
examples of what remains as a significant health problem. It is imperative that can-
cer research continues in pursuing the ultimate goal: the efficient treatment of can-
cers, free of the present problems of associated recurrences and their devastating
impact.

We have recently identified a novel group of anti-cancer agents, designated as
‘mitocans’. These intriguing compounds have often been relatively effective anti-can-
cer agents, targeting the mitochondna inside cancer cells. By so doing, they cause
mitochondrial destabilisation with the ensuing mobilisation/activation of mitochon-
drial mediators of apoptosis, including the Bcl-2 family proteins and the down-
stream apoptotic mediators cytochrome ¢, Smac/Diablo and the apoptosis-inducing
ligand (AIF). By targeting mitochondna, these inducers of apoptosis circumvent the
frequent mutations at the level of DNA that occur in cancers making them resistant
to many established drugs whose mode of action commonly relies on activation of
the potent tumour suppressor p53.

A prime example of mitocans is the group of vitamin E (VE) analogues, best rep-
resented by a-tocopheryl succinate (-TOS), a redox-silent form of VE that has been
documented to selectively induce apoptosis in cancer cells, while being largely non-
toxic to normal cells and tissues (Neuzil et al., 2004). Moreover, 2-TOS represents a
subgroup of mitocans that act specifically at the level of a novel target for anticancer
drugs, the mitochondrial complex I1, thereby causing generation of reactive oxygen
species (ROS) (Neuzil et al., 2006; Ralph et al, in press). «-TOS also acts as a BH3
mimetic (Shiau et al., 2006), as outlined in detail below. The efficacy of these agents
may be further enhanced by modifications that endow them with additional chem-
ico-physical properties resulting in their greater accumulation in cancer cell mito-
chondria, thereby maximising their apoptogenic activity against cancers.

In this review, we document the latest developments in mitocans, their modes of
action in targeting mitochondna and their potential utilisation in cancer therapy. It
is worth highlighting that «-TOS as well as several of its analogues have been shown
to suppress cancer in several experimental models, including melanomas (Malafa
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et al., 2002), mesotheliomas (Tomasett1 et al., 2004a; Stapelberg et al., 2005) and
erbB2-positive breast carcinomas {Wang et al., 2007). It 1s believed that these drugs
will be established as efficient and selective anti-cancer agents on the chinical level
and, more generally, will trigger interest in research into mitocans as anticancer
drugs of the future.

2. Vitamin E analogues as prototypic examples of mitocans

Developing improved strategies for selectively killing cancer cells without affect-
ing the normal tissues represents a holy grail in cancer therapy. Such treatments
are expected to result in greater patient acceptance because their selective targeting
translates to significantly reduced side effects, enabling greater compliance by can-
cer sufferers with the ngours of undergoing the gambit of chemotherapy. The
advent of Trastuzimab as a monoclonal antibody therapy targeting the Her-2
receptor on breast cancer cells and Glivec, a BCR-ABL tyrosine kinase inhibitor
used against chronic myelogenous leukaemia and gastrointestinal cancer, has her-
alded the development of selectively targeted molecular therapies (Baselga, 2006).
These novel therapies are driving renewed emphasis in cancer research into thera-
pies that will target the distinguishing properties of cancer cells without affecting
normal cells. Past chemotherapies based on disrupting cell division have been noto-
riously non-specific, targeting all rapidly dividing cell populations in the body.
Consequently, these treatments affect normal tissues with high turnover rates, such
as the hemopoietic system and the gastrointestinal tract with associated toxic side
effects. Both Trastuzimab and Glivec, despite their targeting, have also shown car-
diotoxicity, so the hunt continues for improved cancer therapies. An area that is
emerging and attracting increasing interest recently is in the design and develop-
ment of small molecule inhibitors that target the unique properties of cancer cell
metabolism thereby causing these cells to die by apoptosis. In particular, amongst
the mynad of metabolic drug inhibitors under development 1s a class of drugs that
have been termed ‘mitocans’ that signifies mitochondrially targeted drugs activat-
ing cell death pathways specifically in cancer cells, with low or no toxicity to nor-
mal cells {Ralph et al, 2006).

Although a considerable number of drugs have been described to target mito-
chondria and mduce apoptosis of cancer cells, only those whose site of action has
been clearly identified will be discussed in the present review. The different subclasses
of mitocans encompassing a growing number of drugs are listed in Table 1. The clas-
sification relates to the different metabolic reactions associated with the mitochon-
drial organelle whose function is central to cell survival. Grouping the mitocans
into different classes helps to rationalize the growing number of mitocans and is
based on the order and level from outside to inside of mitochondria and their site
of drug action. If one of these reactions 1s inhibited mnside the cancer cell, then con-
tinued survival becomes compromised. The basis for the specificity of these drugs for
cancer cells is examined in the following sections where examples from each class are
discussed.
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2.1, Hexokinase inhibitors

The hexokinases, catalysing the reaction of glucose to glucose-6-phosphate
accompanied by hydrolysis of ATP, are predominantly found in cancer cells associ-
ated with the outer mitochondnal surface {Mathupala et al., 2006). Here, hexokin-
ases I and II help protect the mitochondrial transmembrane channel formed
between the outer membrane porin, VDACI and the inner membrane adenine nucle-
otide transporter, ANT (Ralph et al., 2006; Vyssokikh et al., 2004). The hexokinase
association with VDAC helps to prevent the pro-apoptotic molecules like Bax from
binding to the outer face of VDAC, suppressing the mitochondrial outer membrane
pore (MOMP) and the apoptotic signalling pathway. Hence, 3-bromopyruvate and
2-deoxyglucose as inhibitors of hexokinases are included i the class of mitocans
because the inhibition they cause reduces the stability of the hexokinase-VDAC asso-
ciation, thereby increasing the propensity for pro-apoptotic molecules like Bax to
bind to VDAC, whose binding then leads to formation of MOMP (Pastorino
et al., 2002).

Inactivation of endogenous cyclophilin D by use of a small interference RNA ora
cyclophilin inhibitor was found to release hexokinase I from mitochondria and to
enhance Bax-mediated apoptosis (Machida et al., 2006). The anti-apoptotic effects
of cyclophilin D were cancelled as a result of the detachment of hexokinase I from
mitochondra, demonstrating that mitochondrial binding of hexokinase II is essen-
tial to the suppression of apoptosis by cyclophilin D. Furthermore, cyclophilin D
dysfunction appears to abrogate hexokinase 1I-mediated suppression of apoptosis,
indicating that cyclophilin D 1s required for the anti-apoptotic activity of hexokinase
IT (Machida et al., 2006).

Not only does 3-bromopyruvate inhibit hexokinases (Mathupala et al., 2006), but
it also inhibits the activity of many other glycolytic pathway enzymes and the citric
acid cyclefelectron transport component, succinate dehydrogenase (SDH) (Sanbormn
et al., 1971). A rapid decrease in cellular production of ATP ensues as a result of the
metabolic inhibition by 3-bromopyruvate (Ko et al., 2004). A related drug targeting
SDH is 3-nitropropionic acid and this inhibition is associated with a large increase in
superoxide as a by-product of the electron transport chain inhibition (Bacs et al.,
2006). The production of ROS is a common mechanism whereby the mitocans
induce cancer cell apoptosis.

2.2 BH3 mimetics

The class IT in the list of mitocans are the BH3 domain mimetics. This is a large
class of agents comprising compounds such as the polyphenolic drugs like gossypol,
the green tea constituent epigallocatechingallate (EGCG), as well as peptides based
on the BH3 domain sequence (O'Neill et al., 2004; van Delft et al, 2006). The BH3
mimetics act by targeting the BH3-binding domain proteins like of Bcl-2 and Bel-x;.
This action inhibits Bel-2 and Bel-xy, preventing them from binding to Bax and Bak,
blocking these pro-apoptotic proteins from forming pores in the outer mitochondral
membrane. Consequently, in the presence of excess BH3 mimetic, when Bax and Bak
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are activated by apoptotic signalling, they will be free to form MOMP, thereby
inducing apoptosis (Antignani and Youle, 2006; Robey and Hay, 2006). Although
Bax and Bak have been shown to form pores either alone or in complex with VDAC
(Shoshan-Barmatz et al., 2006), the precise mechanisms for this pore forming process
are not yet well defined.

2.3, Thiol redox compounds

Members of the third class of mitocans act by modifying thiol redox states in key
molecules regulating the function of the mitochondrial permeability transition and
the mitochondrial transmembrane channel proteins, including VDAC and ANT.
Both of these proteins, VDAC and ANT, contain two or more Cys residues in the
structure of the mammalian forms thereby providing reactive thiol groups whose
modification could affect their function. It has been established that the redox state
of thiol reactive groups 1s mportant for activation of the mitochondrial permeability
transition (Costantini et al., 2000; McStay et al., 2002). Consequently, the thiol
cross-linkers such as 4.4'diisothiocyanostilbene/2,2'-disulfonic acid, diamide and
phenylarsene oxide affect the VDAC and ANT function and activation of mitochon-
drial permeability transition (Shafir et al., 1998; Costantini et al., 2000; Madesh and
Hajnoczky, 2001; McStay et al., 2002). The adenine nucleotide transporter (ANT)
dimerises to form the nucleotide transporter channel (Dahout-Gonzalez et al.,
2006). Arsenites also react with mono and dithiol groups, particularly the latter when
two thiols are at close proximity, acting to cross-link the thiols together. Several
other compounds also target thiol groups of either VDAC or ANT. For example,
copper-o-phenanthroline has been proposed to dimerise ANT by intermolecular
cross-linking of Cys 56 (in the rat sequence) (McStay et al., 2002). It was proposed
that phenylarsene oxide, eosin 5-maleimude or dianmude form intramolecular cross-
links between Cys 160 and Cys 257, restricting ANT in the C-confirmation, promot-
ing mitochondrial permeability transition (McStay et al, 2002). Arsenite is much
weaker than phenylarsene oxide in modifying the ANT Cys residues (Sahara
et al., 2004). However, phenylarsene oxide i1s a highly toxic compound in vivo, is
non-selective for cancer versus normal cells (Hirano et al., 2005) and is a strong
inhibitor of tyrosine phosphatases as well (Zhang et al., 1992). The glutathionyl
peptide trivalent arsenical compound 4-( N-(S-glutathionylacetyl)amino) phenylar-
senoxide (GSAOQ) inactivates ANT-mediated ATP/ADP transport and triggers
Ca™-dependent influx by cross-linking Cys 160 and 257 of ANT. This leads to
increased cellular ROS, ATP depletion, mitochondral depolarization and induction
of apoptosis in endothelial cells, and inhibited tumour growth in mice with no appar-
ent side effects (Don et al., 2003). Interestingly, although the para form of GSAQ
revealed no apparent toxicity in animals undergoing treatment and inhibited tumour
growth leading to phase I clinical trials as an anticancer agent (Don et al., 2003), the
ortho form was toxic and this was proposed to result from increased accumulation of
the drug in normal cells, due to the loss of MDR efflux (Dilda et al., 2005).

Single thiol interacting compounds such as N-ethylmaleimide (NEM) can inhibit
the mitochondrial permeability transition and this could be either the result of direct
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interaction with key Cys residues on ANT or indirectly via reaction with GSH, pre-
venting it from being oxidized and catalysing disulfide bridging between adjacent
thiol groups in ANT (McStay et al., 2002).

NEM or monobromobimane, in the 25-50 pM range, preferentially react with
GSH, leading to its modification in mitochondria and thereby prevents GSH from
being oxidised. As a result, NEM inhibits mitochondrial permeability transition
activation by the thiol reactive compounds, diamide or s-butylhydroperoxide,
implying a role for GSSG in the action of these agents on the permeability tran-
sition induced by disulfide cross-linking. Arsenites may have a similar action, mod-
ifying and inhibiting the role of glutathione in redox control, such that glutathione
based enzymes are unable to function, leading to increases in cellular ROS produc-
tion. Glutathione S-transferase (GST) interacts with ANT in both normal and can-
cer cells, and becomes dissociated from ANT during apoptosis induction,
suggesting that GST/GSH may repress the permeability transition and ANT pore
opening (Verrier et al., 2004). This is supported by the observation that increasing
the expression of GST in cancer cells renders them more resistant to arsenite
induced apoptosis, reducing the levels of ROS (Zhou et al., 2005).

Another group of compounds that belongs in the third class of mitocans are the
isothiocyanates, particularly the dietary compounds phenyl ethyl isothiocyanates
(PEITC's) (Trachootham et al., 2006; Xiao et al., 2006). Again, these compounds
act similarly as thiol modifiers forming adducts with thiol groups on important redox
regulators. PEITC's effectively inhibit the glutathione antioxidant system, producing
severe ROS accumulation in transformed cells. This excessive ROS output results in
oxidative mitochondrial damage, inactivation of redox-sensitive molecules, and mas-
sive cell death. In vivo, in cancer models, PEITC was also shown to exhibit therapeu-
tic activity and prolong animal survival.

2.4. VDACIANT targeting drugs

Several different mitocans in the fourth class, like the third class, also affect the
function of the ANT ion channels and transporters of nucleotides, but in this case,
by directly binding and modifying the protein subunit structure. Oligomernc struc-
tures comprising VDAC subunits i the outer and ANT subunits in the inner mem-
brane exist in a coupled state forming a channel spanning across the two membranes
of the mitochondria (Zalk et al., 2005). Drugs in the fourth class of mitocans directly
known to bind to ANT include lonidamine, an indazole carboxylate (Belzacq et al.,
2001 ); bisphosphonates that form cytotoxic ATP analogue-type metabolites { Monk-
konen et al., 2006), as well as retinoid like structures such as CD 437 and all-trans
retinoic acid (Garattini et al., 2004). Reports of VDAC binding modifiers acting
as mitocans could not be found. Cations such as ruthenium red and La’™ binding
to Ca”" sites on VDAC black channel activity and appear to prevent the activation
of MOMP (Gincel et al., 2001). This may be because Ca®" influx via VDAC into the
mitochondria is required for the induction of apoptosis and hence, any drug which
blacks Ca®" entry, would help prevent apoptosis.
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2.5, Electron transporit chain targeting drugs

The fifth class of mitocans comprises a large number of different drugs that target
the components of the electron transport chain, leading to ROS production and acti-
vation of apoptosis in cancer cells. These drugs include »-TOS, the main subject of
this review, as well as related drugs such as N-(4hdyroxyphenyljretinamide (4HPR,
fenretinide). The pro-oxidant mechanisms of 4HPR activity have not been clearly
identified, although it is likely to act in the pM range as an inhibitor of at least
one of the complexes along the electron transport chain, requiring mitochondrial res-
piration for its apoptotic activity (reviewed in Hail et al., 2006). Tamoxifen was
shown to induce apoptosis in MCF-7 breast cancer cells at low uM levels by affecting
mitochondrial function and increasing ROS production (Kallio et al., 2005). The tar-
get of tamoxifen action was later identified as the FMN site of complex 1 leading to
H:0, production. Resveratrol acts in the pM range at several different sites from
complex I to I1I along the electron transport chain, probably competing with ubiqui-
none, and also inhibits the F1 ATPase at low pM levels (Zini et al., 1999; Gledhill
and Walker, 2005). Although resveratrol is considered an antioxidant, it can also
act as a pro-oxidant by enhancing ROS production in cells, inducing apoptosis via
the mitochondrial pathway (Tinhofer et al., 2001). A methoxy derivative of resvera-
trol showed even more potent activity in inducing apoptosis in transformed cells
(Gosslau et al., 2005). Two additonal reports with different cancer cell types further
support the ability of resveratrol to act as a mitocan (Sareen et al., 2006; Zunino and
Storms, 2006).

2.6. Lipophilic cations targeting inner membrane

The sixth class of mitocans includes molecules that are delocalized lipophilic cat-
ions which accumulate at much greater concentrations in the mitochondrial matrix
than in the cytoplasm of cells (Smith et al., 2003). These compounds are even more
selectively accumulated into the mitochondrial matrix of cancer cells because cancer
cells show greater rrans-membrane potentials across the plasma membrane as well as
their content of more polarized mitochondria with a much greater Ay, than in non-
malignant cells { Davis et al., 1985; Lampdis et al., 1985; Ralph et al., 2006). The tar-
get for the lipophilic cation-based mitocans may be one of the inhibitory binding
sites on the ATPase (Gledhill and Walker, 2005). One of the earliest members of this
class of compounds to be identified for its anti-cancer activity was rhodamine-123
(Bernal et al., 1982). It recently entered phase I clinical tnals for prostate cancer
and revealed minimal side effects and safe administration at monthly intervals with-
out detectable drug accumulation in the serum of patients (Jones et al,, 2005). It is
likely that the related compound, Rose Bengal, works in a similar fashion to rhoda-
mine 123 and 1s also currently i clinical trials as a cancer therapy for metastatic mel-
anoma and recurrent breast cancer, revealing complete remissions in some patients
(Provectus PV-10-MM-01, www.ClinicalTrials.gov).

The drug, F16 (Fantin et al, 2002) 1s a mechanistically more charactenzed exam-
ple of this mitocan class and was shown to increase ROS production, depolarize

239



6la I Neuzil et al | Molecular Aspects of Medicine 28 (2007 ) 6076435

mitochondria as a weak protonophore, collapsing Ay, leading to mitochondrial per-
meability transition and selective apoptosis of cancer cells when applied in the pM
range. In this study, Fl6 was also reported to inhibit the growth of mammary
tumours in mice. MKT-077, a rhodocyanine dye analogue, is another example of this
type of mitocan that entered phase I clinical trials although these were terminated
due to renal toxicity (Britten et al., 2000). This raises the 1ssue of toxicity with many
of the mitocans in class V1. A good example of the potential for toxicity that must be
carefully evaluated with this mitocan class 1s represented by the production of Par-
kinson's like disease effects caused by the drug MPTP (l-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine) after the selective destruction of the migrostriatal dopaminergic
neurons. The toxicity 1 due to the selective uptake by the dopamine transporters
on these cells as well as the metabolite formed by the action of the enzyme, mono-
amine oxidase B, highly expressed in the dopaminergic neurons. As a result of these
two unique properties of the dopaminergic neurons, the mitochondriotoxic drug
MPP+ (l-methyl-4-phenylpyridinmm) 1s produced which acts as an inhibitor of
mitochondrial respiration by blocking the NADH-ubiquinone oxidoreductase site
of complex 1 as well as the likelthood that MPP+ is also a protonophore (Davey
etal, 1992; Albores et al., 1990) that would collapse the Ay, leading to cell destruc-
tion. This, together with the non-selective cell toxicity associated with another
lipophilic cation and known mitochondral poison, dequalinium chloride ( Gamboa-
Vujicic et al,, 1993) raises the importance of identifying class VI mitocans that are
cancer cell-specific in terms of their uptake and cellular toxicity as recently described
in a predictive model based on their structures reported by Trapp and Horobin
{2003).

The amphipathic and positively charged o-helical pro-apoptotic peptide (KLAK-
LAK)2 has also been ncluded in this class of mitocans as a delocalised lipophilic cat-
ion. However, it must first be coupled to a targeted delivery system for surface
receptor binding and uptake nto cancer cells, before it 1s able to function as a mito-
can (Ellerby et al, 1999; Fantin et al., 2005). As with the other members of this class
of mitocans, the peptide has been shown to dissipate Ay, leading to apoptosis, and
was found to be very efficient at reducing tumour burdens in animal models ( Fantin
et al., 2005).

2.7. Drugs targeting other sites

The last class of mitocans contains those whose target site and mechanism of
action on the cancer cell mitochondria to bring about apoptosis is not well char-
acterized or at present i1s unclear. It includes drugs that bind to the penpheral
benzodiazepine receptor (PBR) such as PK-11195 and Ro35-4864 (Maaser et al.,
2005; James et al., 2006). PBR 1s also known as the outer mitochondnal mem-
brane translocator protein (Papadopoulos et al, 2006), an 18 kDa mitochondrial
protein involved i transport of cholesterol into the mitochondria as the rate-
determining, hormone-sensitive step m steroid biosynthesis (Liu et al., 2006) and
is important for porphyrin transport and heme synthesis, apoptosis, cell prolifer-
ation, anion transport, regulation of the mitochondral function and immunomod-
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ulation. This protein is often found overexpressed in cancer cell types (Pretner
et al., 2006; Papadopoulos et al, 2006) and 15 a potential target for anti-cancer
drugs that bind to it, but this is an area of research that has not been well defined
as yet. The other drugs included in this class of mitocans are the natural product
derived pentacyclic triterpenoids such as betulinic acid and related structures. Bet-
ulinic acid and its derivatives have been shown as specifically cytotoxic to a range
of tumour cell lines (Kessler et al, 2006; Rzeski et al., 2006), causing rapid
increase in ROS production and concomitant dissipation of mutochondnal mem-
brane potential in a dose- and time-dependent manner, which resulted in cell
apoptosis (Lin et al., 2004). Betulinic acid was found to be non-toxic up to
500 mg/kg body weight in mice (Alakurtti et al., 2006). The target in the mito-
chondria for the betulinic acid-related compounds has not been identified and
hence, their mechanism for initiating the mitochondrial dysfunction leading to
apoptosis remains unknown.

The sesquiterpene lactones are another group within the last class of mitocans
encompassing a number of different naturally occurring structures that induce oxida-
tive stress-mediated apoptosis in cancer cells acting in the pM range (Nakagawa
et al., 2005) via loss of Ay and induction of ROS (Wen et al., 2002; Kim et al.,
2005; Steele et al., 2006). They are also believed to target tumour stem cells whilst
not affecting normal cells (Guzman et al., 2005).

3. Mitochondria as mediators of apoptosis induced by VE analogues
3.1. Reactive oxygen species as triggers in apoplosis induction

One of the earliest events resulting from exposure of cells to VE analogues 1s gen-
eration of ROS (Weber et al, 2003). We observed that addition of «-TOS to cancer
cells resulted in appreciable accumulation of ROS within 3060 min, as detected by
electron paramagnetic resonance (EPR) spectroscopy using radical traps and by flow
cytometry by means of redox-sensitive probes (Weber et al., 2003; Wang et al., 2006;
Swettenham et al., 2005). Ottino and Duncan (1997) were first to report accumula-
tion of ROS upon exposure of cancer cells to »-TOS. That ROS are compulsory ini-
tiators of apoptosis following challenge of cells with «-TOS has been shown and
confirmed by other researchers, reporting that the efficacy with which »-TOS induces
apoptosis parallels the level of ROS accumulation and that cells with low antioxidant
defences are more vulnerable to «-TOS (Kogure et al., 2002; Kang et al, 2004).

Probably the main reason for generation of ROS by cancer cells upon their expo-
sure to mitocans 1s related to the mitochondnal targeting nature of these agents
because the mitochondna are major cellular sites of respiration. Recent studies sug-
gest that «-TOS binds to the proximal and distal ubiquinone binding pocket of the
mitochondrial complex 1T (Ralph et al., in press; Dong et al., submitted for publica-
tion). This notion 1s based on molecular modelling and biochemical assays that were
fuelled by a recent study reporting the crystal structure of porcine complex II (Sun
et al., 2005). We propose that by its action, %-TOS would displace ubiquinone within
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complex 11, so that electrons ansing from conversion of succinate to fumarate are no
longer accepted by their natural receptor and, instead, interact with molecular oxy-
gen to generate superoxide (Ralph et al., in press). Superoxide will then be converted
by superoxide dismutase (SOD) to the highly diffusible hydrogen peroxide that, in
the cytosol, can activate the intrinsic apoptotic pathway, inducing events such as
the dimerisation of cytosolic Bax via disulfide bridges, resulting in externalisation
of the Bax C-terminal membrane-targeting sequence (D’Alessio et al., 2005). We
propose that this mechanism could also explain the Bax mitochondrial relocalisation
in cancer cells exposed to »-TOS (Neuzl et al., 2006). A second mechanism of apop-
tosis linked to generation of ROS involves p53 (Sablina et al., 2005). Consistent with
this notion, we found that «-TOS activates p53 in mesothelioma cells, resulting in
upregulation of p53-dependent genes (Tomasetti et al., 2006). We recently observed
that #-TOS causes upregulation of the BH3-only protein, Noxa, that 1s under tran-
scriptional control of p53, and that an increase in Noxa levels liberated the mito-
chondrial pro-apoptotic protein Bak, from its sequestered association with the
anti-apoptotic Mcl-1 (Neuzl et al., unpublished results).

An interesting aspect of apoptosis induction by »-TOS and the role of ROS come
from studies on normal cells. Hence, smooth muscle cells (SMCs) and endothelial
cells (ECs) both succumb to «-TOS (Kogure et al., 2001; Neuzil et al., 2001a),
although this depends largely on their proliferative status. Thus, proliferating SMCs
and ECs, when exposed to o-TOS, respond by ROS generation, probably due to
their reduced levels of expression of antioxidant enzymes, such as the mitochondrial
SOD (Kogure et al., 2001; Swettenham et al., submitted for publication). The apop-
togenic effect of »-TOS on proliferating but not growth-arrested ECs is highly
intriguing since 1t suggests that VE analogues may have potent anti-angiogenic activ-
ity, in a similar manner to that reported for arsenite-denved compounds which kill
angiogenic cells by interfering with the adenine nucleotide translocator (ANT) of the
mitochondrial inner membrane (MIM) (Don et al., 2003).

Mitochondria are vital for providing optimal conditions to allow the continued
survival of most eukaryotic cells by mediating energy generation in the form of
ATP. Recent studies have revealed that mitochondria also play an important role
in programmed cell death (Green and Kroemer, 2004). Mitochondria are also
requred for apoptosis of cancer cells induced by VE analogues (Neuzil et al.,
2004 ) and hence, these drugs belong to the family of ‘mitocans’ as agents that initiate
programmed cell death by targeting the mitochondra of tumour cells (Ralph et al.,
2006).

The initiation of apoptotic pathways leads to destabilization of mitochondria.
The mitial triggers that play a role in upstream apoptosis from mitochondria mduced
by VE analogues are not exactly known. However, studies have shown that treat-
ment of cells with «-TOS activates sphingomyelinase (SMase) (Ogretmen and Han-
nun, 2004}, destabilises lysosomes (Neuzil et al., 1999) and causes generation of ROS
(Kogure et al, 2002; Weber et al., 2003; Stapelberg et al., 2005; Swettenham et al.,
2005; Wang et al., 2005). The first event observed upon exposure of cells to «-TOS is
the activation of sphingomyelinase (SMase), an enzyme that converts sphingomyelin,
which is a relatively rare lipid constituent of the plasma membrane, to the apopto-
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genic lipid second messenger ceramide (Ogretmen and Hannun, 2004). We have
shown that SMase was activated within 15-30min after treating Jurkat cells with
o-TOS. This activation could not be suppressed by a pan-caspase mnhibitor,
ZVADfmk, indicating that SMase 1s a caspase-independent, and likely direct target
of the VE analogue (Weber et al., 2003). It 1s also plausible that the SMase activation
may be due to a change in the plasma membrane fluidity upon incorporation of the
lipophilic »-TOS, a mechanism that has been recently suggested ( Dimanche-Boitrel
et al, 2005). Generation of the lipid second messenger, ceramide in cancer cells as a
very early response to o-TOS may also help explamn the actvation of protein phos-
phatase 2ZA (PP2A) and the ensuing hypophosphorylation of protein kinase Co
occurring in cells exposed to «-TOS, since the drug does not directly target PP2A
(Neuzil et al., 2001c). This proposal is in agreement with the previous finding that
long-chain ceramides are activators of PP2ZA (Ruvolo et al., 1999).

Another early event after «-TOS treatment is lysosomal destabilisation (Neuzil
et al., 1999). We have also observed that cells deficient in an important lysosomal
protein, cathepsin D, were relatively resistant to the VE analogue (Neuzil et al.,
2002). Thus, 1t 1s highly probable that lysosomal destabilisation 15 upstream of mito-
chondria in apoptosis signalling triggered by VE analogues and could amplify the
major, mitochondrial pathway rather than bringing the cells to the commitment
phase in a mitochondna-independent manner (Neuzil et al., 2004).

The evidence for o-TOS inducing the generation of ROS in cancer cells 15 substan-
tial (Ottino and Duncan, 1997; Kogure et al., 2002; Weber et al., 2003; Stapelberg
et al., 2005; Swettenham et al., 2005; Wang et al., 2005). We observed significant
accumulation of ROS in Jurkat cells 1 h after o-TOS challenge, indicating that gen-
eration of radicals is a relatively early event when cancer cells are exposed to VE ana-
logues. The major form of ROS produced by the cells in response to «-TOS appears
to be superoxide, since addition of superoxide dismutase removed the radicals and
also inhibited apoptosis (Kogure et al., 2001; Wang et al., 2005). Furthermore, the
site of superoxide generation as well as the target of ROS action 1s most likely the
mitochondria because in studies where cancer cells were pre-treated with the mitoc-
hondrially targeted coenzyme Q (Kelso et al., 2001), this agent suppressed radical
generation and inhibited apoptosis inducible by the subsequent addition of «-TOS
(Alleva et al., 2001; Weber et al., 2003, 2005).

3.2, Mitochondrial proteins as modulators of apoptosis induced by VE analogues

‘While the identity of the initial tnggering events leading to apoptosis induced by
VE analogues has not been fully resolved, the events occurring during apoptosis
induced by VE analogues down-stream of mitochondria have been described in more
detail. Mitochondria are sites of apoptotic signalling factors whose release from the
mitochondria promotes the apoptotic response. Thus, the downstream events follow-
ing mitochondrial destabilisation during apoptosis induced by VE analogues consist
of mobilisation of apoptotic mediators, including cytochrome ¢, the apoptosis-induc-
ing factor {AIF) and Smac/Diablo (Neuzil et al., 2004). Cytochrome ¢, upon cyto-
solic translocation, forms a ternary complex with Apaf-l and procaspase-9,
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resulting in the auto-activation of the initiator caspase-2 with subsequent activation
of effector caspase-3, -6 or -7. At this moment the cell enters the so-called point of no
return or irreversible phase of the apoptotic pathway (Yamamoto et al., 2003; Neuzil
et al., 2001b,c; Weber et al., 2003). This pathway 15 critically important to the induc-
tion of apoptosis by o-TOS (Neuzil et al, 2004).

Smac/Diablo is an important agonist of caspase-dependent apoptotic signalling,
as it antagonises members of the family of inhibitor of apoptosis proteins (1APs
including c-1API1, c-1AP2 and XIAP) that inhibit caspase activity (Du et al., 2000;
Verhagen et al., 2000). The expression of IAPs s controlled by the transcription fac-
tor, nuclear factor-kB (NFxB), whose activity is repressed by a-TOS (Erlet al., 1997;
Neuzil et al.,, 2001a; Dalen and Neuzil, 2003). Hence, cytosolic translocation of
Smac/Diablo is likely to promote the inhibition of the cell survival pathways during
apoptosis induced by -TOS and may therefore maximise the apoptogenic potential
of resistant cells with high level of expression of the IAP family proteins (Neuzil,
2003; Wang et al., 2005).

Another protein localized in mitochondria that amplifies the apoptosis of cancer
cells exposed to VE analogues 1s the apoptosis-inducing factor (AIF) (Weber et al.,
2003). In treated cells, AIF translocates directly into the nuclei, thereby bypassing
the caspase activation cascade (Susin et al., 1999). In the nucleus, AIF causes
cleavage of chromatin in a caspase-independent manner (Cande et al., 2002). In
this way, AIF can circumvent inactivating mutations should they occur in the cas-
pase-dependent signaling or in situations where [APs are over-expressed, that
could render cancer cells more resistant to treatment. The release of AIF could also
help mediate 2-TOS-induced apoptosis in cells resistant to conventional anti-cancer
drugs that are dependent on caspase activation for their anti-cancer effects (Neuzil
et al., 2004).

The mitochondrial pro- and anti-apoptotic proteins, including Bax, Bcl-2 and Bcel-
XL, are important factors regulating the mitochondrial apoptotic signalling pathways
(Cory et al, 2003). It has been suggested that treatment with «-TOS causes forma-
tion of the mitochondrial permeability transition pore (Yamamoto et al., 2003). The
permeability transition is likely to be modulated as a result of cross-talk between the
mitochondnal pro- and anti-apoptotic proteins (Yamamoto et al., 2003; Weber
et al, 2003). For example, the over-expression of Bax sensitised cells to «-TOS-
induced apoptosis (Weber et al, 2003; Yu et al., 2003), whereas over-expression of
Bcl2 or Bel-xp protected them from this agent However, protection was not
observed when truncated versions of these two proteins lacking the mitochondnal-
targeting termmnus were used for transtection of the cells (Weber et al., 2003). In a
similar manner, down-regulation of Bcl-2 by antisense oligodeoxynucleotide treat-
ment sensitised cells to the VE analogue (Neuzl et al., 2001c; Weber et al., 2003).
Furthermore, transfection with a gain-of-function mutant of Bcl-2 (containing Ser
70 substituted by Glu protected cells, whereas use of a loss-of-function mutant (with
Ser 70 substituted by Ala) sensitised cancer cells to -TOS (Neuzil et al., 2001c). The
latter observations can be explained by the fact that PKC-dependent phosphoryla-
tion of Ser 70 15 known to play a role in the mitochondrial docking of Bel-2 (Ruvolo
et al., 1998).
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Recently, another mechanism whereby «-TOS could destabilise mitochondria by
targeting the Bcl-2 famuly protein was reported. Shiau et al. (2006) showed that
a-TOS and its several analogues act as BH3 mimetics, by way of binding to the
BH3 domain of proteins like Bel-2 and Bel-xp. They showed that in healthy cells,
the antiapoptotic proteins Bel2 and Bel-xp interacted with the pro-apoptotic
Bak, a constituent of the mitochondnal outer membrane, and that this mteraction
wis abolished in the presence of «-TOS. Modeling and biochemical studies revealed
that a-T'OS was capable of binding to the BH3 binding domain of the anti-apoptotic
proteins, blocking their activity. Therefore, we have mcluded the VE analogue
amongst the group II mitocans, as examples of BH3 mimetics (cof Table 1).

3.3. Cells deficient in mtDNA as a model to study apoptosis mduced by vitamin E
analogues

Perhaps the most important evidence for mitochondria as major transmitters of
apoptotic signalling induced by VE analogues comes from experiments in which
mtDNA-deficient { %) cells were found to be resistant to 2-TOS when compared with
the wild-type cells and revertant counterparts (Weber et al., 2003; Wang et al_, 2005).
It has also been observed that transfection of cancer cells with dominant-negative
(DN caspase-9 or caspase-9 siRNA suppressed apoptosis induced by o-TOS (Weber
et al., 2002; Swettenham et al., 2005). Furthermore it has been reported that cancer
cells lacking mtDNA l[p" cells) which, as a result, are resistant to apoptosis (Dey and
Moraes, 2000), failed to translocate cytochrome ¢ m response to «-TOS treatment.
By contrast, the parental cells were sensitive to apoptosis induced by this treatment.
The resistance exhibited by the p” cells was associated with low levels of the markers
for early apoptotic events including phosphatidyl serme outer plasma membrane
externalisation and caspase-3 activation (Weber et al., 2003). Similar resistance by
p" cells has been found for other inducers of apoptosis, such as tumour necrosis fac-
tor-a (TNF-u) (Higuchi et al., 1997).

Based on the many observations described in the preceding sections, mitochon-
dria are undoubtedly the most important intracellular organelles for relaying the ini-
tial apoptotic signals down-stream to the stage when the cell becomes commited to
undergo apoptosis. It 1s worth mentioning at this point that other organelles may be
involved as well in the process of apoptosis induced by VE analogues, such as lyso-
somes as reported in other studies (Neuzil et al., 1999, 2002). Nonetheless, mitochon-
dria are essential components for transmission of the early apoptogenic events in
cells, whose sipnals are probably amplified by mediators released from organelles like
lysosomes or the endoplasmic reticulum. The major pathways of apoptosis induced
by VE analogues are outhned and summarised in Fig. 1.

4. Non-mitochondrial signalling during apoptosis induced by VE analogues

Although mitochondria are the major intracellular organelle playing an important
role in apoptosis triggered by VE analogues, sinalling pathways operating via other
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Fig. 1. Possible upstream and downstream intrinsic apoptotic pathways initated by vitamin E analogues,
based largely on experments wiath Jurkat cells (adapted from Weber et al,, 2003). «-TOS translocates to
the cell, activates sphingomyelinase {SMase), giving rise to the formation of the lipid second messenger
ceramide, possibly cansng also destahlizaton of lysosomes. These events comverge on destabilisation of
the mitochondrial membrane, which is amplified by ROS generation during this process. Mitochondrial
membrane destabilisation, likely promoted by lkakage by lysosomal proteases, leads to cytosolic
relocalisation of pro-apoptotic factors {such as eytochrome ¢, Smag/Diablo or the apoptosis-inducng
tactor, AIF) that can be regulated by the Bol-2 family of proteins {including the anti-apoptotic protems
Bcl-2, Belxl or Mcl1, which can be compromised by the pro-apoptotic Bax, probably mobilized to
mitochondria after cleavage of Bid to its pro-apoptotic form tHid). Cytochrome ¢, Apaf-1 and procaspase-
49 form apoptosome, a ternary complex resulting in activation of the initiator caspase-% that, in tum,
activates the effector caspasss. Smac/Diablo may amplify this process by suppressing the caspase-
inhibitory activity of the inhibitor of apoptosis proten ( LAF) family members, while AIF transmits the
mitochondrial destabilisation directly to nuclear apoptotic events, bypassing the caspase cascade.

organelles such as the lysosomes and endoplasmic reticulum (ER) may also be
mvolved in VE analogue induced apoptosis (Neual et al., 1999, 2002). In addition,
cytoplasmic sipnalling involved n the inhibition of cell cycle progression, the c-Jun
pathway, regulation of Akt activity and NFxB pro-survival pathways and sensitisat-
ion of cancer cells to TRAIL signalling pathways may also contribute to VE ana-
logue mduced apoptosis as described below.

4.1. Inhibition of cell cycle progression by vitamin E analogues

It is very important to understand the mechanisms that link cell cycle control with
the induction of apoptosis (Fotedar et al., 1996). In fact, several stages exist during
the cell cycle where the cell must assess whether it 15 prepared or not, before proceed-
ing to the next stage. These are referred to as “checkpoints”, and they occur at the
end of GGl before transition to S phase, at the end of § phase and before transition to
G2, in G2 before the start of mitosis (M), and again in M phase. Failure to pass any
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of the checkpoints leads to an arrest of the cell cycle and potentially mduction of the
crisis event of apoptosis.

Several reports have implicated the inhibition of cell cycle progression as a means
by which VE analogues could induce apoptosis or inhibit proliferation of cancer cells
and/or sensitize them to the effects of other anti-cancer drugs. Ni et al. (2003) showed
that a-T'OS mhibits proliferation of prostate cancer cells by down-regulating expres-
sion of several critical cyclins and the cognate cyclin-dependent kinases (CDK),
resulting in hypo-phosphorylation of the Rb protein and G1/S arrest. Cell cycle
arrest and apoptosis were also induced by «-TOS in osteosarcoma cells via activation
of p53 and reduced expression of the transcription factor E2F 1, critical for the G1/S
transition (Alleva et al., 2006). Further, exposure of osteosarcoma cells to «-TOS
promoted a prolonged arrest at the 5/G2 border, sensitising the cells to methotrex-
ate-induced apoptosis (Alleva et al., 2005). These findinps can be reconciled with an
earlier report, in which a-TOS suppressed proliferation of breast cancer cells by
inhibiting the E2Fl-dependent frans-activation via increased binding of cychin A
(Turley et al., 1997).

It has been recently reported that «-TOS significantly inhibited proliferation and
induced apoptosis of prostate cancer cell lines (Malafa et al, 2006; Shiau et al.,
2006). Daly mjection of a-TOS mto SCID mice containing xenotransplanted pros-
tate cancer cells significantly suppressed tumour growth as well as lung metastases
(Malafa et al., 2006). Apoptosis induction and mhibition of proliferation by -
TOS has also been established for malignant mesothelioma cell nes (Tomasetti
etal., 2004a). It was further shown that this action resulted from the selective disrup-
tion of the FGF-FGFR. autocrine signalling loop, most likely affected by modulation
of the E2F1 and egr-l ¢rans-activation in the mesothelioma cell lines (Stapelberg
et al, 2004, 2005). These are exciting results since malignant mesotheliomas are
untreatable at this stapge, particularly given that we obtained a strong anti-mesothe-
lioma effect with o-TOS treatment in xenograft models of this cancer (Tomasetti
et al., 2004a; Stapelberg et al., 2005).

Cellular proliferation and apoptosis are intimately coupled, and cell eycle modu-
lators can influence both of these events (Vermeulen et al., 2003). The p53 gene 15
frequently lost or mutated in many cancers, and lack of functional p53 s accompa-
nied by elevated rates of genomic instability, rapid tumour progression and resis-
tance to anti<cancer drugs and radiotherapy (Weller, 1998). Using three human
osteosarcoma cell lmes, SAOS and U208 cells carrying the wild-type p53 gene
and the mutant p53 cell lime MG63, we showed that o-TOS markedly inhibited cell
proliferation only in the MG63 cells (Alleva et al., 2006). In SAQS cells, after 24 h of
treatment, 2-TOS induced cell accumulation at the $/G2 boundary coincident with a
decrease of cells m G1. The U208 cell hne responded to «-TOS treatment by a tran-
sient accumulation of cells in the G1 phase. Higher concentrations of «-TOS induced
cell death in the wild type p53 cell lines only after 48 h of treatment. In order to eval-
uate the molecular mechanism involved in the cell cycle arrest caused by «-TOS,
expression of the cell cycle regulatory proteins that control the progression from S
to G2 phases was examined. Treatment of SAOS and U208 cells with «-TOS did
not affect levels of expression of cyclin A and eyclin E. However, treatment of p53
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mutant MG63 cells with 2-TOS caused a reduction in both cyclin A and cyclin E
protein levels.

The above results reveal that VE analogues, epitomised by a-TOS, exert a potent
modulatory activity on cell cycle progression and that cellular responses to this agent
differ depending on their p53 activity. Although these differences suggest the possi-
bility of different targets for a-T'OS in different cell types, the VE analogue does affect
cell cycle progression, and this could act in its own right to inhibit cell proliferation
resulting in suppression of tumour growth, and/or amplify the apoptogenic signal-
ling pathways.

4.2, o-Jum pathway as a target for apoptosis imduced by vitamin E analogues

c-Jun forms homodimers and heterodimers with Fos and other jun-related pro-
teins, which together constitute the AP-1 transcription factor that binds to the
TPA response elements (TREs), mediating transcriptional responses to a varnety
of stimulants. Because of the relationship of c-Tun NH;-terminal kinase ( JNK) activ-
ity with modulation of apoptotic pathways (Liu and Lin, 2005), the c-Jun signaling
activation has been investigated in more detail in relation to the effects of 2-TOS (Zu
et al., 2005). The VE analogue markedly ncreased levels of expression of the Askl,
GADDMS, Sekl, and phospho-Sek] proteins, of which Ask] and GADDMS are asso-
ciated with the cell membrane. Activated Askl and GADD45 phosphorylate the
Sekl protem that then leads to phosphorylation of JNK itself. Consistent with these
findings, the phosphorylated form of JNK was also noticeably increased, although
the expression level of total INK was not affected. In relation to this effect, the pro-
tein Bim, that is normally in the cytosol, translocates during apoptosis to the mito-
chondrial membrane, where it binds to Bel-2 and Bel-x; . Prior to this translocation,
Bim is phosphorylated by JNK (Kirschnek et al., 2005). Thus, INK activation leads
to antagonisation of the anti-apoptotic function of proteins like Bel-2 and Belx,
thereby inducing the release of mitochondrial mediators of apoptosis into the
cytoplasm.

Activation of INK by «-TOS has also been shown to occur in gastric cancer cells
(Wu et al., 2004), where 1t may act to amphfy the mitochondrial apoptosis signalling
pathway, as INK activation has been shown to do n prostate cancer cells (Zu et al.,
2005).

4.3, Akt, NFu B and other pro-survival pathways as a target for VE analogue-induced
apoptosis

Omne of the signallmg pathways modulated by VE analogues s that of erbB2-Akt.
ErbB2 is a receptor tyrosine kinase, 2 member of the epithelial prowth factor recep-
tor super-family and a product of the c-new gene (Roskoski, 2004; Slamon et al.,
1989). Cancer cells with high erbB2 expression often show resistance to anti-cancer
drug treatment. This tyrosine kinase-linked trans-membrane protein is overexpressed
in 30-50% of primary breast cancers. The major complication associated with erbB2
overexpression is linked to activation of Akt via the phosphatidylinositol 3-kinase
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pathway (Zhou and Hung, 2003; Vivanco and Sawyers, 2002). Akt is a serine/thre-
onine kinase that promotes cellular survival (Dudek et al, 1997). Once activated,
Akt exerts anti-apoptotic effects through phosphorylation of several proteins, inchid-
ing Bad (Datta et al., 1997) and caspase-9 (Cardone et al., 1998). Moreover, Akt
causes activation of the transeription factor NFxB (Kane et al., 1999) that controls
expression of pro-survival genes such as members of the TAP family (LaCasse et al.,
1998). In most non-transformed cells, NFxB complexes (a heterotrimer composed of
p50 and pb5 subunits bound to an mhibitor subumit IxkB) are largely cytoplasmic.
Activation of NFxB results in translocation to the nucleus and binding to promoter
regions of specific pro-survival genes, such as those coding for IAPs, the caspase-8
mhibitor FLIP and the TRAIL decoy receptor, DeR 1. One possibility by which a-
TOS may suppress NFxB-dependent transcription of pro-survival penes is via acti-
vation of caspase-3 that would cleave the NFxB subunit p65, inactivating NFxB
(MNeuzil et al., 2001a).

Donapaty et al. (2006) recently reported that o-TOS treatment affects oncogenic
Ras activity. a-TOS inhibits the prolifemtion and induces apoptosis of NIH3T3 cells
stably transfected with oncogenic K-Ras or H-Ras. Treatment with x-TOS sup-
pressed the levels of phospho-Akt and phospho-Erkl/2 in oncogenic Ras expressing
NIH3T3 cells. These results provide support for further investigation of the chemo-
preventive and therapeutic potential of x-TOS in tumors, dependent on activated
Ras signaling, and wdentify phospho-Erk and phospho-Akt as potential biomarkers
for the action of «-TOS in cancer cells.

We showed that VE analogues induced apoptosis at comparable levels in mouse
and human breast cancer cells, regardless of their erbB2 status. One plausible mech-
anism is that these agents induce the relocation of Smac/Diablo from mitochondria
to the cytosol (Wang et al., 2005), where Smac/Diablo binds to IAPs, liberating cas-
pase-3 to execute its apoptotic function (Du et al., 2000). In another report, it was
shown that a-tocopheryloxybutyric acid, a compound analogous to «-TOS, induced
apoptosis in the erbB2-over-expressing human breast cancer cells MDA-MB-453 by
simultaneously inhibiting activation (phosphorylation) of erbB2 and ensuing activa-
tion of p38 MAP kinase (Akazawa et al., 2002). Several other studies have shown
modulation of the MAP kinase pathway by VE analopues as a way by which these
agents nduce apoptosis. Interestingly, Kline’s group reported that extra-cellular sig-
nal-regulated kinases (ERKs)and INK, but not the p38 MAP kinase, were involved
in a-TOS-mnduced apoptosis in the human breast cancer cells MDA-MB-435 cells
leading to activation of the down-stream transcription factors ¢-Jun and ATF-2
(Yu et al, 2001). It is possible that this pathway is targeted by =-TOS in the
erbB2-low MDA-MB-435 cells, while the erbB2-high MDA-MB-453 cells activate
their apoptotic machinery by the concerted deregulation of erb B2/Akt and p38 path-
wiays when challenged with VE analogues.

One of the intriguing targets of VE analogues 15 the pro-survival transcription fac-
tor NFxB (see above). Inhibition of NFxB activation by =-TOS was first docu-
mented in the context of cardiovascular diseases (Erl et al., 1997). It is possible
that VE analogues trigger apoptosis resulting in activation of caspase-3 that cleaves
the obligatory NFxB subunit p65, rendering it mactive (Levkau et al., 1999). We
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have shown that x-TOS mitiates a “sub-apoptotic’ phenotype, under which cells acti-
vate their effector caspase but do not enter the commitment phase (Neuzl et al,
2001a), probably because this requires efficient activation of specific cyclin-depen-
dent kinases (Harvey et al., 2000). Regardless of the precise mechanism, inhibition
of NFxB activation by VE analogues has an anti-survival effect, i.e. is pro-apoptotic.
These observations support the use of a-TOS as a sensitising agent for other apop-
totic inducers. For example, treatment of the Jurkat T lymphoma cells with «-TOS
sensitises them to TRAIL-dependent killing ( Dalen and Neu=zil, 2003).

4.4, Sensitisation of cancer cells to TRAIL by modulation of signalling pathways by
vitamin E analogues

TRAIL 15 a tumor necrosis factor family member that selectively induces apopto-
sis of cancer but not normal cells (Pita et al., 1996; Ashkenazi et al., 1999; Shi et al.,
2003). TEAIL has been proven relatively safe in “in vivo™ studies of rodents and pri-
mates compared with other death receptor igands, TNF and Fas, which induce sig-
nificant inflammation and tissue injury { Ashkenazi et al., 1999 Walczak et al, 1999).
Thus, two unique characteristics of TRAIL have been wdentified. Firstly, TRAIL can
selectively induce apoptosis in tumorigenic or transformed cells, but not in normal
cells, highlighting its potential application in cancer treatment. Secondly, in contrast
to other members of the TNF family, whose expression is tightly regulated and often
only transiently expressed in activated cells, TRAIL mRNA is constitutively
expressed in a wide range of tissues (Wiley et al., 1995).

TRAIL is produced either as a type II membrane protein or secreted in a soluble
form which binds to its cognate death receptors (DRs), DR4 and DRS, inducing
their trimerisation and intracellular recruitment of the adaptor protein Fas-associ-
ated death domain (FADD) (Schneider et al., 1997). The death domain (DD), in
turn, recruits pro-caspase-8 into a death-induang signalling complex (DISC) that
triggers, autocatalytic cleavage and activation of caspase-8. This leads to activation
of the effector caspase-3 (known as the type I death pathway). Alternatively, the
death pathway can be further amplified by involvement of the mitochondrial path-
way (the type IT pathway) (Scaffidi et al.. 1998). TRAIL-activated caspase-8 can gen-
erate truncated Bid, which mediates the release of cytochrome ¢ from mitochondria,
leading to the assembly of the apoptosome (comprised of cytochrome ¢, Apaf-1 and
pro-caspase-9). Formation of the apoptosome leads to activation of caspase-9, which
then activates effector caspases (Zou et al., 1999). In cells killed by the type I death
pathway, DISC-activated caspase-8 activates downstream effector caspases and trig-
gers apoptosis. However, in many cell types, the Type II death pathway is activated
whereby TRAIL-induced activation of caspase-8 is insufficient to kill without
recruiting the mitochondrial apoptotic programme.

A synergistic and cooperative killing effect was observed when TRAIL was com-
bined with «x-TOS in treatment of malgnant mesothelioma (MM) cells, since the
effect was selective for cancer cells (Tomasetti et al., 2004b). MM is a fatal type of
neoplasia with poor therapeutic prognosis, largely due to resistance to apoptosis.
Impaired apoptotic pathways render MM cells resistant to TRAIL-induced apopto-
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sis. Sub-lethal doses of a-TOS significantly decreased the ICs, values for TRAIL by a
factor of ~10-100.

The observation that x-TOS and TRAIL synergise in p53*" MM but not in the
P53 cells sugpested a role for p53 in trans-activation of the pro-apoptotic genes
involved in drug synergism ( Tomasetti et al., 2006). The p53 protein is a key compo-
nent of the cellular ‘emergency-response’ mechanism (Levine, 1997; Sionov and
Haupt, 1999). A variety of stress-associated signals activate p53 to induce growth
arrest and/or apoptosis, thereby eliminating damaged and potentially dangerous
cells (Lane, 1992). The p53 apoptotic target genes can be divided into two groups,
the first group encoding proteins that act through receptor-mediated signalling
and the second group encoding protems mvolved n regulation of the apoptotic effec-
tor proteins. o-TOS induces apoptosis in a p53-independent manner (Weber et al.,
2002) but, it also induces the expression and activation of p53 leading to increased
expression of DR4 and DRS. Notably, such expresgon of DRs does not occur in
the 1353'-"“]1 MM cells. Studies using siRNA directed at p53 revealed that the p53 pro-
tein contributes significantly to the expression of TRAIL DRs. Thus, p53-dependent
up-regulation of DR4 or DRS provides one explanation for the sensitisation of MM
cells to TRAIL. In addition, a hypoxic environment efficiently contributes to
enhanced expression of DR4 and DRS via p53 when MM cells are treated with a-
TOS (Tomasetti et al., 2006). Regulation of the activity of many transcription factors
by redox modulators has been previously described (Sun and Oberley, 1996). Thus, a
novel mode of action for o-TOS likely involves reduction of the redox-sensitive
amino acid residues on the p53 protein leading to increased DR expression, sensitis-
g MM cells to the effects of TRAIL.

MM cells express both DR4 and DRSS on ther surface and increasmg their expres-
sion with 2-TOS could facilitate activation of caspase-¥ and cleavage of Bid. A
kinetic analysis of TRAIL-induced signalling revealed transient activation of cas-
pase-8 and resulted mn low levels of apoptosis. Caspase-8 activation was less pro-
nounced in the presence of TRAIL plus «o-TOS although activation of the
mitochondria-dependent apoptotic pathway, including Bid cleavage, cytochrome ¢
cytosolic mobilisation and caspase-9 activation was observed (Tomasetti et al,
2004b). Bid cleavage induced by combining TRAIL and «-TOS may lead to mito-
chondrial translocation of Bax, as was shown for «-TOS alone in other cancer mod-
els (Weber et al., 2003; Yu et al., 2003). Thus, the elevation of p53 by o-TOS could
facilitate TRAIL-induced apoptosis, releasing both Bid and Bax from their seques-
tration by Belx; and thereby promote mitochondria-dependent apoptosis.

A cooperative pro-apoptotic effect of a-TOS with immunologmcal apoptogens has
also been observed with breast cancer (Yu et al., 1999) and colon cancer cells and in
an animal tumour model (Weber et al., 2002). Yu et al. showed that %-TOS con-
verted Fas-resistant cells to become Fas-sensitive via mobilisation of the Fas recep-
tor from the cytosol to the plasma membrane. Moreover, 2-TOS enhanced the
sensitivity of Jurkat T lymphoma cells to the induction of apoptosis by TRAIL
(Dalen and MNeuzil, 2003). The transient activation of NFxB occurred when the cells
were exposed to TRAIL and it is known that NFxB controls expression of pro-sur-
vival genes, including FLIP (Kreuzet al., 2001) and IAPs (Degh-Espost et al., 1997).
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a-TOS, by inhibiting the TRAIL- induced transient NFxB activation, which in turn
inhibits expression of pro-survival proteins conferring resistance of cells to TRAIL-
induced apoptosis, may be important when o-TOS is used as a co-treatment with
TRAIL against TRAIL-resistant cancers.

5. Vitamin E analognes as modulators of the immune function

Although the anti-cancer properties of the VE analogues, »-TOS and x-tocophe-
ryloxyacetic acid (x-TEA) are well documented, we are only now beginning to unra-
vel the underlymg molecular mechanisms of action of this famly of compounds
(Meuzil et al., 2001ab, 2002; Shun et al., 2004; Lawson et al., 2003, 2004; Anderson
et al., 2004). Studies that have examined the mechamisms of =TS or «-TEA-
induced anti-cancer activity have focused on the pro-apoptotic nature of these
analogs (reviewed in Neuzil, 2002; Neuzil et al., 2004; Kline et al., 2001). Less well
studied is the potential contribution of the immune system to the in vivo anti-tumor
activity of these agents. Our laboratory has pioneered studies that have examined the
interplay between these VE analogues and cells of the immune system with the goal
of harnessing the unique properties of tumour cell killing and T cell activation
to penerate an effective anti-tumour response. Similar to the previously reported
selective toxicity of these VE compounds towards cancer cells compared to non-
cancerous cells, we have also demonstrated that o-TOS is minimally toxic to murine
splenic lymphocytes and dendritic cells (DC) both in vitro (Ramanathapuram et al.,
2004) and mn vivoe (unpublished observations) at concentrations that are toxic to
tumour cells.

Our laboratory has pioneered the use of x-TOS and «-TEA as adjuvants to
improve the efficacy of DC-based cancer vaccines for the treatment of metastatic
cancer. DCs are mmune cells endowed with the umque ability to efficiently process
and present antigens, secreting a variety of important immunostimulatory cytokines.
DCs also express critical immune co-stimulatory molecules (Banchereau and Stein-
man, 1998; Fukao, 2002) necessary for priming anti-tumor T cell responses. These
attributes have made DCs prime candidates for the immunotherapy of cancer (Ban-
chereau and Steinman, 1998; Fukao, 2002). When used in combmmation with ex vive
generated, immature DCs for the treatment of established murne Lewis lung and
mammary cancers, ®-108 and its more water-soluble, vesiculated form (Vx-TOS)
acted synergistically with DCs to inhibit the growth of established primary tumors
and prolonged survival of the mice (Ramanathapuram et al, 2004, 2005). The
impact on tumour metastases in the residual disease setting after primary tumor
resection was even more profound (Ramanathapuram et al., 2004), demonstrating
the potential utility of this chemo-immunotherapy approach for the prevention or
treatment of micrometastatic disease after tumour debulking. The observed chimical
responses were strongly correlated with polarzation toward a T helper 1 (Twu)
immune response evidenced by mcreased interferon-gamma (IFN-y) secretion and
enhanced tumoricidal activity exhibited by tumor-draining lymph node cells and
splenic lymphocytes (Ramanathapuram et al., 2004, 2005).
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Although the use of Va-TOS constituted an improvement over a-TOS, the ester
bond hnking the succmate group to the chroman head in both 2-TOS and Va-
TOS 15 susceptible to hydrolytic cleavage by intestinal esterases (Neuzil et al.,
2002). This susceptibility makes both forms less desrable for oral dehivery because
only the intact compound has anti-tumour activity (Burton and Traber, 1990). In
contrast, o-TEA, which features an acetic acid moiety attached via a non-hydrolysa-
ble ether bond to the chroman head has been shown to exhibit anti-tumour activity
when administered by oral gavapge to tumour-bearing mice, while o-TOS is ineffective
in this setting { Lawson et al., 2003, 2004). With an eye to moving a-TEA chemother-
apy to the clinic, we incorporated a-TEA into mouse chow in order to prevent and
treat spontaneous metastatic breast cancer. We reported, for the first time, that oral
delivery of a-TEA by incorporation into the diet significantly inhibited primary mur-
ine mammary tumour growth and dramatically reduced spontaneous metastatic
spread of tumour cells to the lung (Hahn et al., 2006). Furthermore, similar to the
combination of Va-TOS with DCs, dietary a-TEA therapy was a potent adjuvant
when combined with DC vacanation (unpublished observations).

The question that remammed to be answered was the mechanism by which these
VE analogues aupmented the anti-tumour immune responses. We hypothesized
that «-TOS and %-TEA induced apoptotic tumour cell death thereby releasing
putative tumour antigens and to T lymphocytes. In addition, we speculated that
cellular factors released by dymg tumor cells caused DC activation, thereby
improving their ability to prime tumour-specific T cells. To this end, our studies
have shown that supernatant derived from Va-TOS or Vo-TEA-treated tumour
cells caused upregulation of the costimulatory molecules, CD40, CDE0 and
CD86 on DCs (Ramanathapuram et al., 2004, 2005) that are necessary for efficient
activation of T lymphocytes. The phenotypic change in DC maturation status was
also accompanied by an increase in the production of mterleukin (IL)-12p70, an
important cytokine secreted by mature DC that favours the development of a
Ty Immune response in vive (Welte et al., 1996). Furthermore, we have deter-
mined that o-TOS or x-TEA-induced apoptosis of tumour cells induces expression
of heat shock proteins (HSPs) mcluding HSP60, HSP70 and HSP9D (Ramanat-
hapuram et al., 2006) which are molecular chaperones that act as “danger signals™
alerting antigen presenting cells including DCs of potential damage or infection
leading to their activation (Feng et al., 2002; Srivastava, 2002; Basu et al., 2000;
Todryk et al., 1999; Bethke et al., 2002; Flohe et al., 2003; Basu and Srivastava,
2001; Somersan et al., 2001; Mosser and Morimoto, 2004). That HSPs released
in response to Va-TOS or Va-TEA treatment are at least partially responsible
for DC activation, was shown by blocking the cognate HSP receptor CD91 (Basu
et al., 2001) on DCs with sp-macroglobulin. Treatment of DCs with a;-macroglob-
ulin prior to co-incubation with Va-TOS or Va-TEA-derived tumour supernatant
resulted m partial inhibition of co-stimulatory molecule expression (Ramanathapu-
ram et al., 2006) and down-regulation of the antigen presenting machinery compo-
nents, both of which were correlated with decreased ability of DCs to stimulate T
cell proliferation (unpublished observations). Taken together, these findings suggest
that release of HSPs during o-TOS or a-TEA-induced apoptotic tumour cell death
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is a potential mechanism for DC activation that culminates in the induction of a
robust anti-tumour response capable of inhibiting primary tumour growth and
abrogating metastatic disease.

In summary, the VE analogues, «-TOS and «-TEA appear to employ a two-
pronged approach to modulate the immune system; firstly, by direct killing of tumor
cells whose antigens can be cross-presented by DCs, and, secondly, by maturation of
DCs via HSP-mediated “danger signals™. These pre-chinical studies demonstrate the
potential usefulness of combining «-TOS or a-TEA with DC-based vaccines for the
treatment of cancer and can be readily translated to the clinic.

6. VE analogues as anti-cancer agents
6.1, Drug formulations

The hydrophobic character and low solubility of tocopherols, exemplified by VE
analogues, dictate the formulation of these drugs for admmistration. Applications of
a-TOS in ethanol, dimethylsulphoxide (DMSO) or vegetable oil emulsions by intra-
venous (1.v.) and mtraperitoneal (1.p.) routes are restricted to mouse tumour models
and are not suitable for clinical use in humans. Vesiculated forms of «-TOS m lipo-
somes, vanous surfactants and solubihsers (e.g. polyethylene glycols), and enhancers
of transdermal penetration are being tested as formulations applicable for human
therapy.

Pharmacokinetic studies of «-TOS in humans and sheep followng mgestion have
shown it to be absorbed by the epithelial cells of the mtestinal villi and completely
hydrolysed to «-TOH, which is then secreted in chylomicrons into mesenteric lymph
(Cheeseman et al., 1995; Hidiroglou and Singh, 1991). 2-TOH then enters the blood-
stream from where it distributes to other ipoproteins and to peripheral tissues (Kay-
den and Traber, 1993). The delivery of the mtact »-TOS molecule to tissue 15
essential for its unique anti-cancer activities (Fariss et al, 1993). Oral application,
though, may be feasible in the case of ether or amide forms of VE analogues (Law-
son et al., 2003; Tomic-Vatic et al., 2005; Hahn et al., 2006), which are not hydroly-
sed after absorption across the GI tract.

Spontaneous vesiculation of sodium or TRIS salts of a-TOS (Jizomoto et al.,
1994) and other dicarboxyhc acid analogues are utihsed for drmug formulations suit-
able for i.v. application. Anti-cancer effects of vesiculated 2-TOS have been proven
in mouse tumour models, but this formulation did not eliminate the n vivo toxicity
of some effective VE analogues, such as a-tocopheryl oxalate (Kogure et al., 2005).

Liposomes represent the oldest and most advanced versatile nanodelivery system
for drug formulation (Allen, 1997). x-TOS and other VE analogues can be easily
mncorporated mto hipad bilayers to produce hposomes for vanous apphcations. Co-
entrapment of a-TOS with other drugs and construction of liposomes targeted to
various tumours is an attractive proposition for research into this area. Liposomal
formulation could also elimmate or suppress organ-specific toxic side effects (Allen,
1997). We have found that neurotoxicity of the very potent amalogue o-TAM
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(Tomic-Vatic et al., 2005) was suppressed by incorporation into hposomes when sin-
gle doses as high as 25 mg/kg or cumulative doses of 100 mg/kg were applicable i.v.
mto mice (Neuzil et al., unpubhshed data).

There are only limited studies on the pharmacokinetics and tissue distribution of
a-TOS and other analogues after i.v. administration in vesiculated or liposomal
forms. Studies with rats showed that «-TOS applied by the iv. route has a half-life
of approximately 10h with a low volume of distribution (~0.56 ml/kg) and low
clearance. a-TOS preferentially accumulates in lung and liver tissue and 15 associated
with cell membrane lipids, especially within microsomal and mitochondrial mem-
branes (Teng et al., 2005). «-TOS 15 also associated with circulating lipoproteins,
which carry it to the microvasculature of tumour tissue, where 1t 1s taken up by can-
cer cells (Meuzil and Massa, 2005). Cancer cells overexpress receptors for very low-
density lipoproteins, which represent excellent carriers for hydrophobic anticancer
drugs. Inhibition of lung caranoma cell growth by high density hipoprotem-assoc-
ated a-TOS has been documented both m vitro and mn vivo (Pussinen et al., 2000;
Hrzenjak et al., 2004). As such, liposomal compositions designed to selectively trans-
fer a-TOS onto serum hpoproteins after 1v. apphcation could significantly improve
the anti-cancer effects of this drug.

The in vitro results with a-TOS incorporated into small unilamellar vesicles (Ve
TOS) suggest that mteraction of Va-TOS at the membrane level may be partly
responsible for ceramide-mediated apoptosis, which is produced by the action of
SMase (Gua et al., 2006).

a-Tocopheryl polyethylene glycol sucanate (TPGS), a derivative of «-TOS, has
been used to enhance the bicavailability of poorly absorbed drups and as a vehicle
for drug delivery systems. TPGS also possesses anti-<cancer activity in vitro and
in vivo (Youk et al, 2005). TPGS inhibited the growth of human lung carcinoma
cells implanted in nude mice as well as in culture, more potently than did «-TOS.
The time-dependent uptake of TPGS into cells did not differ from that of «-TOS,
indicating that the enhanced antitumour efficacy of TPGS was not due to its
increased uptake into cells. Compared with «-TOS, TPGS was more effective in
inducing apoptosis and in generation of ROS, suggesting that the superior anti-can-
cer efficacy of TPGS s associated with its increased ability to induce cell death apop-
tosis (Youk et al, 2005). TPGS as a pharmacologically active component is an
interesting compound for construction of iposomal drug delivery systems.

6.2, Combination of vitamin E derivatives with other anti-cancer drugs

Several examples are given below to demonstrate the potential of a-TOS and its
analogues for adjuvant chemotherapy and radiotherapy. «-TOS as a potent inducer
of apoptosis in a wide variety of human tumour cells may be a clinically useful drug
when used in combination with other anti-cancer drugs. Recent reports that «-TOS
could lower the mtracellular GSH concentration in Jurkat cells (Weber et al., 2003)
opened the door to investipations into whether a-TOS could be an effective sensi-
tizer, enhancing the chemotherapeutic response of cancer cells overexpressing the
multidrug resistance { MDR) protein MEPI, which are resistant to many anti-cancer
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drugs. Kang et al, reported that «-TOS modulated the MRPI function and enhanced
the response of MRPl-overexpressing ghoblastoma cells to etoposide, an MRPI
substrate drug currently being used for chemotherapy of glioblastoma patients,
either by co-treatment or by being incorporated in hiposomes together with etoposide
(Kanget al., 2005). Thus, «-TOS synermstically enhanced the cytotoxic effects of eto-
poside in MRP1-expressing globlastoma cells, and the sensitizing effect of «-TOS
was shown to be closely related to its ability to modulate MRP] function. Selectivity
of 2-TOS in MRPI-expressing cells and enhanced accumulation of VP-16, a well-
known MRPI substrate drug, in MRPl-expressing cells were likely due to lowering
of GSH and hence imiting the GSH levels available for conjugation with the drug
prior to the efflux.

The potential of the platimum-based chemotherapeutics is limited by several fac-
tors, including deleterious side effects and intrinsic or acquired resistance. Although
maost ovarian tumours respond well to chemotherapeutic drugs and may completely
regress, there is a high level of recurrence in the advanced stages of the disease ( Rus-
tin et al, 2004). Recurrent tumour growth is a poor prognostic indicator, and sec-
ond-line chemotherapy often fails, most hkely because of acquired resistance to
drug therapy. For example, in ovarian cancer, the initial success of cisplatin chemo-
therapy 15 often short-lived, as recurrence occurs in most cases (Judson et al., 1999).
Anderson et al. (2004) demonstrated that treatment of mmunocompromised, athy-
mic mice bearing cisplatin-resistant A2780/cp70-GFP human ovarian cancer cell
xenografts with «-TEA, m combmation with cisplatin, significantly reduced the
tumour burden and inhibited metastasis. In this case, a-TEA was formulated in lipo-
somes (x-TEA/lipid- 1,2-dilauroyl-sn-glycero-3-phosphocholine ratio of 1:3 (w/w))
and applied as an aerosol (Anderson et al., 2004).

Camptothecin and its less-toxic derivatives (irinotecan, 9-aminocamptothecin and
9-nitrocamptothecin, 9-NC) have been used clinically for the treatment of several
forms of cancer including breast, ovarian, lung, and colorectal tumours (Ulukan
and Swaan, 2002). 9-NC is currently in clinical trials for treatment of ovarian and
pancreatic cancers, and is being considered for breast cancer therapy ( Verschraegen
et al., 1999; Konstadoulakis et al., 2001). Although 9-NC possesses impressive anti-
cancer activity, it also exhibits significant toxic effects. Hence, the need to find strat-
emes that might circumvent this problem by combining 9-NC at a lower dosage with
another anticancer drug, such as VE analogues, 15 warranted.

a-TEA and 9-NC, both water-msoluble compounds, were formulated into lipo-
somes using dilauroylphosphatidylcholine and administered by aerosol to deliver
doses calculated to be 36 and 0.4 pg/mouse per day, respectively, together or sepa-
rately, every day for a week. Combination treatments enhanced anti-proliferative
and pro-apoptotic activities in cell culture, and, when the drugs were formulated
in liposomes and delivered via aerosol to treat an aggressive and metastatic syngeneic
BALB/c murine mammary tumour, there was a significant reduction in tumour
colume and lymph node metastasis in comparison to either treatment alone (Lawson
et al., 2004). Also, combinations of a-TEA (administered in aerosolised liposomes)
and celecoxib, an inhibitor of cyclooxypenase-2 administered in the diet, reduced
tumour burden and lung metastasis of MDA-MB-435-FL-GFP breast cancer cell
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xeno grafts in athymic mice better than when either compound was administered sep-
arately (Zhang et al., 2004).

Combination of o-TOS and radiotherapy was tested in vitro by Jha et al. (1999).
They showed that 2-TOS treatment for 24 h before, during, and after rradiation for
the entire experimental period enhanced the decline in mitotic accumulation caused
by y-irradiation of human tumour cell ines. This effect was not observed for normal
cells, such as fibroblasts. These data suggest that the actions of «-TOS, alone or com-
bined with y-radiation are selective for tumour cells.

7. Perspectives

This review focuses on the recent advances in a promising group of anti-cancer
apents, VE analogues. These drugs have been shown to act by selective induction
of apoptosis in cancer cells by way of targeting mitochondria. Therefore, they have
been classified as mitocans, which 1s a growmng group of small molecules of diver-
gent structures that destabilise mitochondria, thereby suppressing cancer. Mitocans
comprise several classes, depending on their particular mode of action. VE ana-
logues belong to class IT (BH3 mimetics) and class V (agents interfering with the
electron redox chain) of mitocans (cf Table 1). From this point of view, VE ana-
logues are truly unique. Not only do these compounds act by sensitising cancer
cells to other inducers of apoptosis whose activity may be compromised by rela-
tively high levels of expression of the anti-apoptotic Bel-2 family proteins; but they
also directly induce apoptosis by way of displacing coenzyme QQ in complex 1T of
the mitochondrial electron cham. Therefore, VE analogues, thus far, represent
the only group of mitocans that have been clearly shown to act by at least two dif-
ferent modes.

Because of the unique properties of the apoptogenic VE analogues, they can very
efficiently ind uce programmed cell death. Importantly, VE analogues exert this activ-
ity selectively in cancer cells. This includes preferential uptake by cancer cells due to
the acidic nature of VE analogues such as o-TOS and the acidic environment of the
tumour as opposed to normal tissue interstitium. Moreover, normal, non-malignant
cells are endowed with high esterase activity that cleaves compounds like a-TOS to
the non-apoptogenic, redox active o-TOH, and they also possess better antioxidant
defenses, preventing accumulation of ROS that are required to trigger apoptosis in
response to VE analopues (Neuzil et al., 2004).

Also for this reason, these agents present a promising group of anti-cancer drugs or
adjuvants with no or low toxicity towards normal cells and tissues. Pre-clinical tests
indicate the potent anti-cancer efficacy of VE analogues apainst a variety of types of
cancer, including the fatal mesothehomas and the refractory HER 2-positive breast
carcinomas. In particular, these latter two groups of patients should provide excellent
possibility for using groups for testing VE analogues like «-TOS in the chnic. We
believe that 2007 should witness the start of the first human phase I/11 clinical trials
of VE analogues which will promote more interest in the climically highly mtnguing
and biochemically unique compounds redox-silent analogues of vitarmn E.
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2.2.4. Surfaktanty na bazi fluorovanych uhlovodikii se sacharidovou doménou

Tyto latky byly studovany zprvu jako novy typ surfaktant pro potieby polymerni
chemie a katalyzy. Jejich pfipadné budouci pouziti ve farmakologii a mediciné zaviselo
od jejich biokompatibility. Né&které s téchto parcidlné fluorovanych latek se jevi na
zéklad¢ in vitro testli jako potencialn¢ pouzitelné ve farmakologii a jsou v soucasnosti
testovany jako vhodna sonda pro in vivo zobrazovani pomoci magnetické resonance
(MRI). Liposomalni formulace jsou vyuzitelné pro znaceni bunék a jejich ptesné
lokalizace pomoci MRI pfi bunééné terapii mozkovych mrtvic, infarkti a nadora.
Ptipravujeme také znacené liposomy pro studium jejich biodistribuce a lokalizace v misté
nadort.

Tato oblast je relativné velmi novd a biomedicincké aplikace zatim nejsou
doloZeny relevantnimi publikacemi. Publikované prace se tykaji zejména studia
biokompatibility s vyuzitim in vitro testil a studia fyzikalné-chemickych vlastnosti téchto
novych surfaktanti. Dlouhodoba spoluprace v této oblasti probiha s prof. Lehmlerem

z USA.
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Although cationic surfactants are of general interest for a variety of consumer and biomedical
applications, only a limited number of partially Auorinated, single-tailed, cationic surfactants have
been synthesized. To study the potential usefulness of Auorinated cationic surfactants for these
applications we synthesized a series of partally fluorinated pyridinium bromide surfactants. Three
10-per luoroalkyldecyl pyridinium surfactants were synthesized by coupling a perfluoroalkyl
iodide with 9-decene-1-vl acetate using an AIBN mediated radical reaction. The resulung 9-iodo-
10-per luoroalkyldec-1-y] acetates were deiodinated using HI-Zn-EtOH and hydrolyzed using
KOH-ELOH to vield the corresponding 10-perfluoroalkyldecanol. The partially fluorinated
alechol was converted into the bromide using Bro-PPhs. Alkylation of excess pyridine with the
bromides gave the desired 10-perfluoroalkyldecyl pyridinium bromides in good yields. Three 10-
perfluoroalkylundecy] surfactants were synthesized using a similar approach with [0-undecenoic
acid methyl ester as starting material. Based on an mnital in vitro toxicily assessment, the toxicity

of the partinlly luorinated pyridinium surfactants was slightly lower or comparable to
benzalkonium chloride, a typically cationic surfactant {(with IC s of tested compounds ranging
from 5 to 15 pM). An increase in the length and/or the degree of fluorination of the hydrophobic
tail correlated with a mild decrease of cylotoxidty and haemolyte activity. Partially fluorinated

pyridinium surfactants may, therefore, be useful for biomedical applications such as components

for novel gene and drug delivery systems.

Introduction

Fluorinated surfactants are highly surface active, display weak
intermolecular interactions, and typically have only low acute
toxicity, properties which make them highly suitable for a
large number of technical and, potentially, biomedical appli-
cations.” Because of these unique properties there is, for
example, considerable interest in fluorinated cationic surfac-
tants as templates for the synthesis of ordered porous cera-
mics.”” Other ongoing ressarch is focusing on the use of
fluorinated surfadants in biomedicl a}'rph'c.a[irlfrl:;.’""3 Single
tailed partially fluorinated surfactants with a variety of non-
ionic or zwitterionic head groups, for example carnitine,'®
morpholinophasphate,”  phosphocholine,’  pyridinium, ™"
and carbohwdrate’™ " head groups, have been synthesized.
In contrast to their hydrocarbon counter parts, many partially
fluorinated surfactants, especially surfactants with a high
degree of fluorination, display low or moderate toxicity in
in vitro and in viw studies and are, thus, considered to be
biocompatible.

= Department of Oecipetivnal and Environmentad Heath, University
of Towa, Towa City, I4 52242, USA. Emal: hans-joachin
lebmler@ uiowaedy, Fax: (+1) 3193354200, Tel (+1) 319335421

* Veterinary Research Istiowie, Depariment of Immunology, Hudeovae
70, 621 33 Bmo, Czech Repuldic

© Chemicals and Materials Engineering Department, Univerdiy of
Kentueky, Lexington, KY 40530, ['SA

Although hydrocarbon cationic surfactants such as benzalk-
onium chloride (BAC) and hexadecylpyridinium chloride are
of considerable interest for a broad range of consumer and
biomedical applications (for example, antimicrobial agents in
mouthwashes,"™* ophthalmic and contact lens solutions™
and novel catumionic gene or drug delivery systems™ ") only
a small number of luorinated cationic surfactants have been
synthesized and their biocompatibility assessed. More work is,
therefore, needed to determine how the biocompatibility of a
partially Auorinated, cationic surfactant & different from its
hydrocarbon analogue and how structural features, for exam-
ple the chaindength and the degree of Auorination of the
hydrophobic tail, influence a surfactant’s biocompatibility.
The wim of this work was to develop an efficient synthetic
roule to partially Auorinated pyridiniom surfadants and o
perform an initial toxidty assessment to test their potential
usefulness for novel drug delivery systems and other biomedi-
cl applications.

Results and discussion

Synthesis

Most partially fluorinated compounds are not available from
commerdal sources. One orucial step in the synthesis of any
partially Auorinated surfactants is, therefore, the synthesis of a
functionalized partially fluorinated alkyl chain. Such partially
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fluorinated alkyl moieties are typically synthesized by the
coupling of a perfluorinated iodide with an w-unsaturated
hydrocarbon precursor in an AIBN mediated radical reac-
tion. = We have utilized this approach to synthesize a series
of terminally fluorinated pyridinium bromides.

As shown in Schemes | and 2, the iodo methyl esters Sa—c or
iodoacetates Ga—c wers synthesed using this reaction from
undecenoic methyl ester 3 or decenol acetate 4, respectively.
Addition of AIBN in multiple portions was a key factor in this
reaction. The secondary iodides Sa—¢ or 6a—c were deiodinated
using HI-Zn-EtOH without further purification. Hydroiodic
acid and zing were chosen becanse both reagents are easy Lo
hand ke and less toxic compared Lo tributyltin hydride, ™ which
is typically emploved in similar deiodination reactions.

As shown in Scheme 1, the seriss of methyl esters Ta—c was
comverted into the corresponding aleohols 9a—¢ by two differ-
ent routes. Initially the esters Ta—c were converted into the
corresponding, Re-substtuted (e partially fluorinated) un-
decanoic acids™ which were subsequently reduced 1o the
alechols 9a—¢ with hthium aluminium hvdrde in anhydrous
ether (reaction condition d in Scheme 1). This approach was
chosen becuuse the partially fluorinated acids can be more
eusily purified by recrystallization from hexanes compared to
structurally related partially Auorinated aleohols, = thus
allowing one to perform the synthesis on a large (100 gram)
scale. To further improve the overall vield of the alcohols we
optimized the direct reduction of the methyl ester Ta—¢ with
lithiwm aluminium hydrde {reaction condition e n Scheme 1).
The direct reduction of the esters Ta—¢ increased the vield of
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Scheme 2 a. DMAP, AcCl, pyridine, DOCM; b, Rel, AIBM, A; ¢ HI
(55%), Zn, C;HOH, A; d. CHOH, KOH, A; & PPh,, Br,, DOM,
ambient temperature; £ pyridine, A

the alcohols 9a—¢ from approximately 60% to 70%. In the case
of the acetate series, the aleohols 10a—c were obtained by
hydrolvsis of the acetate followed by recrystallizaton from
hexane Typical overall vields of the alohok Wa-c were
B5-85%.

The alcohols 9a-c and 10a—¢ were brominated using triphe-
nylphosphine and bromine similar to the procedure reported
by Naud and co-workers.™® Bromination of the alohols 9a-c
and 10a-¢ with HBr/H;S50, also vidded the desired partially
fluorinated bromides, but this approach was abandoned be-
cuse the purification of the bromides is tedious and the yields
are low. In the final step of the synthess excess pyridine and
the respective bromides were heated under reflux o yield the
corresponding pyridinium bromides 13a—¢ and 14a-¢™

The "H NMR spectra of most of the pyridiniom bromides
showed one singlet around & = 3.1 ppm which was not related
to any groupin the compound. The chemical shift of this peak
was not consistent, thus suggesting that, like their hydrocar-
bon analogues, several of the partially fluorinated pyridiniom
salts form stable monohydrates. This interpretation of the "H
NMR spectra was further confirmed by DoO exchange experi-
ments. In addition, the results from the combustion analysis
experiments confirm the presence of one water molecule in the
pyridinium salts 13a and 4a-c.

Cytotoxicity and haemolytic assessments

Despite theirr importance for a wvarety of consumer and
hiomedical applications, only limited information about the
toxicity of cationic surfactants, espedally fluorinated cationic
surfactants, is available.™ An initial cytotoxicity assessment of
all six pyridinium surfactants was therefore performed using
the A2780 ovarian carcinoma cell line.™ The 1Csg values of the
pyridinium salts and several other surfactants are summarized
in Tables 1 and 2, respectively. The partially fAuorinated
pyridinium surfactants (13a-¢ and 14a-c) were highly toxic
in the A 2780 cancer eell line with 1C s, values ranging from 5 o
15 pM. These ICq values are comparable to 1Cq, values of
typical anticancer agents, e.g. platinum complexes.™ The most
tonic compounds 13a and 14a were also bacteriddal against
Salmonella typhinuriom (results not shown). Owerall, the
low ICg walues of 13a—¢ and 14a—¢ are in agresment with
a previous report that highly  fluorinated 1H1H.2H,
2H.3H 3H-perfluoroundecyltrialkylammonium salts are toxic
in Namalva lymphoblastoid cells with [Cqs below 0.16 mh. =

The short-chain pyridinium salts 13a and 14a were the most
tomic surfactants in this series with toxicities comparable with
BAC. Similar results were obtained with several other cell lines
(data not shown). The increase in the kength of the partially
fluorinated tail caused a mild decrease in avlotoxidty, thus
suggesting that the toxicity of cationic surfactants can be
reduced by introdudng a certain degree of Auorination. This
hypothesis is further supported by the observation that the
partially Auorinated pyridiniom sorfactant 14a was less toxic
compared 1o its hydrocarbon analogue tetradecy lpyridinium
bromide. This hydrocarbon surfactant was the most toxic
wompound investigated in our study. 1H,1H 2H 2 H-perfluoro-
dodecylpyridinium chloride, a highly Auvorinated pyridinium
surfactant with a slightly shorter hydrophobic tail compared
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Table 1
fluorscarbon and hydrocarbon sufactants in the AZTE0 cell line

Haemalytic and cytotoxicity assessment of the partially fluorinated pyridinium bromides 1da— and 1%a—¢ and related cationic

Compound A2THD cell line TC; [M] Hazmaolysis PBS [uM] Hazmolysis PBS + 20% FBS [pM]
Y
{%2 #_.‘ —CHh ICEEF, 797 625 250
B
15
P
g cHhe 1.1 615 250
i
b
Py
{% ?.lelc Hy JCF1CF, 14.7 625 125
13
—
{% )o..‘ll;lc H JCF 1 CFy 4.0 615 250
He
=
{% )o..‘ll;lc Hay JCF 9.3 615 135
146
L
{% ?.Nl;lc Hy JCF 1 CF K 615 125
He
O
M=t CPoLCF,
o il4 30 =300
{1 TH.2H 2 H-perusesdedsey ]
preidinium chbsride}
’,=\\
Q.% M=)y CH,
& mr 23 62.5 250
(Tetraderyipyndimom bromid:
oo draiel
53 125 400

o Beenal kesesuarm chluride |

Lo 14a, was the least toxic cationic surfactant, an observation
that also suggests that an increased degree of luonnation may
decrease the oytotoxiaty of pyridinium surfactants,

In agreement with previous studies,”® the partially fluori-
nated cationic surfactants 13a—¢ and 1da—e (Table 1) were
much more toxic compared to typical anionic surfactants and
several non-ionic surfactants with a hvdrocarbon tal (Table
2). Some non-ionic surfactants, e.g. Triton X-100 or Nonidet
P40, were also toxic towards A2780 cells in a range compar-
able to that of the partially fluorinated pyridinium surfactants.
The mechamsms of the relatively high toxicity of cationic
surfactants in general and of the partially luorinated surfac-
tants 13a—c and 1da-¢ in particular most likely involve a
disruption of the integrity of the cell membrane. This hypoth-
esis is supported by the fact that the partially Auorinated
surfadants are equally toxic in several el lines and in
bacteria, e.g. Salmonella iyphimurion (data not shown).

Because of the potential biomedical use of the partially
fluorinated surfactants 13a-c and e we also mmvestigated
their haemolytic activity on rabbit red blood cells in both PBS

and PBS containing 20% fetal bovine serum. As with the
cvlotoxicity, it is well established that the in vitro haemolytic
activity of Auorinated surfactants on red blood ells dramati-
cally decreases with increasing degree of fluorinaton and
increasing length of the Auorinated hydrophobic [F R
In contrast, the hasmolytic actvity of hydrocrbon surfac-
nts tvpically increases with increasing chain length. The
pyridinium surfactants showed significantly stronger haemo-
Ivtic activity than BAC (Table 1) and the anionic and non-
ionic surfactants {Table 2) investigated. This observation is in
agreement with the strong haemolytic activity reported for
highly fluorinated trialkylammonium salts.®® The lowest con-
centration of the pyridiniuvm surfactants at which haemolytic
activity was observed did not appear to depend on the degree
of fluorination andfor the length of the hydrophobic tail. One
excepion was the highly luorinated 1H,1H 2H,2 H-perfluoro-
dodecylpyridinium chloride which exhibited haemolytic activ-
ity at concentrations comparable to several anionic and non-
ionic surfactants, thus suggesting that, in contrast to the
ayvlotoxicity studies, a significant degres of fluodnation may

%46 | New ). Chem. 2006, 30, 944-951

This journal i & the Royal Society of Chemistry and the Centre National de la Rechenche Scientifique 2006

273



Table 2 Haemolytic and cytotoxicity assesament of typical anionic and non-ionic surfactants in the A2TR0 cell lne

Compound AXTHD cell line TC.;, [pM] Haemalysis PBS [pM] Hasmaolysis PBS + 20% FBS [uM]
e 294 2490 = [ ()
A Sodivm dodecy sl phate
on AN
243 = LWy = 1 (W}
( Sodmiin desxyeholae)
o (CH 3 CHOH, L H
o
AL 56 300 =500
Matlx o
fa-tocopheryl saccinate)
[T ".“:Irhmlxlﬂ
Hi - NiH 6RO Sy = 5db
|-|II
(Octyhhaoghicoside)
0 H
Ry ol 68 125 >1000
(Bri] 35}
1. H
[ s
223 B30 = 1 (W}
{Tritoi X-100)
1RO b L
/! LI
. 260 = 1040 = 1004
whntpte=H l"“lut';u,lI-_.nr:-(',,H:‘
( Twsen 203
n i
S
1.2 AWy #30
(Momdd P40}

be necessary before a protective effect against haemolysis can
b observed.

Conclusion

These findings suggest that partial fluorination of the hydro-
phobic il of pyridinium and other cationic surfactants may
reduce their toxicity and haemolytic activity. This observation
is comparable to single taled non-ionic and zwitterionic
surfactants, where partial Auorination of the hydrophobic tail
results in a reduction of the wxicity compared to the hydro-
carbon analogue. Despite their oviotoxidty, cationic surfac-
tant-lipids are used for the construction of synthetic delivery
systems, e.g. liposomes, for transfection of cellk by DNA/
RNA constructs.™ Fluorinated, cationic surfactants may,

therefore, be useful for biomedical applications such as com-
ponents for novel gene and drug delivery systems.

Experimental

Perfluorinated iodides were purchased from Oukwood Che-
mical Co. {West Columbia, South Caroling, USA) and used as
received . Long-chain hydrocarbon starting materials were
purchased from TCI Chemicals (Portland, Oregon, TSA)
Anhydrous solvents were purchased from Fisher Scientific
(Fairlawn, New lersev, USA). All the "H NMR SpeCira were
recorded in CDClL on a mulinuelear Bruker Avance 300
Digital NMR spectrometer at 297 K; all chemical shifts are
reported in parts per million (ppm) relative to internal tetra-
methylsilane (Me,Si), with the residual solvent proton
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resonance as internal standard. Coupling constants are given
in hertz (Hz). "°F chemical shifts were determined using CFCly
as internal standard. Melting points were determined using a
Thermal Analvsis 2920 Differential Sanning Instrument.
Thermograms were recorded using a heating rate of 20° min !
from 20 to 230 °C and the temperature maxima of the main
phase transitions after one DSC run were determined. 2 huss
spectra om non-ionic intermediates were measurad at the
University of Towa Mass Spectrometry Facility using a Voya-
ger GC-MS instrument operated at 70 eV oin the electron
impact mode. The reported fragment peaks correspond to
the most abundant ions, in addition to the parent ion(s). Mass
spectra of pyridinium salts were recorded at the University of
Kentucky Mass Spectrometry Faality using a Bruker Autoflex
time-of-flight mass spectrometer equipped with MALDI. Mi-
croanalytical data were obtuined from Atdantie Micro Lab
Mimroanalysis Service (Atlanta, Georgia, USA) IR spectra
were megsured with a ThermoNicolet Nexus 470 FT-IR
spectrophotometer.

AIBN mudiated coupling reacton (general procedure)

The radical addition of Rl to undecenoic methyl ester 3** or
decenol acetate 4% in the presence of AIBN was performed
following  literature pm:xdurt-s.l"'”'!'ﬁ The alkenoic acid
methyl ester 3 (98 g, 0.5 mol) or alkenol acetate 4 (91 g, 0.5
mol) and a perfluorinuted iodide Rel (Re = CsFa, CaF s,
CeF17, 0.335 mol) were placed in a 500 mlround bottomed flask
equipped with a reflux condenser. The radical initiator AIBN
{2 mol%) was added. The reaction mixture was heated 1o 90
°C under stirring. After 30 min, the flask was cooled Lo room
temperature, and another portion of AIBN (2 mol%) was
added. The stirred solution was again heated 1o 90 °C, and the
enlire process was repeated at least two additional times; 3 h
were allowed to pass after the final addition of AIBN. The
progress of the reaction was monitored by GC and THNMR
spectroscopy of small aliquots collected between ATBMN addi-
tions. The flask was cooled to reom temperature, and the
crude iodo methyl esters Sa—¢ or icdoacetates fa—c were used
in the next step without further purification.

Terminally perfluorinated esters Ta—c and acetates Sa—c
(general procedure)

The crude secondary iodides Sa—¢ or Ga—¢ were dissolved in
150 ml of C;HOH and hydroiodic add (non-stabilized, 55%,
35 ml, 1.5 mol) was added. Zinc dust (97 g, 1.5 mol) was added
very slowly at 0 "C. The mixture was refluxed for & h and then
filterad. The filtrate was evaporated to dryness and re-dis-
solved in diethvl ether (ca. 200 ml). The solution was washed
with water (2 = 100 ml), saturated aqueous NaHCO, solution
{1 = 100 ml), and brine (1 = 100 ml), and then dried over
MgS0, Removal of the solvent afforded the crude terminally
fluorinated ester Ta—c or acetate 8a—c. The complete conver-

sion was confirmed by "H NMR spectroscopy and GC.
Hydrolysis of Ta—c amd Ba—c (general procedure)

The partially fluorinated esters Ta—c or acetates 8a—c were
dissolved in 150 ml of C;H:OH. To this KOH (57 g, 1.5 mal)
was added slowly. The reaction mixture was refluxed for six

hours under stirring. After complete conversion it was cooled
to 0 "C and water was added dropwise. The mixture was
acidified with 2N H,50, and extracted with diethyl ether (3 =
100 ml). The solution was washed with water (2 = 100 ml),
saturated aqueous NaHCO; solution (1 = 100 ml), and brine
{1 = 100 ml), and then dried over MgS80,;. Removal of the
solvent by rotary evaporation afforded the crude acids or
alcohols which were purified by recrystallization with hex-
ane. ™ The analvtical data of the adds and aleohol 10k arein
agreement with previously published data ™

11,111 2,1 2,131 314,14, 14-Nonafluor otetradecanal (10a), "H
NMR §fppm 134 (m, 12H, —(CH;)s). 1.57 (m, 4H,
ReCH,CH,— and —CHCHOH), 19-24 {m, 2H 4+ OH,
ReCHLCH;-), 366 (L, J = 6.6 He, 2H, —CH,CH,0H). BC
NMR &/ppm 201 (L J =4.0 Hz), 25.7, 201, 29.2, 293, 204,
20.5,30.8 (L, J =220 Hz), 32.7, 62.9. "F NMR & /ppm —81.6
(CF;), —115.1, —1249 1266, GC/MS m/z (rdative inten-
sity, %) 358 (M — Hz0, 5), 330 (30), 302 (20), 288 (30).
IR(KBr) wfom™" 3346 (OH), 2930, 2858, 1235, 1133, 1117, 722,

1L11,12,12,13,13,14,14,15,15,16,16,17,17,18, 18, 18-Hepta-
decafluoronctadecanol (10¢). "H NMR &/ppm 135 (m, 12H,
{CH2)-). 1.59 (m, 4H, RpCH.CHa— and —CH-CH.OH),
188 (br s, 1H, OH), 208 {m, 2H, RCH.CH,-), 368 (L J =
6.7 Hz, 2H, —CH,CH,OH). *C NMR /ppm 200 {t, F = 3 8
Hz), 257, 29.1, 20.2 293 294 295 308 (t J =225 Hz),
327, 62.9. F NMR §/ppm —81.5(CF3), —115.1, —122.3(3 x
CF;), —1233 1241, —1267. GC/MS m/= (relative intensity,
0,1 558 (M — HL0, 2) 530 (10), 502 (5), 488 (9). TR(KBr)
piam™" 3322 (OH), 2933, 2855, 1242, 1205, 1150, 1117, 661.

Roduction of partially floorinated acids and estors with LiAlH
(general procedure)

The partially fluorinated acids or esters (0.15 mol) were
dissolved in 50-80 ml of THF and added over 5 min to a
slurry of LiAIH, (38 g, 0.1 mol) in 10 ml THF at 0 °C under
nitrogen. The mixture was allowed 1o come Lo room tempera-
ture and was stirred overnight. Afier complete conversion it
wits cooled to 0 "C and water was added dropwise unlil the
evolution of hydrogen ceased. The mixture was acidified with
2N HCI and extracted with diethyl ether (3 = 100 ml). The
solution was washed with water (2 = 100 ml), saturated
aqueons NaHOD; solution (1 = 100 ml), and brine (1 = 100
ml), and then dried over Mg80,. Removal of the solvent by
rotary evaporation afforded the crude alcohols (%a—¢), which
were purified by chromatography on silica gel (hexane-ethyl
acetate = 9: 1) or recrystallization with hexane. Typical vields
ranged from 80-85%. The analytical data of 9a—¢ are in
agreement with previously published data ™

Terminally perfloorinated bromides 11a—c and 12a—
(general procedure)

Triphenylphosphine (24 2 g 0.1 3 mol) and bromine (7 ml, (.13
mol) were dissolved in 30 ml of anhydrous methylene chloride
at 0°C. After 3 min, a DCM solution of the akohol (%a—c or
1a=c, 0.1 mol in 25 ml of DCM) was added, and the solution
was stirred at room temperature for 15 h. The solution was

poured into ice water (300mI). The product was extracted with
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diethylether (4 = 100 ml). The soltion was washed with water
(2 = 100 ml), saturated aqueous NaHCO; solution (1 = 100
ml), and brine (1 = 100 ml), and then dred over MgS0,.
Removal of the solvent by rotary evaporation afforded the
crude bromide (11a-¢, 12a~¢), which was purified by chroma-
tography om silica gel (hexane-ethyl acetate = 9: 1) or recrys-
tallization with hexane ™ Yidds were typically 70-75%. The
analytical datn of 1la-¢ are in agreement with previously
published data™

11.11,12,12,13,13,14,14.14 Nonafluoroteradecy]l  bromide
(124). 'H NMR &/ppm 1.24 {m, 12H, {CHz)), 1.53 (m,
M. ReCH:CH=-), 1.79 (m. 2H, —CH2CH,Br), 198 m. 2H,
ReCH.CH. ), 334 (1 J = 69 He 2H., —CH.CH.Br). C
NMR §/ppm 20.2 (1, J = 40 Hz), 283, 28.9, 202, 203, 20,4,
20.5, 30,9 (1, J = 22.0 Hz), 330, 33.9. "7F NMR §/ppm —§ 1.6
(CFa), —115.1, —125.1, —126.6. GC/MS m= (relative inten-
sty %) 438 (M — 1, = 1), 317 (23), 303 (30), 151 (12), 137
(100), 135 (96). TR(KBr) v/em ' 2930, 2854, 1283, 1236, 1134,

11,11,12,12,13,13,14.14,15,15,16.16,16-Heptadecafluor chex-
adecyl bromide (12b). "H NMR §/ppm 1.3 (m, 12H, {CH)),
1.56 (m, 2H, ReCH,CH; ), 1.83 (m, 2H, —CH,CH, Br), 2.02
{m, 2H, ReCHCH,-), 3.38 {1, J = 6.8 He, 2H, —CH, CH-Br).
BC NMR §/ppm 20.7 (L J = 4.0 Hz), 281, 28.7, 20.0, 29.2,
203,203 309 (1, J = 22.2 Hz), 32.8, 340, "*F NMR §/ppm
—81.3 (CF;), —1149, —122.5 —1234, —124.1, —126.7.
GO/MS my/z (relutive intensity, %) 538 (M — 1, <1), 417
(14), 403 (20), 151 (12), 137 (100), 135 (95). IR(KBr) vfem ™’
2932, 2R58, 1241, 1207, 1145,

11,11,12,12,13,13,14,14,15,15,16.16,17,17,18,18,18 Hepta-
decafluorooctadecyl bromide (12¢). "H NMR &fppm 1.32 (m,
12H, —(CH2)g). 160 (m, 2H, RpCH.CH>), 1.86 (m, 2H.
—CHCH;Br), 2.07 (m, 2H, RgCH.CH,-), 3.40 (1, J = 6.8 Hz,
2H, —CH,CH,Br). "C NMR &/ppm 20.3 {1, J = 4.0 Hz), 28.4,
289,293 204 295 295 31.1(LJ=219Hz),331,339.°F
NMR d/ppm —81.4 (CF3), —114.9, —122.4(3 x CF,), — 1233,
—124.1, —126.7. GC/MS m /= (relative intensity, %) 638 (M —
L <1y, 517 (13), 503 20), 151 (10), 137 (100), 135 (96).
IR(KBr) rfem ™" 2037, 2854, 1246, 1205, 1151,

General procedure for pyridinium bromides 13a-¢ and 14a-c™

Bromides (12a—c. 13a—¢, 0.1 mol) and anhydrous pyridine (41
ml, 0.5 mol) were refluxed for 10 hours. A while precipitate
was obtained after addition of ether to the cold reaction
mixture. The filtrate was washed thoroughly with ether and
recrystallized twice from acetone. Typical vields were 80-85%
{py = HiCN™).

12,12,13,13,14,14,15,15,15-Nonafluoropent adecy lpy ridinium
bromide monohydrate (13a). Mp 25.5 °C (minor phase transi-
tion), 45.0 °C. "H NMR Afppm 1.2-1.5 (m, 14H, {CH};-),
157 {m, 2H, RpCH;CH-), 1.9-2.1 (m, 4H, ReCHCH - and
—CH;CHz-py). 32 (br s, OH), 498 (L J = 7.5 Hz. IH,
—CHCH;py), 824 (1, J = 6.3 He, 2H, H-3,5), 8.63 (1, J =
78 Hz, 1H, H-4), 950 @, J = 57 Hz, 2H. H-2.6). C NMR
dfppm 19.91 (1, J = 3.7 Hz), 25.93, 28.90, 28.93, 29.02, 29.04,
29017, 2924, .67 (t, J = 21.8 Hz), J1.E2, 61.93, 128.41,
14500, 145.11. ™F NMR &ppm —81.6 (CF5), —115.1,

1250, —126.6. MS m/z (caled) 452 (452). IR(KBr) v/em™
2028, 2856, 1233, 1133, Anal. caled for CogHa; FoNBr - HLO: C
4363 H 5.27; N 2.54. Found: C 4345 H 527 N 2.50%.

12,12,13,13,14,14,15,15,16,16,17,17,17- Pentadecafluorohep-
tadecylpyridinium bromide (13b). Mp 61.0 °C, 756 “C. 'H
NMR dppm 1.2-16 (m, 14H, {CHz)-), 1.57 (m, 2H,
ReCH,CH,-).  19-21 (m, 4H, RgCH,CH; and
—CH,CHz-py), 505 (1, J = 7.2 Hz, 2H, —CH.CH:py),
824 (1 J = 6.6 Hz, 2H, H-3.5). 862 (1, F = 7.8 Hz, 1H, H-
4),9.70(d, J = 5.7 Hz, ZH, H-2,6). "'CNMR §/ppm 19.89 (L J
= 3.6 Hz), 2589, 28,88, 28.90, 28.99, 20.11,29.13, 20.20, 30.66
{t, J = 2018 Hz), 31.94, 61.77, 12841, 14514 (2 = C). "F
NMR §fppm —81.7 (CFs), —115.2, 1228, —123.6, —1244,
—1269. MS m/z (caled) 552 (552). TR(KBr) vjem " 2025,
2855, 1239, 1205, 1144, 1123, Anal. caled for CooHyrF sNBr:
C41.77: H 427; N 2.21. Found: C 41.64; H 4.29: N 2.07%.

12,12,13,13,14.14,15,15,16,16,17,17,18.18,19,19.19-Hepta-
decafluorononadecvipyridiniom bromide (13¢). Mp 78,1 °C. H
NMR Afppm 1.2-16 (m, 14H, {CH.)-), 162 (m, 2H,
ReCHLCH,-),  19-21  fm, 4H, RgCH.CH;-  and
—CH,CHz-py), 507 (1, J = 7.2 Hz, 2H, —CH,CH;py).
822 (L J = 6.6 He, 2H, H-3.5), 859 (1. J = 7.8 He, 1H, H-
4), 9.63(d, J = 5.4 He, 2H, H-2,6). *C NMR &/ppm 20.20 (1,
J =36 Hz), 26,19, 29,19, 29,31, 2942 (2 = ), 29.50 (2 » C),
W8 (L, J = 224 Hz), 32.21,62.19, 127.63, 145.30, 145.36. F
NMR §/ppm —81.2 (CF3), — 1148, —122.3(3 = CF,), — 1231,
—1240, —126.6. MS m/z {caled) 632 (652). IR(KBr) 1ecm™
2922, 2854, 1245 1204, 1147, 1115, Anal. caled for
CouHFiyN B C 39.36; H 368, N 1.91. Found: C 39.39; H
366 N 1 R0%.

T1L,11,12,12,13,13,14.14.14-Nona fluore tetrad ecy Lpy ridiniom
bromide monohydrate (14a). Mp—broad phase transition at
ambient temperature; determination of the onset of this
transition was not possible. "H NMR &ppm 1.2-1.5 {m,
12H, «CH3)g-), 160 (m, 2H, ReCHCHZ-), 1.9-2.1 (m, 4H,
ReCHCHy— and —CHCHopy), 31 (br s, OH), 5.00(1, J =
7.2 Hz, 2H, —CH,CH>py), 825 (t, J = 6.6 Hz, 2H, H-1.5),
B.63(LJ="7.8Hz IH, H4), 9.51 (d. J = 6.0 Hz, 2H, H-2,6).
30 WNMR §/ppm 2000 {1, J = 3.6 Hz), 2602, 28.97, 2899,
20.11,29.18,29.20, 30.67(1,J =224 Hz), 31.95 62.05, 128 .58,
14507, 14532 ¥F NMR &jppm 816 (CF:), —1151,
—1250, —126.6. MS m/z (caled) 438 (438). IR(KBr) r/ecm™’
2030, 2852, 1234, 1214, 1194, 1133 Anal caled for
CioHpsFgNBr-HO: C 42.53; H 485 N 261, Found: C
4251, H 496, N 2.67%.

11111 212,13, 13.14,14,15.15,16.1 6.1 6- Pentad ecafl nor ohexa-
decylpyridinium bromide monchydrate (14b). Mp 3.9 "C,
73.0 *C. '"H NMR /ppm 1.2-1.5 (m, 12H, ~(CHz);-), 1.60
(m, 2H, RpCH.CH>), 1921 (m. 4H, RpCH.CH;— and
—CH.CHzpy), 2.5 (br s, OH), 499 (i, J = 7.6 Hz, 2H,
—CHCHy-py), 820 (1, J = 6.6 Hz, 2H, H-3,5), 857 (1, J =
7.8 Hz, 1H, H-4), 9.52 (d, J = 5.6 Hz, 2H, H-2.6). C NMR
Bfppm 19.91 (1, J = 16 Hz), 2589, 2887 (2 = C), 20.00, 2906,
2908, WAT (L, J = 22.2 Hz), 31.85, 61.93, 12841, 14500,
14511, ""F NMR &ppm —§1.5 (CFs), —1150, 1224,
—1236, —124.2, —126.8. MS m/= (caled) 538 (538). IR(KBr)
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yem™' 2922, 2843, 1253, 1217, 1175, 1146. Anal. caled for
CoHoF JNBr HAO: © 39.6% H 425 N 220, Found: ©
39.95. H 4.18 N 2.24%,

11,11,12,12,13,13,14,14,15,15,16,16,17,17, 18,18, 1 8- Hepta-
decafluorooctadecylpyridinium bromide monohydrate (14c). Mp
68.7°C. "H NMR dfppm 1.2-1.6 (m, 12H, (CH;)s). 1.58 (m,
2H, RCHCH:), 1921 (m, 4H, RgCHCHr and
—CH;CHz-py). 27 (br s, OH), 501 (L J = 7.6 Hz 2H,
—CHCHpy), 821 (1, J = 6.6 He, 2H, H-3,5), 8.59 (i, J =
78 Hz, 1H, H-4), 953 @, J = 56 He, 2H, H-2.6). C NMR
A4/ppm 20,15 (1, J = 3.6 Hz), 26.15,29.13(2 = C), 29.27, 29.33,
2035, 30090 (1, J = 21.75 Hz), 32,12, 62,14, 12868, 145.43,
145.58 ""F NMR d/ppm —81.4 (CF5), —115.0, —122.5 (3 x
CF;), —1231, —124.1, —126.8 MS m/z (caled) 638 (638).
IR(KBr) vjam™' 2021, 2853, 1253, 1209, 1169, 1139, Anal.
caled for CozHagFiaNBr - H2O: C 37.50; H 3.6; N 1.9, Found:
C 3749 H 360, N LERY.

Assessment of eytotoxicity
Caneer cell lines
The A2780 ovarian cardnoma cell Ime (ECACC) was selected

from a panel of cancer cell lines used for testing in our
laboratory”” The czll line was grown in RPMI 1640 medium
(Sigma, Czech Republic) supplemented with 10% of fetal calf
serum (Gibeo, Czech Republic), 40 TU of insulin per 100 ml of
medium, 50 pg ml~? penicillin, 50 pg ml! streptomycin, 100
pe ml~" neomyein, and 300 pg ml™" -glutamine as reported
prtvinusl_','.z-" Cultures were mantained in a humidified incu-

bator at 37 °C and 5% (0.
MTT-based cytotoxicity test

The MTT assay™™ was used to assess the cytotoxicity of the
pyridinium salts in cells in the exponential growth phase. In
short, cells were seeded on 96-well flal-bottom microplates at
the density 2.5-3.0 = 10° per ml, 100 pl per well, and allowed
to grow for 16 1o 24 hours in culture medium. The pyridinium
salts dissolved in PBS (1ol volume of 20 pl) were added to
welk and the evtotoxic effect was evaluated after 24 hours of
exposure over a concentration range from 0.3 pM o 250 pM
using the MTT assay. Benzmlkonium chloride (BAC) (Sigma-
Aldrich), a cutionic surfactant emploved in cosmetics us a
foaming and cleaning agent and bactericide, was used as a
reference compound.

MTT (Sigma Chemical Co., Crech Republic) was dissolved
in PBS at a concentration of 5 mg ml™" and sterilized by
filtration. MTT solution was added into all wells of 96-well
flat-bottom microplates with cells in a dose of 20 pl per well.
The plates were incubated for 3 h. To enhance the dissolution
of dark-purple crystals of formazan, 110 pl of 10% SDS in
PBS (final pH 5.5) were added to all wells. The microtitre
plates were stored in a light-tight box at room temperature,
evaluated on the next day using a well-plate spectrophoto-
meter reader iIEMS MF (Labsystems, Turku, Finland) at 540
nm and the ICsg (ie. the molar concentration which produces
0% of the maximum possible inhibitory response) values
were calculated from the dose response curves. All experi-
ments were performed in triplicate and 1Cg, values were

aleulated using GraphPad PRISM V.3.00 (GraphPad Soft-
ware Inc., San Diego, CA).

The results from the MTT assav were further confirmed by
Hoffman moduolation contrast and fluorescent microscopy
(epifluorescent inverted microscope T200, Nikon, Japan) ex-
posing mor phological changes of the ells treated with various
pyridinium sals. Propidium iodide and YO-PRO-1 (Molecuo-
lar Probes, Oregon, USA), were used to distinguish dead or
apoptotic cals from vital living ones (data not shown).™

Haemolytic activity

Rabbit red blood cells (2% in PBS) were used to perform
standard haemolytic tests in both PBS and PBS containing
20% fetal bovine serum. Concentration ranges of tested
compounds were from 1 pM to | mM. The released haemo-
globin was quantified using a well-plate spectrophotometer
reader iEMS MF (Labsystems, Turku, Finland) at 540 nm
after two hours incubation of red cells with a particular
compound at 37 °C. Data were expressed as the lowest
coneentration of surfadants causing hasmolysis.
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Partially fluorinated non-ionic surfactants are of interest for a range of biomedical applications,
such as the pulmonary administration of drugs using reverse water-in-perfluor ocarbon
microemuksions. We herein report the synthesis and characterization of a series of partially
fluorinated p-o-gloco pyranoside surfactants from the respective aloohok and peracetylhited
B-o-glucopyranoside using BFz:EzO as catalyst. The surfactant packing parameter of the
fluorinated surfactants ranged from 0472 1o 0534 (MOPAC calculations) or 0.562 to 0585
fcalculated from literature values), which is comparable Lo surfactants with a similar partially
fluorinated twil. Based on aninitial biocompatibility assessment, the f-o-glucopyranoside
surfactants have low toxidties in the B16F10 mouse melanoma cell line and comparatively low
haemolytic activities towards rabbit red blood cells. The fluorinated surfactants appear to be less
toxic towards cells in culture and to have a lower haemolytic activity compared to their
hydrocarbon analogs. Furthermore, an increasing degree of Auorination appears to reduce both
the cytotoxicity and the haemaolytic activity. Similar structure-activity relationships have been

reported for other partally fluorinated surfactants. Overall, these findings suggest that the
surfactants may be useful for biomedical applications, such as novel drug delivery systems.

Introduction

Surfactants with a partially fluorinated tuil of the general
structure (CHzlwCuFza21 have unigque physicochemical pro-
perties, such as high surface activity and weak molecular
interactions.” Furthermore, perfluorinated tails are larger
und stiffer compared to hydrocarbon tails. For example, the
limiting molecular areas of perfluorinated and hydrocarbon
chains al the air-water interface are 30 and 20 A% respec-
tively. ™ This difference in physicochemical properties and
molecular geometry allows (partially) luorinated surfactants
1o self-assemble in supramolecular structures that are distine-
tvely different from those observed for their hydrocarbon
analogues.® They tend to self-assemble more easily and to
form better organized and more swble systems than ther
hydrocarbon mumrrpar[s.s

Partially fAluorinated surfactants are of interest for bio-
medical applications, such as pulmonary drug delivery,™”
because of these unigque properties. A variety of single wiled
partially fuorinated surfactants with different headgrou ps, for
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example carnitine,® {di-]mnrphnlinnphrrspha[c.g'm phospho-
choline," '|::3'ri|ii'rri|.|.1'rL]2 and carbohydrae™" headgroups,
have been synthesized, and their biocompatbility has been
assessed using i witro and i wve approaches. There is
evidence that partially Auorinated surfactants in general dis-
play low to moderate acute toxidty compared to their hydro-
carbon analogues.” Partially Auorinated surfactants with a
perfluoroocty] or perfluorodecyl group in the hydrophobic tail
have particalarly low toxcities. In addition, the haemolytic
actvity of partally fluorinated surfactants is low despite their
high surface activity.”

Some fluorinated surfadants form stable, reverse waler-in-
perfluorocarbon (micro-Jemulsions. ™ These emulsions are
of particular interest for the perfluorocarbon-assisted pubmo-
nary administration of drugs®™ beciuse perfluorocarbon-
insoluble drugs can be administered by dissolving them in the
aquecus core of the reverse (micro-kmulsion. For example,
some  dimorpholinophosphate  surfactants  form  reverse
(microe-) emulsions that are highly fluid and have a water
content of up o 30 vol% at a surfactant coneentration of 2%
(wiv)"™ In addition, these reverse (micro-jemulsions appear
to be hiccompatible in vitro and in vive.""™ However, all other
reverse  waler-in-perfluorocarbon  (micro-Jemulsions  investi-
gated to date are based on perfluorinated surfactants (e.g.,
poly(oxyethylene) derivatives) that are not b'imrrrnpal:'ihlc:.“'m
Therefore, there is considerable need for nowvel partially
fluorinated surfactants that are biocompatible and have the
potential to form stable, reverse water-in-perfluorocarbon
{micro-Jemulsions.
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Building on earlier studies with partially Auorinated carbo-
hvdrate surfactants,” the present study deseribes the synthesis
and characterization of a series of partally fluorinated
po-glhicopyranoside  surfadants. In additon, this study
evaluates their toxidly in a cell culture model as well as
their haemolytic activity in comparison to the analogous
hydrocarbon surfactants.

Results and discussion
Surfactant packing parameters of f-o-glucopy ranosides

Although it is difficult to predict if a partially fluorinated
surfactant forms reverse water-in-perfluorocarbon  micro-
emulsions,” the molecular geometry of a surfactant is one
important determinant of the self-assembled structures formed
by a surfactant. One possible way to describe the molecular
geometry of a surfactant is the surfactant packing parameter
P = w/(agl,) (where v is the volume of the hydrophobic chain,
g 15 the area of the polar head group and L is the length of the
hydrophobic chain).**! To guide us with the sdection of
promising target moleculs, we @leolated the surfactant
packing parameter for several p-p-glucopyranosides using
dther MOPAC or published values for v, g and 52 In
addition, we calculated the surfactant packing parameters of
two dimorpholinophosphate surfactants which have been
shown to form stable, reverse water-in-perfluorocarbon
{micro-Jemulsions.™'® The results of these calculations are
shown in Table 1.

The volumes, tail lengths and surfactant parameters calcu-
lated with the two different approaches differed significantly
from each other. Similarly, Giulieri and Krafft reported
significant differences between published and experimental
values for v and .* Despite these discrepancies, the caloulted
surfactant packing parameters allowed a comparson of the
molecular geometry of glucopyranoside and dimorpholine-
phosphate surfactants and the identfication of trends. Inde-
pendent of the approach used, the surfactant packing
parameters of both types of surfactants were similar, and near
the packing parameter value that would be associated with
ideal cylindrical micells (£ = 0.5).7" For the MOPAC results,
P for the glucopyranosides was slightly larger than the P for
dimorpholinophosphate surfactants, while the converse was
suggested from the experimental data due o the smaller
experimental  dimorpholinophosphate  headgroup  aren®
Furthermore, P of the partially fluorinated glucopyranoside
surfactants increased slightly with inaeasing degree of fluor-
ination, whereas P for the hydrocarbon glucopyranoside
surfactants did not change with mcreasing chain length. Over-
all, the surfactant packing parameters shown in Tabk 1
suggest that partially Aluorinated glucopyranoside and dimor-
pholinophosphate  surfactants have a similar  molecular
peometry. Therefore, glucopyranosides 8a-f were synthesized
for further studies because they may also form reverse waler-
in-perflucrocarbon microemulsions.

Synthesis

The synthesis of several luorinated f-o-glucopyranosides has
been reported in the literature. ™ The hydrocarbon spacer

betwesn the gluocose moiety and the terminal perfluoroalkyl
group of thess surfactants is short, with two,™ three™ ™ or
six™ ™ methylene groups. To the best of our knowledge,
glucopyranoside surfactants with lon ger hydrocarbon spacers
have not been synthesized previously. The following section
describes the synthesis of the partally Auorinated p-p-gluco-
pyranosides 8a-f, which were selected based on their surfiue-
tant packing parameters.

First, a series of partially fluorinated alcohols with the
general structure C,Fo, o (CH),OH (m = 4, 6 and 8. n =
10 and 11) were synthesized from decenol (1) or 10-undecenoic
acid (3), rt-sttIivdy.u As shown in Scheme 1, the two starting
materials were converted into the corresponding acetate or
methyl ester, and the hydrocarbon precursor was coupled with
a perfluorinated iodide in an ATBN mediated radical reac-
ton. ™ The resulting secondary iodides were deiodinated
with HI/Zn/EtOH and converted into the respective alcohol 3
either by saponification or by reduction with LAH.

Subsequently, the Auorinated alcohols 3a—f and the corre-
sponding hydrocarbon analogues da—f were reacted with
peracetylated p-o-glucopyranoside (5) to obtain the peracetyl-
ated gheopyranosides 6a—f and Ta-f. This glyeosylation
renction can be performed using a number of Lewis acids,
for example SnCl, ™™ ZnCL™ or BF; ELO™ ™™ 4 cata-
lysts. Initial experiments showed that reaction of the fluori-
nated alcohols 3 with 5 in the presence of ZnCl: or AlCI
required long reaction times and high reaction temperatures,
which led to the formation of mixtures of the o« and
p-anomers of the desired peracetylated glucopyranosides
Ga-f In contrast. BF3E0 gave the desired p-anomers of
the gluopyranosides 6a-f and Ta—f in 40-55% yield when
low reaction emperatures (<5 "C) and short reaction mes
(=3 h) were employed. The glycosylation products obtained
under these conditions typically contained traces of a-anomer
(= 1%) as determined by "H NMR. This small amount of the
a-anomer was considerad accepable for the intended applica-
tion of these compounds as surfactants in biomedical applica-
tions. The thermodynamically more stable c-anomers were
obtained when the reaction temperature was raised to 30 °C
and the reaction time was extended to 10 h (data not shown).
No other products, for example 2-, 3. 4 or 6(F-jalkyl
glucopyranosides, were formed according to TLC and H
NMR analysis.

In the final step of the synthesis, the (F-Jalkylated perace-
tvlated p-o-glucopyranosides 6a-f and Ta—f were deacetylated
using MaOMe in absolute methanol, followed by neutraliza-
tion with Dowex™ S0W=8-100 jon exchangs resin.®™ The
crude product was purified by column chromatography on
silica gel followed by recrystllizmtion from acetone. The pure
glucopyranosides Ba~f and 9a—0 were obtained with vields
ranging from 92 to 98%,.

In a preliminary study we also investigated a different route
to the desired glhicopyranosides to improve the overall vields
of the synthesis. Analogous to published syntheses that
employ bromo-sugars and an aleohol as starting materials, ***
we reacted 234 6-tetrapcetyl-a-n-glycopyranosyl  bromide
(1) with a partially Auorinated alcchol in the presence of
ApCO5 in DCM at 0 °C (Scheme 2). However, instead of
the desired glucopyranoside 6e, we obtained the fluorinated
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Table 1 Surfactant packing parameter F° of the glucopyrancsides a—f and their hydrocarbon analogues %a—f

MOPAC ecalculation results

Entry Struc ture Area, a /A% Volume, v /A* Length, 1A P P
fia gH 41 357 18.5 0472 0,566
Q
oH
ik UH 41 426 2.1 0493 5%
o
H'ﬂgmﬁ‘c“;h:c‘f- 3
aH
fe GH 41 495 n7 0510 058
o
Hgm::'cu._.u,;c;-:
aH
fd aH 41 EL 2] 9.7 0488 0562
o
ﬂﬂm NEH1 6Py
aoH
He aH 41 469 23 03513 0575
o
aH
8 QH 41 545 M9 0534 0585
o
aH
g o 41 T 8.2 0410 0488
a
A
OH
O oH 41 350 0.7 0413 0490
Q
ﬂfa;ﬁ;;,oe-wu
OH
e oH 41 EL 2] 12 0415 0492
a
O
OH
o GH 41 332 19.5 0415 0489
Q
T
oM
e oH 41 76 iR ] 0418 0491
a
OH
of oH 41 420 1.4 0419 0.492
a
Y O 1oy
OH
1l .\ a —\ 50 493 1.7 0419 0.618

1
o H=F=H [=]
AU |
QICH el 57

{coniimied o mext page)
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Table 1 (contimedi
MOPAC caleulation resulis
Entry Structure Area, ag/A” Volume, /A" Lengh, LA P P
2

10k — 2 50 545 4.9 0438 0614

o H=F-M 0

S S

OCH14C0

“ Surfactant packing pammeter P = y{apl.), where ay is the area of the polar head group, vis the volume of the hydrophobic chain, and L is the
length of the hydrophobic chain**' * The valume v (A% from MOPAC comelations was caleulated as 22 1ny + 37.Tng (g 0dd) or 21 9y, +
34.5np (ng even), where ny = the number of hydrogenated and np = the mumber of fluorinated carbons. © The length I, (A) from MOPAC
correlations was caleulated as 0.86 + 1.2dmy + 1.3np ¥ Surfactant packing parameter P cakeulated using published values for a, v and .45

CHCH-[CHgOH 8068 | ReOH 3a-¢

1 of
CHSCHACH,)g-COH Elah | mooH 3df

z ar

S ReOH 4t

QA
(s}
RN ok ©
Ohc oH
A OREe por iy HO- = ORE (o
Ga-f and Ta-f Ba-f and 9a-f
A} Evan numbarad Lail
3,608 | -Re 4,Torg | R
8 -(CholaFa a -CruHem
b -(ChoCeFua b “CieHa
& “(ChoCaFir [ Gy
(B} Odd numberad tail
3 6o -Re 4,7o0r9 -
d -[ChCFa d -CeHs
-(ChiCaF @ -CiHe
¥ “[ChiCaFrr F “CagHan

Scheme 1 Synthesis of perfluomalky and alkyl fro-glucopyrano-
sides. Reagents and conditions: (3) DMAP, Ac=Cl, pyriding, DOM; (1)
FCFy I (m = 4, 6 or 8), AIBN; {c). HI {33%), Zn, GH.OH, (d)
CH,OH, KOH; {e) CH,0H, PTSA, toluene; (fi FICF)I (m = 4, 6ar
8), AIBN; () HI{55%), Zn, C,HOH; () LiATH,, anhydmous ether,
ambient temperature; (i) BF; OEL{48%), anhydrous DCM, 0 °C 1o
ambient temperature, 3 h; () MeONa/MeOH, 0 C to ambient
temperature; (k) Dowex™ S0W 8- 100 ion-exchange resin.

QAo

O

QAC
axpecied
a] n} found
“ﬁ%’olﬁ:ﬂfco"q” - Aﬁ/oxk:ﬁ—r A
a OA.CBr a

G 10

1, 2-orthoacetate 11 in 80% yidd. Based on the chemical shifts
of the H-1" proton at 5.70 ppm, the 1,2-orthoacetate 111is the
exo isomer (exo:d 5.72 ppm vs. endo: § 5.59 ppm"z:l. Similarly,
Tsui and Gorin have reported the formation of 1,2-ortho-
acetales as side products (21-34% wvield) under comparable
reaction conditions.* The lower yiekd in that study may be due
to the shorter chain length of the aleohols employed (= C-8).

Melting points of (F-)alkyl glucopy ranosides

Glucopyranosides are compounds that form both thermo-
tropic liquid crystalline phases upon heating and lyvotropic
liquid crystalline phases upon addition of sobvents such as
water*** As a result of this complex phase behaviour, a
range of melting points has been reported in the literature for
alkyl p-o-glucopyranosides. To investignte the thermotropic
properties of the partially fluorinated glucopyranosides, the
phase transitions of the glucopyranosides 8a~f and 9a—f were
investigated using differental scanning calorimetry (DSC).
The phase transitions determined by DSC were in agreement
with the melting points measured with a MelTemp apparatus.

Az shown in Fig. 1, both hydrocarbon and fluorocrbon
glucopyranosides displaved at least two phase transitions. The
main phase transitions were observed at temperatures ranging
from &9 to 116 °C. A minor phase transiion observed at
temperatures from 143 to 190 °C corresponds to the clearing
temperatures reported for long-chain  hydrocarbon gluco-
pyranrrsiniﬁ'u'” and probably represents a transition from
an anisotropic liguid crystalline phase to an isotropic
liguid phase.

While the phase transition temperatures for the even num-
bered glucopyranosides 8a—b and 9a-b were almost the same,
the respective phase transiion temperatures for the highly
fluorinated glucopyranoside Be were clearly higher compared
to the corresponding hydrocarbon analogoe % (Fig. 1(A)).
Similarly, the partally fluorinated glucopyranosides with an
odd number of carbon atoms in the hydrophobic tal (Bd-f)

O
L&)
DICHZ 1 CeF 2
c‘&\ﬂ
11

Scheme 2 Synthesis of orthoester 11. Reggen s ard comditions: {2) 38, Ag, 00, DOM, 0 °C to ambient tempe rmiune.
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A} Evan () Ol glucopyranosides
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Fig. 1 Comparison of the phase tmnstion maxima of perfluoroalkyl
and alkyl f-p-ghicopymnozides with an { A) even (Ba— and %a—¢) and
(B odd number (84— and W) of carbon atoms in the hydrophobic
tail (& and A = fluomalky; B and O = alkyl, closed symbaols =
major phase tramition; open symbols = minor phase transition; #
mpresents the maximum of a second phase transtion obsemved for
alkyl ghicopyranosides % and %), Vahies shown are the experimental
mean + one standard deviation of at least thee DEC experiments.

displayed higher phase transition temperatures compared to
their hydrocarbon analogues %d—f (Fig. 1(B)). In comparison,
the melting points of the partially Auorinated B-o-glucopyrano-
sides Ba-f are lower compared to fluorinated glucopyranosides
with a propylene hydrocarbon spacer (—(CH; 5C,, Foyz 3. m =
4, 6 and §).2

These differences in the phase transiion temperatures bet-
ween hydrocarbon and fluorocarbon p-o-glucopyranosides
are a result of the perfluoroalkyl erminus in the hydro phobic
til. Due o the larger stenc demand of the Auorine atom,
perfluoroalkyl chains are more rigid, which allows a more
efficient packing in the solid swte. As a consequence, the
melting point of the glucopyranosides Be-f was  higher
compared to the corresponding hydrocarbon analogues 9e-f.
Similar trends in phase transition temperatures have been
reported for other partiglly fluorinated compounds, such
us partially fluorinated. long<hain carboxylic acids with
the general structure Fam+ 1 Ca(CH2)oCO0OH (m = 4, 6
and 877 or Auorinatad p-o-glucopyranosides with a short
hydrocarbon spager %

Biological studies

An initigl cytotoxdecity assessment of the glucopyranoside
surfactants 8a—f and 9a-f was performed using the B16F10
mouse melanoma cell line. * Haemolytic activities, both in the
presence and absence of 20% serum, were determined using
rabbit red blood cells.” Octylthioglucoside was used as a
positive control for the cytotoxicity studies and the determina-
don of haemolvic activities. Cytotoxicities and haemolytic
activities, expressed as ECq values, are summarized in Table 2
for all compounds under investigntion. Representative cyto-
toxicity curves for surfuctants Se, 8e and 9% are presented in
Fig 2.

The partially fluorinated glucopyranosides Ba~b and Sd-e
were modderately toxic, with ECe values ranging from 179 o
311 pM. These ECs, values are comparable to the ECsg values
of the analogous hvdrocarbon derivatives 9a-d, which ranged

from 190 to 600 pM. This isin contrast to the positive control,
octylthioghieoside (OTG), which showed significant eviotoxi-
city over the same concentration range. Similarly, partally
fluorinated surfactants derived from maltose.* mannitol,*
sorbitan,® sucrose,® trehalose® and xyvlitol™ also dizplay
moderate-todow toxcity in cells in culture, with ECsy typically
=100 pM. In contrast, glucopyranosides with shorter fluori-
nated chains (=12 wrbon atoms) appear o he more
cytotoxic  than  glucopyranosides Baf ™ For example,
778,899 10,100,11,11,12,1 2, 12-midec fluorod odecyl- B-o-gluco-
pyranoside was cytotoxic at concentrations of 50 pM.

The two glhicopyranosides 8¢ and 8 with the perfluorooctyl
terminus were even lass toxic than 8a-b and 8d-e, with ECg,
values = 1.5 mM. Similarly, the cytotoxidty of fluorinated
pyridinium surfactants has been shown to decrease with an
increasing degree of fluorination.” One possible explanation
for this decrease in cylotoxicity is a lower cellular uptake due
to the hydrophobic and lipophobic perfluoroalkyl terminus of
the hydrophobic tail. This interpretation is supported by a
recent study that showed no cellular uptake of a highly
fluorinated galactopyranoside in the B16 melanoma cel line.
However, there is also evidence that fluorinated surfactants
readily partition into model membranes.®'** and, thus,
should be able to enter cells in culture. Therefore, cellular
uptake studies are necessary to determine if the glucopyrano-
sides Be und 8f can indeed partition though cell membranes.

The results from the MTT assay were further confirmed by
Hoffman modulation contrast microscopy (Fig. 3). In agree-
ment with the results form the MTT assay, treatment of
B16F10 @lls with high concentrations of surfactant 8¢ (24 h,
1.5 mM) surfactant nether altered cell growth nor induced
morphological changes in com parison Lo the control (Fig. 3(A)
and (B)). In contrast, surfactants 8¢ and % induced retarda-
tion in cell proliferation and caused an abnormal prolongated
morphology of the wlls at a coneentration close o the ECy
(Fig. 3(C) and (D)) In addition, both surfactants induced
apoplosis in a significant number of cells. No viable cells were
observed at high concentrations (1.5 mM) of 8 and %
(Fig. 3(E) and (F)). Only necrotic cells and cellular debris
were evident al these high concentrations. Fluorescence stam-
ing with PI and YO-PRO-1 showed only a small portion of
BI6F10 cells in early or late stage of apoptosis in con trol czlls
(Fig. HG)) but significant amount of cells treated with 8e at
concentration close to the ECq were in wvarious stages of
apoplosis (see Fig. JH)).

In addition to the cytotoxiaty experiments, the haemolytic
activity of all surfactants was assessed using rabbit red blood
cells.” The glucopyranosides Ba—f and 9a—f were haemolytic at
low milimolar concentrations. The haemolytic actvity de-
creased for both groups of surfactants in the presence of
serum, with ECq values =15 mM for 8a-f in the presence
of serum and =5 mM for 9a—f in the absence of serum.
Furthermore, the hydrocarbon glucopyranosides 9a—f had a
higher huemolytic activity compared to their luorinated ana-
logues Ba—f. Similar observations have been reported for
various other fluornated surfactants > In addition,
the haemolytic acivity decressed for structurally related
glucopyranosides (ie., 8a-d with ten and 8d-f with eleven

methylene groups in the hydrocarbon spacer) with increasing
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Table 2 Ass.ﬁslq.c_gt of cytotenticity and haemalytic activity of partially fluorinated ghcopymnosides and their hydmocarbon analogues in the

BISF10 cell line. ™

Haemaolytic activity, ECg"fmM

Entry Structure Ree ., gy-fro-Glu Cytenicity, BCoy uM Without semm %% Serum
Fluorocarbon surfactants
Ha aH 194 =20 10%) =20 {10%)
o
H?‘m CHCHhCaFy
OH
il aH ill =X (15%) A
[x]
H?‘mﬂfﬁmhzl_‘,}-,
oM
e GH = 15000 =2 =20
[x]
H?‘mQ‘CH;h;L‘J‘-:
oM
fid H 190 15 ]
o
”?.Eé*\, BT £Fs
OH
fie aH 179 =X =20
o
Hf‘:;é:ﬁ,mcu;."csp.,
oM
#f OH = |50y =1 =0
o]
HQ‘MMH,."CJ.,
oM
Hydrocarbon surfactants
a oH 250 10 15
a
OH
o oH 300 =X {30%) el ]
Q
GOS0
OH
9 oH 190 =X (10%) el ]
a
OH
ol UK 230 5 15
a
H?‘O O 1sHy,
OH
e OH 230 15 =20 (5%)
a
OH
of oH [ =X =0
a
A
OH
OTG Oetylthioglucoside 20 03 i

“ Drata in parenthesis represent the percentage haemolysis at a 20 mM concentration of the respective ghicopymnoside.
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0.8 & OTGE EC, =17 uM
oH

0
8c: EC,, = =1500 uM Hmuwmaxw"

oH

oH

Be EC, = 179 M Mﬂw“ﬂnﬁaﬂ:
9 EC,, =220 M “%&iﬂc-m

o

log & {uM)

Fig. 2 Cytotoxic effect of glucopyranosides Be, Be and % in the BI6F 1) mowse melnoma cell line. B16F10 cells were exposed for 24 h to the
mapective ghicopymanoside at the conoentrations shown and assessed for MTT activity a5 described in the Experimental section. A representative
Typdrocarbon sufactant, sctylthioglueoside (OTG), & shown for companison.

Fig. 3 Cytotoxdc effect of glueo pyranosides e, fie and % in the B16F10 mouse melanoma cell line, The B 16 10 cells wene treated for24 h with (A)
the vehicke (PBS + 1% DMS0) or with gluco pyrancside (B) fic { 1.3 mM), {C) Se (230 pM, black arrows indicate abnormal spindle-shaped cells),
(¥ % (250 pM, black arrow indicate ahnomal spindle-shaped cell, white arrow indicate typical necrotic cell), (E) 8e (1.5 mM)or (F) % (1.5 mM,
black arrows indicate cellular debris, white amows indicate necrotic cells). The fluorsscent markers Y o-Pro- | (green) and PT {redyellow) were used
for the viswalization of early apoptotic changes and post-apoptotic secondary necrosis in BI6F 10 cells treated for 24 b with (G) vehicle (green
arrows indicate early stage of apoptodis, omnge arrows indicate late stage of apoptosis) or (H) Se (250 pM, green armows indicate early stage of
apoptodis, orange arrows indicate late stage of apoptoss, red amrows indicate secondary necrosis). The cells were observed under an epifiuorescent
TR DOVAC OO
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length of the perfluoroalkyl terminus. This anti-haemolytic
effect of an increasing degree of fluorination has been
reported previously for a number of structurally diverse

surfactants >3-

Conclusions

A series of P-o-gluoopyranoside surfadants with (F-)alkyl
chain lengths ranging from 14 to 19 carbon atoms was
synthesized m good yields from the respective aleohols and
peracetylated  B-o-glucopyranoside (5) using BF3ELO as
catalyst. Similar to other partially fluorinated surfactants, an
increasing degree of fluorination reduced thar toxicity and
haemolytic activity. Because of thar biocompathility as wel
us their molecular geometry (ie., the surfactant packing
parameter), the partially Auorinated glucopyranoside surfac-
tants 8a—e¢ wre of particular interest for biomedical applica-
tions, such as the pulmonary administration of drugs using
reverse waler-in-perfluorocarbon (micro-)emukions. >’

Experimental
Calculation of surfactant packing parameters of (F-)jalkyl
fru-glucopyranosides

The geometry of each molecule was optimized using MOPAC
us implemented in Chem3D Ultra 9.0 {CambridgeSoft).™
Mokcular volumes were calculated as COSMO volumes,
and tail lengths were measured directly from the optimized
geometry as the length from the O atom to the terminal atom
in the wil. Tail length and volume correlations were developed
for hydrocarbon and fluorocarbon surfactants in the series.
Areas were determined by determining volumes for a series of
at least three surfactants with the same head group and using a
linzar correlation between il length and volume o determine
the head wvolume (from the intercept). The area was then
cilcolated assuming a spherical head peometry (which may
not be reasonable for dimorpholinophosphinate surfactants).
The alternative culeulations were based on experimental areas
and correations bepaeen carbon number and bond lengths
and tail volumes **

Symthesis of (F-Jalkyl f-u-glocopyranosides

The long-<chain hydrocarbon starting materials 1 and 2 were
purchased from TCT Chemicals (Portland, Oregon. USA).
Pentaacetyl-f-o-glucopyranose (5), the long chain alkyl alco-
hols 4af and anhvdrous dichloromethane were obtained from
Fisher Scientific (Fairlawn, New Jersey, USA). Perfluorinated
iodides were purchased from Ouskwood Chemical Co. (West
Columbia, South Caroling, USA). The "H and *C NMR
spectra were recorded on a multinudear Bruker Avance 300 or
Bruker DRX 400 Digital NMR Bruker spectrometers at
ambient temperature. Due (o their poor solubility, NMR
spectra of longchain glucopyranosides were recorder at
318 K. All "H and “C chemicul shifts are reported in parts
per million (ppm) relative o internal tetramethylsilane. B
signals of the glucose moiety were assigned as described
prrvinu:ily.” b o spectra were recorded using the Bruker
Avanee 300 with CFCh as internal standard. The mass spectra

were memsured at the University of Towa Mass §pectrometry
Facility. High-resolution mass spectra (HR-MS) were mea-
sured using an Autospec ESI-MS instrument and ESI mass
spectra were recorded using a ThermoFinnigan LOQ Deca
mass spectrometer. Elemental analyses were obtained from
Atlantic Micro Lab Microanalysis Service {Atlanta, Georgia,
USA). Medting points were determined using a MelTemp
apparatus and are uncorrected. In addition, the maxima of
the major phase transitions of all glucopyranosides was
determined using differential scanning calomimetry (DSC)
from 0 to 200 °C with 1 10 *C min™" ramp.™*° All reactions
were monitored by thin layver chromatography, followed by
visualization with anisaldehyde H.80,% The detailed
charactenzation of representative compounds with odd and
even numbered tils is shown in the ext below (the detaled
characterization of the remaining compounds is available as

ESIt).

General procedure for the synthesis of perfloorcalkyl and alkyl
2,34, 6-tetra-O-acetyl-fi-p-glucopyranosides (Ga-f and Ta ™

Boron trifluoride diethyl ether complex { 10.0 mmol, 48% ww)
in 3 mL dry dichloromethane was added dropwise to a
solution of pentaacetyl-f-o-glucopyranose 5 (5.0 mmol) and
the corresponding alcohol 3a—f or da-f (6.0 mmol) in 15 mL
drv dichloromethane at 0 "C. The reaction mixture was
stirred at 0°C for 2 h and allowed to slowly warm to ambient
temperature.  Dichloromethane (20 mL) was added and
the mixture was washed with saturated NaHCOs solution
(3 x 15 mL) and brine (2 x 15 mL). The organic phase was
dried over anhwdrous NazS0., filtersd, and the solvent was
removed under reduced pressure. The residue was purified by
column chromatography on silica gel with hexane and ethyl
acetale as eluent (hexane-ethyl acetate = 3 @ 1) The product
wits o blained as a white solid or a vellowish viscous hiquid with
moderate vields ranging from 46 to 55%.

Porflooroalkyl 2.3 4.6-tetr a-Oacetvl-fro-glocopy ranosides

11,11,12,12,13,13,14, 14, 14-Nonafluorotetradecyl-2,5.4,6-
tetra-(acetyl-f-o-glocopyranoside (6a). Viscous liquid; wield,
55%; "H NMR (300 MHz, CDCL): 4/ppm 1.1-1.3 {m, 12H,
6 % CHz), 1.45 (m, 4H, H-2" and H9"), 1.8-2.0 (m. 14H. 4 =
CH-CO and H-10"), 3.35 (m, 1H, H-1"a), 3.59 {m, 1H, H-5),
376 (m, IH, H-1"b), 400 (d, 1H, Jaag = 120 Hz, H-6a), 4.16
(dd, 1H, Jes s = 12.0 Hz, Js s = 4.7 Hz, H-6b), 4.39(d, 1H,
J = §.0Hz, H-1), 484 (dd, 1H, J12 = 8.0 He, J2s = 9.5 Hz,
H-2), 496 (1", 1H, J ~ 9.9 Hz, H-4), 509 (1", 1H, J ~
9.5 He, H-3). *C NMR {75 MHz, CDClz): &/ppm 20.0 (C-9"),
2005 (4 x CH2CO), 258 (C-3"), 290.0-29.4 (-2, C-4' 1o C-8"),
30.7 (L J = 21 He, C-10'), 62.0 (C-6), 68.5 (C=4), 70.0 {C-1"),
713 (C-2), 71.7 (C-5), 728 (C-3), 100.8 {C-1), 169.1, 169 4,
170.2, 170.5 (4 » COCHs). "F NMR (282 MHz, CDCls):
S/ppm —81.6 (CFs), —1151 (CF2), —124.9 (CF2), —126.6
(CFz). Positive-ion ESI-MS peak at m/z 729 ([M + MNa]™).

12,12,13,13,14,14,15,15,15-Nonaflsoropentadecyl-2,.3.4,6-
tetra-Oacetyl-froglocopy raneside (6d). Viscous liquid; vield,
51%: "H NMR (300 MHz, CDCL) 3/fppm 1113 {m, 14H,
7 x CH;), 1.44 (m, 4H, H-2' and H-10"), 1.8-2.0 (m, 14H,
4 % CH500 and H-11"), 3.34 (m, 1H, H-1"a), 3.60 (ddd, 1H,
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Jos=98Hz Jog = 24 He, Jogy = 4.5 H-5), 174 (m, 1H,
H-1'b), 4.10(dd, 1H, Je g0 = 12.2 Hz, Jg, = 2.3 Hz, H-6a),
415 (dd, 1H, Joy e = 122 Hz, J5 g, = 4.7 Hz, H-6h), 4.38
d, 1H, J = 8.0 Hz, H-1), 4 84 (“t", 1H, J ~ &4 Hz, H-2), 4 95
(dd, TH, Jy ; = 80 Hz, Jo 5 = 9.5 He, H4), 508 1", 1H, J ~
94 Hz, H-3). ®C NMR (75 MHz, CDCL): é/ppm 20,0
(C-10"), 204 (4 = CH500), 25.7 (C-3'), 29.0-29.5 (C-2', C-4'
o C-9), 306 (L J = 22 Hz C-117), 61.9 (C-6), 68.5 (C4),
W0 (C-17, TL (C-2), TLT (C-5), 728 (C-3), 1008 (C-1),
169.0, 169.3, 170.1, 1705 (4 = COCH:). "°F NMR (282 MHz,
CDCL) d/ppm  —EL6 (CFy), —115.1 (CF;), —1249
(CF3), —126.6 (CF;). Positive-ion ESI-MS peak at mjz 743
M + Na]™).

Ayl 234 6-tetra-O-acetyli-i-glocopyranosides

Tetradecyl-2.3 4.6t a-O-acetyl-f-o-ghcopyranceide (7a)™5,
White solid; mp 6364 °C (L 5784 "C™7) yidd, 51%:; H
NMR (300 MHz, CDCL): §/ppm 0.88 (L 3H, J = 70 He,
H-14"), 1.1-1.4{m, 22H, 11 = CH3), 1.56 (m, 2H, H-2), 1 9-2.1
4 s, 12H, 4 = CH00), 348 (dt, 1H, Jyg gy = 96 Hz Jyy >
= 6.6 Hz, H-1"a), 3.69 (ddd, 1H, Jos = 98 Hz, Jsea = 2.5Hz,
Jsgn = 4.7, H-5), 386 (du TH, Jyraaw = 9.6 He, s> = 6.6 Hz,
H-1'b), 413 (dd, 1H, Jagn = 122 He, Jas = 2.5 Hz, H-6a),
426 (dd, 1H, Jaagn = 122 Hz, Jsa = 4.7 Hz H6b), 448
d, TH, iz = B0 Hz, H-1), 498 (dd 1H, J:2 = 80Hz J23 =
95 He, H-2), 5.09 (1", 1H, J ~ 9.6 He, H-4), 521 (0", 1TH, J ~
9.4 Hz, H-3). "C NMR (75 MHz, CDCls): &/ppm 14.3 (C-14),
208209 @ « (HaCO), 229 (C-13), 261 (C-F), 20.5-209
(C-2, G4 o C-117), 321 (C-127), 62.2 (C-6), 68.7 (C-4), T0.4
(C-17), TL6 (C-2), 719 (C-5), 73.0 (C-3), 1010 (C-1), 169.4,
1696, 170.5, 170.9 (4 < OOCH:). Positive-ion ESI-MS peak at
mfz 567 (M + MNa]™).

Pentadecyl-23.4,6-tetra-0-acety |-f-p-ghcopyranoside (T,
White solid; mp 6869 "C; vield, 33%:; TH NMR. (300 MHz
CDCs) §/ppm 088 (1, 3H, J = 7.0 Hz, H-157, 1.1-14
(m, 24H, 12 x CH), 1.56 (m, 2H, H-2"), 20-2.1 @ x s,
12H, 4 = CHyCO), 347 (dt, 1H, Jpy g = 97T He, Jpuzx =
6.7 Hz, H-1'a), 3.69 (ddd, 1H, Jss = 99 Hz, Jsg = 2.5 Hz,
Jog, = 4.7, H-5), 386 (dt, 1H, Jyoyy = 97 Hz, Jyue =
6.4 Hz, H-U'b), 413 (dd, IH. Jgu 1, = 12.3Hz, Jgu s = 2.5 Hz,
H-6a), 4.26 (dd 1H, Jo g = 12.3 Hz, Jo, = 4.6 Hz, H4b),
448(d. 1H, Jy » = 7.9 Hz. H-1), 498 (dd, 1H, J,, = 7.9 Hz,
b3 = 9.6 He, H-2), 5.08 (“t", I1H,J ~ 9.7 Hz, H-4), 5.21 (“1",
IH, J ~ 94 Hz, H-3). “C NMR (75 MHz, CDCL,): 4/ppm
14.3(C-15"), 20.8-20.9 (4 = CH3C0), 22.9 (C-147), 26.0(C-3),
205209 (C-2', C4' w C-12'), 322 (C-13"), 62.3 (C-6), 68.7
(C-4), 70.5 (C-1"), T1.6 (C-2), 72.0 (C-5), 73.1 (C-3), 101.1
(C-1), 169.5, 1696, 170.5, 1708 (4 « OOCH,). Positive-ion
ESI-MS peak at m/z 581 ([M + Na] ™).

General procedure for the synthesis of perflooroalkyl and
alkyl fro-glocopyranosides (8a—{ and 9% A solution of
sodium methoxide (5 mmol) in methanol (5 mL) was added
dropwise to a solution of the respective tetrascetylated gluco-
pyranoside éa—f or Ta-f (2 mmol) in methanol (10 mL) and the
mixture was stirred at ambient temperature for 1 h. The
reaction mixture was neutralizzd by addition of Dowex™

S0W = 8-100 ion exchange resin (2.0 g). The ion exchange resin
was filtered off and the solvent was removed under reduced
pressure. The crude product was purified by recrystallization
from acetone or column chromatography on silica gel (eluent:
DCM-Me«OH = & : 1), followed by recrystallization from
acetone, Lo give the products as white solids in high vields
ranging from 92 to 98%..

Porflooroalkyl fi-u-gloco pyranosides

11,11,12,12,13,13,14,14,14-Nonafluorotetradeeyl-f-o-ghueo-
pyranoside (8a). White solid: mp 59-61 °C; mp (DSC) 58.43 +
1.76 °C, 166.19 £ 1.51 "C; vield, 95%; "H NMR (300 MHz,
CD.0D) §/ppm 1.3-1.5 (m, 12H, 6 x CHy), 1.6-1.7 {m, 4H,
H-2 and H9"), 218 (m, 2H, H-10, 3.22 (1", 1H, J ~
§.3 Hz, H2), 3.3-3.4 (m, 3H, H-3, H-4 and H-5), .57 (m, 1H,
H-1"a), 370 (dd, 1H, Jg e = 11.9 Hz, Jog, = 5.1 Hz, H-6a),
3.8-4.0 (m, 2H, H-6b and H-1'b), 4.29 (d, 1H, J,, = 7.7 Hz,
H-1). *C NMR (75 MHz, CD,0OD) §/ppm 21.3 (C9"), 27.1
(C-31), 30.2-309 (C-2', €4’ to -8, 317 (L J = 22 Hz,
C-101), 62.8 (C-6), 709 (C-1'), TLE (C-4), 75.1 (C-2), 78.0
(C-5), 781 (C-3), 104.4 (C-1). "F NMR (282 MHz, CD;0D)
Gfppm —%10 (CFs) —1i4.1 (CF;), —124.0 (CFy), —1257
(CF2). Anal. Cale. for CagHay FoOy: C 44.61, H 5.80. Found:
C 4439, H 568%. HR-MS of [M + MNa]™ m/z Cale
561.1875, Found. 561 1880.

12.12,13,13,14,14,15,15,15-N onafluoro pentadecyl-f-o-gluco-
pyranoside (8d). White solid; mp 98-99 °C; mp (DSC) 101.57 +
0.88 °C, 174.57 4 0.07 °C: vield, 98%.; "H NMR {400 MHz,
CD:0DY: §/ppm 1L3-14 (m, 14H, 7 x CHy), 16-1.7 (m, 4H,
H-2' and H-10%, 2.18 fm, 2H, H-11"), 3.22 (“t", 1H, J ~
8.0 Hz, H-2), 3.3-3.4 (m, 3H, H-3, H-4 and H-5), 3.58 (m, 1H,
H-1'a), 370 (dd, 1H, Jeaen = 11.9 Hz, Jsgp = 5.3 Hz, H-6a),
3.8-4.0 (m, 2H, H-6b and H-1'b), 4.29 @, 1H, J12 = 7.8 Hz,
H-1). °C NME (100 MHz, CD:0D) &/ppm 21.3 (C-107, 27.1
(C-37, 30.2-309 (C-2', C4' to C9), 318 (L J = 22 He,
C-117), 629 (C-6), 709 (C-1), TLE (C-4), 752 (C2), 779
(C-5), 783 (C-3), 104.4 (C-1). "F NMR (282 MHz, CDs0D)
d/ppm —81.0 (CF3). —114.1 (CF2). —124.0 (CFz), —125.7
{CFz). Anal. Cale. for CxHaaFe0s: C 4565, H 6.02. Found:
C 4497, H 6.11%. HR-MS of [M + Na]™ m/z Calc.
575.2031, Found. 575.2041.

Alkyl fi-o-glucopyranosides

Tetradeevi-f-u-glooo pyranoside (9a 7™, White powder; mp
69-71 "C(lit.: 64.8 "CT mp (DSC) 66.96 + 2.52°C, 15147 +
3.97 °C; yield, 95%; "H NMR (300 MHz, CD.OD): §/ppm
0.9 {m, 3H, J = 6.9 Hz H-14"), 1.3-1.4(m, 2ZH, 11 = CH3),
1.63 (m, 2H, H-2"), 3.31 (1", IH, J ~ 89 Hz, H-2), 3.2-3 4
(m, 3H, H-3, 4 and 5, overlapped with residue proton of
CDy0D), 3.57 im, 1H, H-1"a), 3.71 (dd, 1H, Jyu 0 = 120 Hz,
Joga = 50 Hz, H-6a), 3.8-4.0 (m, 2H, H-6b and H-1"h), 4.28
(d, 1H, J,» = 7.7 Hz, H-1). *C NMR (75 MHz, CD,0D)
&/ppm 14.4 (C-147, 237 (C-13"), 27.1 (C-3"), 30.4-30.8 (C-2',
C-4" 1o C-117), 33,0 (C-127), 62.9 (C-6), T1.O(C-17), T1.8 (C-4),
752 (C-2), 77.9 (C-5), 78.2 (C-3), 104 4 (C-1). Anal. Cale.
for CogHuegO: C 63.80, H 10.71. Found: C 6397, H 10.67%.
HR-MS of [M + Na]™ m/=: Cale. 399.2723, Found. 399.2733.
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Pentadecyl-f-p-glucopyrancside (9d). White powder; mp
7577 °C, mp (DSC) 7227 £ 285 "C. 15432 + 784 "C
vield, 95%; "H NMR (300 MHz, CDOD): &/ppm 0.90
{m, 3H, J = 7.0 Hz, H-15", 1.2-1.4 {m, 24H, 12 x CHj),
L63 (m, 2H, H-2"), 319 (“t", 1H,J ~ §.9 Hz, H-2), 3.2-3.4
fm, 3H, H-3 4 and 5, overlapped with residoe proton of
CD0D), 357 (m, 1H, H-1"a), 371 (dd, 1H, Jeum = 12.0 He,
Js g = 5.2 Hz, Ha), 3.84.0 {m, 2H, H-6b and H-1"k), 4.27
d, 1H, Ji2 = 7.7 Hz, H-1). ®C NMR (75 MHz, CD;0D)
B/ppm 14.4 (C-15"), 23.7 (C-14"), 271 (C-3"), 30.4-30.8 (C-2',
C4' 1o C-12"), 33.0(C-13"), 62.9(C6), 7T1.0 (C-17, T1.8 (C4),
75.2(C-2), 77.8 (C-5), 78.2 (C-3), 104.4 (C-1). Anal. Cale. for
CyHypOg: C 64.58, H 10.84. Found: C 64.06, H 10.64%.
HR-MSof [M + Na]™ m/z Cale. 413.2879. Found . 413.2870.

Synthesis of orthoester 11

Ag, 005 (5 mmol) was added o a solution of 2,34 6-tetra-
acety la-n-glvcopyranosyl bromide (10)™ in anhydrous DCM
(10 mL) at 0 "Cunder a nitrogen atmosphere. The mixture was
stirred for 10 min and aleohol 3¢ (5 mmol) in anhydrous DOM
{10 mL) was added slowly. After 3h, additonal DCM (20 mL)
wis added, the renction mixture was filtered and the solvent
removed under reduced pressure. The vellowish residue was
purified by column chromatograph on silica gel with hexane
and ethy] acetate (3 : 1, v/v) as eluent.

34.6-Tri- O-scety FL2-[1412,12,13,13,14.14,15,15.1 6,16.17.1 7.~
17-ridecaflvoroheptadecylox y)ethy lidene|-a-p-gloco py ranose ).
White powder; mp 82-83 "C; vield, 80%:; TH NMR (300 MHz,
CD ) &/ppm 1.27 (m, 14H, 7 = CHy), 1.56 (m, 4H, H-2" and
H-10", 1.71 (s, 3H, CH3), 204-2.11 {m, 11H, 3 = CH3C0 and
H-11"), 346(t,2H, J = 6.6 Hz, H-1"), 3.96 {m, 1| H, H-5), 4.19
{m, 2H, H-2 and H-6aHH), 4.30 {m, 1H, H-6b), 490 (m, 1H,
H-4), 517 (1", IH,J = 2.7 Hz, H-3), 5.70(d, 1H, J = 5.2 Hz,
H-1). ®C NMR (75 MHz CDCL) d§fppm 203 (C-3),
09201 (3 » CHyCO and CHy), 263 (C-10), 29.3-299
(C-2", C4' 1o C9"), 311 ( J = 22 Hz, -117), 63.3 (CH),
63.9(C-17), 67.1 (C-5), 68.4 (C-4), 70.3 (C-3), 73.2(C-2), 97.1
(C-1), 121.5(=C[CH3OR), 169.4, 169.9, 170.9 (3 x (OCH,).
F NMR (282 MHz, CDCL): §/ppm —81.3 (CF5), —114.9
(CF,), —122.5 (CF;), —1234 (CF;), —124.1 (CFy), —126.7
(CF3). Anal. Cale. for CayHy Fy 20y © 45.37, H 5.04. Found:
C 4540, H 5.05%.

Assessment of eviotoxicity

Cancer cell line. The BI6F10 mouse melanoma cell line
(ECACC) was selected from a panel of cancer cell lines used
for testing in our laboratory. The cell line was grown in
D-MEM medium {Sigma, Cach Republic) supplemented with
10% of fetal calf serum (Gibeo, Ceech Republic), 50 mg L’
penicillin, 30 mg L streptomyan, 100 mg L~ "neomydn, and
300 mg L t-glutamine as reported previously.™>* Cullures
were maintained in & humidified incubator (Shellab, Sheldon,
OR, USA) at 37 °C and 5% CO4

MTT-based ecviotoxicity test. The MTT assay™ was
used to assess the cytotoxicity of the glucopyranosides in
@lls in the exponential growth phase. In short, cells were
seeded on 96-well flal-bottom microplates at the density

2530 = 10° mL~", 100 L per well, and allowed to grow
for 16-24 h in culture medium. The tested compounds were
first dissolved in DMSO (Sigma, Czech Republic) and than in
sterile PBS. Final concentrations of DMSO in samples were
below 1%. PBS with DMSO (1 and 5%) served as control.
No cylotoxicity of 1% DMSO in PBS was observed. Gluco-
pyrancsides dissolved in sterike PBS (total volume of 20 pL) were
added to each well and the oytotoxic effect was evaluated after
24 h of exposure over a concentration range from 6 pM 1o
1.5mM using the MTT assav. Octylthioglueoside (Roche) was
used as a positive control.

MTT (Sigma Chemicl Co., Czech Republic) was dissolved
in PBS at a concentration of § mg mL™" and sterilized by
filtration. MTT solution was added into all wells of 96-well
flat-bottom microplates with cells in a dose of 20 L per well.
The plates were incubated for 3 h. To enhanee the dissolution
of dark-purple crystals of formazan, 110 pL of 10% SDS in
PBS (final pH 5.5) were added to all wells. The microtitre
plates were stored in a ght-tight box at room temperature,
evaluated on the next day using a well-plate spectro-
photometer reader EL 800 (BioTek, USA) at 540 nm and
the ECs (i the molar concentration which produces 50% of
the maximum possible inhibitory response) values were calou-
lated from the dose response curves. All experiments were
performed in triplicate and ECy, valuss were calcolated using
GraphPad PRISM V.4.00 (GraphPad Software Inc., San
Diego, CA).

The results from the MTT assay were further confirmed by
Hoffman modulation contrast microscopy  (epifluonescent
inverted microscope T200, Nikon, Japan) exposing morpho-
logical changes of the cells treated with vanous surfactants.
Propidium iodide (P} and YO-PRO-1 (Molecular Probes,
Oregon, USA) were used to distinguish dead or apoptotic

cells from vital living ones.™

Haemolytic asctivity. Rabbit red blood eells (2% in PRS)
were used 1o perform standard haemolytic tests in both PBS
and PBS containing 20% fetal bovine serum (Gibeo). The
surfactants were tested in concentration range extending from
40 pM to 20 mM. The tested compounds were dissolved in
DMSO and added into PBS. Maximal final concentration of
DMSO in PBS was 5% for 20 mM concentration of tested
compound. This coneentration of DMSO did not ciuse any
haemolysis in control red blood cells. After 2 h incubation of
red cells with a particular compound at 37 °C, the released
haemoglobin was separated from red blood cells by centrifu-
gation (700 g, 10 mm, three washes) and quantified using a
well-plate spectrophotometer reader EL 800 (BioTek, USA) at
540 nm. Data are expressed as the lowest concentration of
surfactant causing 0% haemolysis,
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A series of hydrocarbon and fluorocarbon carbohydrate surfactants with different headgroups (i.e., gluco-,
galacta- and maltopyranoside) and (fluorinated) alkyl tails (e, G and Cy4 to C) was synthesized to
investigate trends in their cytotoxicity and haemolytic activity, and how surfactant-lipid interactions
of selected surfactants contribute to these two measures of biocompatibility. All surfactants displayed
low cytotoxicity (ECgp =25 to > 250 M) and low haemolytic activity (ECgp=0.2 to >3.3 mM), with head-
group structure, tail length and degree of fluorination being important strectural determinants for both

mm:mﬁ'iw endpoints. The ECsp values of hydrocarbon and fluorocarbon glucopyranoside surfactants displayed a
Haemolytic activity “cut-off” effect (i.e., a maximum with respect to the chain length). According to steady-state fluorescence
surfactant-lipid interactions anisotropy studies, short chain (C;) surfactants partitioned less readily into model membranes, which
DPPC explains their low cytotoxicity and haemolytic activity. Interestingly, galactopyranosides were less toxic

Fluorescence anisotropy compared to glucopyranosides with the zame hydrophobic tail. Although both surfactant types only differ
in the stereachemistry of the 4-0H group, hexadecyl gluco- and galactopyranoside surfactants had similar
apparent membrane partition coefficients, but differed in their overall effect on the phase behaviour of
DPPC model membranes, as assessed using steady-state fluorescence anisotropy studies. These observa-
tions suggest that highly selective surfactant-lipid interactions may be responsible for the differential
cytotoxicity and, possible, haemalytic activity of hydrocarbon and fluoracarbon carbohydrate surfactants
intended for a variety of pharmaceutical and biomedical applications.

i 2000 Elsevier BV. All rights reserved.

1. Intreduction

Self-assembled supramolecular nano- and micro-structures
(such as liposomes, microemulsions and microbubbles) of sim-
ple, single-tailed carbohydrate surfactants with a hydrocarbon or
a partially fluorinated hydrophobic tail are of interest for a num-
ber of pharmaceutical and biomedical applications. Hydrocarbon
carbohydrate surfactants have been studied as solubilising agents
in agueous formulations and offer several advantages compared
o classical polyoxyethylene-based surfactants, including compara-
tively high purity, biodegradability and production from renewable
sources [1,2]. Fluorinated, carbohydrate-based surfactants are of
interest for pharmaceutical applications, such as novel perfluo-

* comesponding author Tel.: £1 319 335 4201: fax: +1 319 335 4730,
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rocarbon compound (PFC)-based drug delivery systems [3-5]. In
particular reverse water-in-PFC (micro-)emulsions are investigated
for the pulmonary administration to the diseased lung [4-6]. These
reverse emulsions allow the delivery of a well-defined dose of phar-
macological agents directly to the diseased lung via the airways, for
example during liquid ventilation [6,7 ], without adversely impair-
ing gas exchange in the lung [4-6]. Because of this broad range
of pharmaceutical and biomedical applications, there is consider-
able interest in developing new, biocompatible carbohydrate-based
surfactants.

Despite their potential use in a range of pharmaceutical
application, structure-toxicity relationships of hydrocarbon and
fluorocarbon carbohydrate surfactants in general and simple
gluco-, galacto- and maltopyranoside surfactants in particular are
poorly developed, especially in mammalian systems. Only a few
reports have investigated the toxicity and haemolytic activities of
hydrocarbon [1,2,8.9] and fluorocarbon surfactants [10-15] with
carbohydrate headgroups. Limited studies of the effect of differ-
ent carbohydrate surfactants on model membranes [16] and the



[ X.Lietal / Colloids and Swrfaces B: Blointerfoces 73 (2009) 65-74

m vitro haemolytic activity [2] suggest that the headgroup and
the hydrophobic tail are both important structural determinants
of surfactant-lipid interactions and, thus, toxicity and haemolytic
activity. There is also evidence that an increasing degree of fluori-
nation reduces both toxicity and haemolytic activity compared to
the corresponding hydrocarbon surfactant [10-15]. However, it is
unclear if carbohydrate surfactants also display a “cut-off effect”
in biological activities (e.g_, a maximum in activity based on chain
lemgth ) that is characteristic of many non-ionic surfactants [ 17 ], Lit-
tle is also known about the interaction of carbohydrate surfactants
with model membranes and biclogical lipid assemblies, This is an
important gap in our knowledge because surfactants that have a
high affinity for lipid membranes may adversely affect membrane
permeability, fluidity, curvature and, ultimately, membrane func-
tion.

Maost of the above mentioned studies are limited to a com-
paratively small number of commercially available carbohydrate
surfactants, thus limiting efforts to understand if general trends in
cytotoxicity and haemolytic activity are related to surfactant-lipid
interactions. Here we investigate the cytotoxicity and haemolytic
activity of a series of hydrocarbon and fluorocarbon gluco-, galacto-
and maltopyranoside surfactants in vitro to identify structural fac-
tors {e.g., chemical structure of the headgroup, length and degree
of fluorination of the hydrophobic tail) influencing both mea-
sures of bincompatibility, Subsequently, the membrane partitioning
behaviour of selected surfactants is investigated to aid in our
understanding of general trends in cytotoxicity and haemolytic
activity,

2. Materials and methods
21. General methods

The long-chain hydrocarbon starting material 1a and 1b
were purchased from TCl Chemicals (Portland, Oregon, USA)L
Pentaacetyl-B-D-glucopyranose (4], the long chain alkyl alcohols
3 and anhydrous dichloromethane were obtained from Fisher Sci-
entific (Fairlawn, New Jersey, USA). Perfluorinated iodides were
purchased from Oakwood Chemical Co, (West Columbia, South Car-
olina, USA). Hepryl-B-D-glucopyranoside {[B-13a) was purchased
from EMD Biosciences Inc. (San Diego, CA, USA), The synthe-
sis and characterization of all other carbohydrate surfactants
{Scheme 1) is described in detail in the supporting material. L-
a-Dipalmitoylphosphatidyicholine (DPPC, > 99%) was purchased
from Avanti Polar Lipid (Alabaster, AL USA): 1,6-Diphenyl-13.5-
hexatriene (DPH, = 99%), was purchased from Molecular Probes
{Eugene, OR). Chloroform (>999%) and tetrahydrofuran (THE,
> 00 9%) were purchased from Fisher Scientific. Deionized ultrafil-
tered water { DIUF) was obtained using a MILLI-() system (Millipore,
Billerica, Massachusetts, USA).

22, Assessment of cytotoxiciy

221, Cancer cell ine

The B16F10 mouse melanoma cell line (Interlab Cell Line Col-
lection, Milano, Italy) was selected from a panel of cancer cell lines
used for testing in our laboratory. The cell line was grown in D-MEM
medium (Sigma Chemical Co.. Czech Republic) supplemented with
10% of fetal calf serum (Gibco, Czech Republic), 50 mg L-! penicillin,
50mgL-! streptomycin, 100 mgL-" neomycin, and 300mgL-' L-
glutamine as reported previously [ 18,19], Cultures were maintained
in a humidified incubator at 37 =C and 5% CO;.

222 MITT-based cytotoxIcity test
The MTT assay [20.21] was used to assess the cytotoxicity of
the glucopyranosides in cells in the exponential growth phase.
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In short, cells were seeded on 9G-well flat-bottom microplates
at the density 2.5-3.0 = 105 permL, 100 gL per well, and allowed
to grow for 16-24h in culture medium. The tested compounds
were first dissolved in DMS0 {Sigma, Czech Republic) and than in
sterile PBS. Final concentrations of DMS0 in samples were below
1%, PBS with DMS0 (1 and 5%) served as control. No cytotaxicity
of 1% DMS0 in PBS was observed, Glycopyranosides dissolved in
sterile PBS (total volume of 20 L) were added to each well and
the cytotoxic effect was evaluated after 24h of exposure over a
concentration range from 1pM to 250 uM using the MTT assay.
Octylthioglucoside (Roche, Czech Republic) was used as a positive
control.

MTT (Sigma Chemical Co., Czech Republic) was dissolved in PBS
at a concentration of 5mgmL-! and sterilized by filtration, MTT
solutionwas added imto all wells of 96-well flat-bottom microplates
with cells in a dose of 20 pL per well, The plates were incubated
for 3h, To enhance the dissolution of dark-purple crystals of for-
mazan, 110 L of 10% SDS in PBS (final pH 5.5) were added to all
wells, The microtiter plates were stored in a light-tight box at room
temperature, evaluated on the next day using a well-plate spec-
trophotometer reader Synergy 2 (BioTek, USA) at 540nm and the
ECep values(ie. the molar concentration which produces 50% of the
maximum possible inhibitory response) were calculated from the
dose response curves. All experiments were performed in tripli-
cate and ECry values were calculated using GraphPad PRISM V. 4.00
(GraphPad Software Inc,, San Diego, California, USA),

223 Haoemolytic activity

Rabbit red blood cells (2% in PBS) were used to perform standard
haemolytic tests in both PBS and PBS containing 20% fetal bovine
serum [Gibco). The surfactants were tested in concentration range
extending from 7 M to 3.3 mM. The tested compounds were dis-
solved in DMS0 and added into FBS. Maximal final concentration
of DMS0 in PBS was 5% for 20mM concentration of tested com-
pound, This concentration of DMS0 does not cause any haemolysis
in control red blood cells, After 2 h incubation of red cells with a par-
ticular compound at 37 °C, the released haemoglobin was separated
from red blood cells by centrifugation (700 g, 10 min, three washes)
and quantified using a well-plate spectrophotometer reader EL 800
(BioTek, Winooski, Vermont, USA) at 540 nm. Data are expressed as
the lowest concentration of surfactant causing 50% haemaolysis.

2 3. Fluorescence anisotropy studies

2.31. Preparation of DPH-labelled DPPC vesicles

Multilamellar vesicles (MLVs) of DPPC containing increasing
concentration (0-20 pM) of carbohydrate surfactants and DPH with
the lipid-to-DPH molar ratio of 5001 were prepared [22]. In short,
250 pL of a DPPC solution {1 mM in chloroform), 2 pl of a DPH solu-
tion (0.25mM in THF) and the appropriate volume of a solution of
carbohydrate surfactant B-13a, B-13d or B-15b (1 mM in chloro-
form) were mixed well before removing the solvent using a rotary
evaporator under reduced pressure at 30 =C. After being dried under
a high vacuum for 2 h to remove solvent traces, the resulting films
were hydrated with 1 mL of ultra-pure water well above the phase
transition temperature of DPPC (T 50 =C) for 1 h. Subsequently, the
liposome suspensions were vortexed for 2min to uniformly dis-
perse the MLVs, Large unilamellar vesicles (LUVs) were obtained
from the MLVs by extruding the suspension 15 times through a
double-stacked polycarbonate membrane filter (pore size: 100 nM)
using a LiposoFast extruder (Avestin Inc., British Columbia, Canada)
at 50°C, The resulting lipid dispersions were stored at room tem-
perature and used within 24h of preparation, The final working
samples were prepared by diluting the 100 pL of the LUV suspen-
sions with 2400 pL of ultra-pure water.
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Scheme 1. Synthesis and chemical structure of perfluoroalky] and zlkyl glycosides. ((2) DMAP, Ac-Cl, pyridine, DOM: (h) FCF, ) L AIEN: [c) HI(55%), Zn, C,H, OH: (d) CH, 0H,
KOH; (2] CHzOH, PTSA, toluene; (f] FICF:z)I (m=4,6 or Bl AIBN: g. HI (55%),Zn, CzH=0H; (h) LiAlH,, anhydrous ether, ambient temperature; (i) 8F/0Et; (48%), anhydrous
DCM (-anomer: 0=C for 20min, then 30-C for 10h; B-anomer: 0<C for 2h, then warmed to ambient temperature]: () MeONa/MeOH, 0-C to ambient temperatare; (k)

DawEXT5OW « 8- 100 ion-exchange resin).

232 Measurement of steady-state anisatropy

Steady-state DPH fluorescence anisotropy experiments with the
final working solutions were carried out using a LS55 Luminescence
Spectrometer from PerkinElmer (Shelton, CT, USA) as described pre-
viously [22]. Inshort, the cuvette chamber was thermally controlled
using a PerkinElmer PTP-1 Peltier System (Shelton, CT, USA). The
solutions were mixed contimuously with a small magnetic stir bar
at low speed. The steady-state DPH anisotropy within the DPPC
bilayer was determined at Aex=350nm and Aem=-452nm with
an excitation and emission slit width of 10nm, For the fluores-
cence experiment, the samples were equilibrated at 50 =C for 15min
and subsequently cooled to 20=C with a rate of 0.2=C'min. DPH
anisotropy values r} were calculated from Eg, (1) as follows,

p_ -G xlv
T v +2G = I

where hyy and gy are the values of the fluorescence intensity mea-
sured with both polarizers in vertical (VV) orientations or with the
excitation polarizer in vertical and emission polarizer in horizontal
position (WH), respectively. G is a correction factor for differences
in sensitivity of the detection system for vertically and horizon-

(1)
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tally polarized light, T, the temperatures at the midpoint of the
phase transition were determined from plots of absolute fluores-
cence anisotropy as a function of temperature [22]. All fluorescence
experiments were carried out in triplicate.

233 Calculation of apparent partition coefficients
The partition coefficients K of the surfactant between DPPC
bilayers and the agqueous phase were calculated based on shifts in

melting temperature [22,23] according to the equation
R- lej.l? K-Ca

ATm = —— o —
™ "AHn G55+ K-

(2)

where Tmo represents the phase transition temperature without
additives and AT, (ie, Tm—Tne) is the changes of the melt-
ing temperature according to DPPC vesicles without additives.
AHm is the enthalpy change associated with the phase transition
{31.38 kJ-mol-") [24] and R is the gas constant (8.314)-K-"-mol-").
(. and Cy denote the total lipid concentration and the concentration
of additive [ surfactant), respectively,
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[A)

(8}
Fig. 1. Molecular structures of nonadeoy] a-D-ghucopyranaside (-1

). (A) 3D Structure obtained by geometry optimization using the AM1 semi-empirical molecular orbital

method | 15]. (8} Crystal structure showing the atom-labelling scheme. Displacement ellipsoids are drawn at 50% probability level.

3. Results
3.1, Synthesis

To further explore structure-toxicity relationships of simple,
single-tailed carbohydrate surfactants and to investigate their inter-
action with {model) membranes, we synthesized and characterized
a series of 34 «- and B-gluco-, galacto- and maltopyranosides and
4 mixtures containing the o- and B-anomers of the respective
surfactants (Scheme 1). All surfactants were synthesized from a flu-
orinated alcohol 2 and the appropriate peracetylated carbohydrate
{4-6) as described previously for B-glucopyranoside surfactants
[15]. In short, the fluorinated alcohols 2 were prepared from 9-
decen-1-ol (1a) or undecenoic acid (1b) in four steps as described
earlier [15,19]. Subsequently, peracetylated gluco- (7 and 8),

1.00

galacto- (9 and 10) or maltopyranosides (11 and 12) were obtained
by reacting the fluorinated alcohols 2 (or the corresponding
hydrocarbon analogues 3) with the corresponding peracetylated
B-D-gluco- (4), B-D-galacto- (5) or B-maltopyranosides (6) using
BF; Etz0 as catalyst [13,25-28). The respective «- and B-anomers
were obtained by controlling the reaction temperature and time (-
anomers: <5°C and < 3h; a-anomers: 30°C and 10h). In the final
step of the synthesis, the (F-)alkylated peracetylated carbohydrates
7-12 were deacetylated using NaOMe in absolute methanol, fiol-
lowed by neutralization with Dowex® S50W = 8- 100 ion exchange
resin [27]. The surfactants were obtained in moderate-to-good
yields and are > 05% pure, Molecular structures of nonadecyl a-D-
glucopyranoside (¢-13g) obtained by geometry optimization using
the AM1 semi-empirical molecular orbital method or crystal struc-
ture analysis are shown in Fig. 1.

E“
uﬂg&iﬂ*
(=]
& PATh ECy; = STpM R=CiHy
¥ p1Ba Ecy > 353uM; e (CHCF,

O Q18D ECy, = M R(CHGCHF

0 OTG  ECy = B0aM

& .
Eo.sc S Q‘L
o i
¥y 1:*
025 14
il
Lk
N ah . B0ng
B 1 o 1 z 3 5
fea [g) uM

Fig. 2. Cytotoxicefect of maltopyranasides B-17h, [3-18a and B-18binthe B16F10mouse melanoma cell line. B16F10 cells were expased for 24 hta the respective carbohydrate
surfactants at the concentrations shown and assessed for MTT activity as described under materizls and methods. A representative hydrocarbon surfadant, ooylthioglucoside

(OTG), is showen for comparison.
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Table 1
Assessment of cytotaxicity and haemalytic activity of partially fluorinated carbohydrate surfactants and their hydrocarbon analogues in B16F10 cell lines.
Entry structure of tails Cytotouicity EC., (JuM) Haemolytic activity EC.y, (mib)
‘Without serum 20% serum
Alkyl glucapyranosides
a-13b CraHas 53 25 >3.3(30%)
a-13C GCizHn () »>33(20%) 233
a-13d CigHy 70 *33(20%) >33
a-13e CrHas 7 *33(25%) >33
w-13F CigHyy 250 >33 >33
a-13g CigHas =250 »33 >33
B-132 Ty *350 >33 >33
B-136* CraHazs 41 17 25
B-13c CizHy 38 08 5
B-13d> CigHn 50 *>33(30%) »33
B-13e* CrrHas EH 15 >3.3(5%)
B-13f CraHy 3z >33(10%) >33
B-13g* CigHye 100 *33 »33
(asf)-130F CraHas 62 08 17
(+p-13g7 CraHas >Z50 >33(5%) >33
Perfluoroalkyl glucopyranosides
-1 {CHz hoCeFas oA »>33(5%) »*33
a-14f {CHz hoCaFre *250 >33 >33
B-l4a {CHa L CyFa *350 >33 >33
B-14b" {CHz hoCaFo 3z >33(10%) >3.3(10%)
B-lac (CHa I CaFs az 5 »33
B-14db {CHy hgCeFon 52 »>33(25%) =13
B-148° (CHz I CeFu El] >33 213
B-14f (CH hoCoFre >350 >33 »31
B-14g® {CHa In GaFp *2350 *33 »33
(s - 1aae (CH, )G Fy *250 >33 >33
(s l-1agk (CHz I CaFr »250 >33 >33
Alkyl galactopyranosides
a-15¢C CraHy >Z50 >33 >33
B-152 AT *350 >33 >33
B-15b CisHm *350 *33(40%) >33
B-15¢c CnHy >Z50 >33(20%) >33
Perfluoraalkyl galactopyranosides
a-16C {CH, o CyFrp *250 >33(10%) >33
B-162 (CHz hCaFa >Z50 >33 >33
B-16b (CHz hoCeFra *250 *33(20%) *31.3(5%)
B-16c (CHz halsFre >250 >33(5%) >33
Alkyl maltopyranosides:
B-17a CoHhs >250 »33 »33
B-178 CieHm &7 003 015
Perfuoroalkyl maltopyranosides
B-182 (CHz hCaFa >Z50 >33 >33
B-18b {CHz hoCeFrs 25 17 25
Positive contral
oTG octylthioglocoside E20 ns 3

* structure of carbohydrate surfactants (see also Scheme 1):

H
’m a-13 and 14 a-1£-and 1% Ho’m
DHOH /&' SCSH”
R
E E -13 and 14 HOW&-WWW 17 and 18

® The data hawe been reparted previously [15].
= o-13b: B-13b=1:4.
4 o-13g p-12g= 10
 -143° i-14a= 106
Fo-14r B-14g=10 1
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3.2, Cytotoxicity in the B16F10 mouse melanoma cell line

Aninitial cytotoxicity assessment of all 34 alkyl- and fluoro-alkyl
carbohydrate surfactants (plus 4 mixtures of @- and B-anomers)
was performed using the BI1GFI0 mouse melanoma cell line
to assess their overall biocompatibility and gain insights into
structure-toxicity relationships, The cytotoxicities of the test com-
pounds, expressed as ECsy values, are summarized in Table 1.
Representative cytotoxicity curves for maltopyranosides surfac-
tants B-17b, B-18a and B-18b are presented in Fig. 2.The Cyy to
Cp hydrocarbon - (@-13b-e) and B-glucopyranosides {B-13b-e)
showed mild cytotoxicity, with ECgy values in the range of 37-
70 M, The Cyg and Cyg a-glucopyranosides a-13f and ce-13g did
not show a cytotoxic effect in the concentration range investigated,
whereas the corresponding B-glucopyranosides B-13f and B-13g
were moderately toxic. Mixtures of - and B-glucopyranosides 13b
and 13g had cytotoxicities that were similar to the toxicity of the
pure - and B-anomers. The cytotoxicity of B-glucopyranosides
with short C7 alkyl {B-13a) or fluorinated alkyl chains ( B-14a) was
insignificant and comparable to the positive control, octylthioglu-
coside (ECsp=250 M), - and B-glucopyranosides with partially
fluorinated Cyy to Cpy alkyl chains («-14d and B-14b-e) had
ECzp values that were comparable to the corresponding hydro-
carbon derivatives. Glucopyranosides with the highest degree of
fluorination (ie, «-14f and B-14f-g) were not cytotoxic, with
ECzp values 250 M, whereas the hydrocarbon Cyg and Cig B-
glucopyranosides B-13fand B-13g were moderately cytotoxic (ECep
values of 32 and 100 M, respectively).

In contrast to the gluco- and maltopyranosides (see below), all
surfactants based on o- (m-15¢ and @-16¢) or B-galactose (B-15a-
¢ and B-16a-c) were nontoxic, with ECsp values =250 uM. This
i5 a surprising observation considering the structural similarity
between the gluco- and galactopyranosides.

The ECsp values of B-maltopyranosides with Cyg alkyl (B-17b)
and Cy5 fluoroalkyl chains ( B-18b) were 67 and 25 M, respectively,
which is within the range observed for the structurally related
Ci5 glucopyranosides, B-Maltopyranosides with a short Cz alkyl
(B-17a) or G fluoroalkyl chain (B-18a) were nontoxic within the
concentration range investigated {ECsp> 250 uM), which is also
comparable to the ECgy values observed with analogous C; gluco-
and galactopyranosides,

33, Haoemolytic activity

Much higher concentrations of the surfactants were generally
needed to induce haemolysis. In fact, most carbohydrate surfactants
displayed no in vitre haemolytic activity, with ECgp values=33 mM
(Table 1). Only a few surfactants were slightly haemolytic, with ECsy
ranging from 0.8 to 2.5 mM. This moderate haemolytic activity was
suppressed by the addition of serum, which is known to have a
protective effect on cell membranes in the presence of surfactants.
Mo correlation was observed between the haemaolytic activity and
the cytotoxicity.

The alkyl a-glucopyranosides «-13b-e showed a slight indi-
cation of haemolysis at 33mM concentrations, whereas the
long-chain derivatives a-13f and o-13g were not haemolytic in the
concentration range under investigation, This is in contrast to the
alkyl B-glucopyranosides B-13band B-13c, whichappeared to have
slightly more haemaolytic activity compared to the corresponding o-
glucopyranosides. The G glucopyranosides B-13a and B-14a were
essentially nonhaemolytic at concentrations below 3.3 mM. In con-
trast, the positive control, octylthioglucoside, showed significant
haemaolytic activity in the concentration range investigated, with
an ECsp of 0.5 mM. Partially flucrinated a- and B-glucopyranosides
14 displayed slightly lower haemolytic activities compared to their
hydrocarbon analogues.
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Fig. 3. Temperature-dependent changes of DPH fluorescent anisotropy in DPPC
bilzyers for selected concentrations of carbofydrate surfactants §-13a (A), B-13d
{B) or B-15b (), respectively. Samples containing 10 M of BPPC were cooled from
50 to 20<C at a rate of 0.2-C/min. The excitation and emission wavelengths are
350nm and 452 nm, respectively. The excitation and emission slit widths are both
10nm.

Hydrocarkon and fluorocarbon surfactants based on o- and B-
galactose (o-15¢ or B-15a-c and w-16¢ or B-16a-c, respectively)
were slightly less haemalytic compared to analogous glucopyrano-
sides, In contrast to the corresponding B-glucopyranosides [ 15], the
partially fluorinated tail conveyed little-to-no protection against
haemolysis.

Like other & carbohydrate surfactants, both B-maltopyranoside
(; surfactants ( B-17a and B-18a) were nonhaemolytic, whereas the
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() maltopyranoside surfactant B-17b was the most haemolytic
compound under investigation. The high hasmolytic activity of
B-17b was substantially suppressed by addition of serum. Intro-
duction of a partially fluorinated Cis chain (B-18b) suppressed
haemolytic activity by maore than one order of magnitude. The rel-
atively high haemolytic activity of B-17b suggests a specific effect
of this surfactant on red cell membranes compared to other carbo-
hydrate surfactants.

34, Assessment of membrane partition behaviour using
steady-siate fluorescence anisoiropy

The partitioning of carbohydrate surfactants into model or cell
membranes is expected to alter membrane properties, such as flu-
idity and/or curvature, These changes may explain the trends in
cytotaxicity and haemolytic activity, To test this hypothesis, we
studied the effect of three hydrocarbon surfactants, B-12a, B-
13d and B-15b, on dipalmitoyiphosphatidylcholine {DPPC) model
membranes using 16-diphenyl-1,3.5-hexatriene (DPH) fluores-
cence anisotropy. Measurements of the fluorescence anisotropy (ry
(Eq. (1)) are extensively used to study the effect of small molecules
on membrane behaviour by assessing changes in the rotational dif-
fusion of the fluorophore (i.e., DPH) that are thought to correlate
with the fluidity of the membrane [20].

Fig. 3 shows the temperature-dependent change in the fluo-
rescent anisotropy {rj of DPH-labelled DPPC bilayers for selected
concentrations of the respective carbohydrate surfactant. Upon
cooling, the DPPC model membrane displayed a characteristic,
sharp change in the fluorescence anisotropy. This change in the flu-
orescence anisotropy indicates a significant change in the fluidity
of the bilayer due to the transition from the liquid-crystalline to the
gel-phase of DPPC. The midpoint of this change in {r} corresponds
to the major phase transition temperature (T, ) of DPPC. The width
of the phase transition can be calculated from the on- and offset
of the change in (r}. Similar to other small molecules, Tr. decreased
and the transition width increased with increasing concentrations
of all three carbohydrate surfactants, The increase in the transition
width was especially significant for the Cy; glucopyranoside B-13d.

As shown in Fig. 4, the decrease in T differed signif-
icantly between the three surfactamts. The T, of hexadecyl
B-D-glucopyranoside (B-13d) decreased linearly over the entire
concentration range investigated (0-20 M), whereas the struc-
turally similar hexadecyl B-D-galactopyranoside { B-15b) displayed
a linear decrease in T up to a surfactant concentration of 7 pM
and an approximately constant Tm at concentrations =10 wM. In
contrast, the short-tailed surfactant, heptyl B-D-glucopyranoside
(B-13a), decreased the phase transition temperature of DPFPC only

42
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Fig- 4. Ty a5 a function of the increasing concentration of carbohydrate surfactants
B-13a (=], B-13d () or B-15b (A L T, the temperatures at midpoint of the phase
transition, was determined from plats of absolute fluorescence znisotropy values zs
a function of temperature. All fluorescence experiments were carried out at least in
triplicate.
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slightly over the same concentration range. The membrane parti-
tion coefficients calculated wsing equation 2 from the depression
of T increased in the order heptyl B-D-glucopyranoside (B-13a,
461 » 10°, B?-0.98)« hexadecyl B-D-glucopyranoside (B-13d,
278 « 105, B2 -0.99)< hexadecyl B-D-galactopyranoside ([-15b,
515 = 105, R2=-0.949),

4. Discussion

In the present study we investigate general trends in the cyto-
toxicity and haemolytic activity of a series of 34 hydrocarbon and
fluorocarbon carbohydrate surfactants, Subsequently, the mem-
brane partition behaviour of selected surfactants was investigated
In vitro to assess if surfactant-lipid interactions play a role in the
observed trends in cytotoxicity and haemolytic activity,

41, Cytotoxicrty tn cells in culture—structure—toxicity
relationships

Only limited information about the cytotoxicity of carbohy-
drate surfactants in mammalian cell culture models have been
published. Several studies have reported that partially flucrinated,
carbohydrate-based surfactants are mot toxic at high micromo-
lar to low millimolar concentrations, whereas the corresponding
hydrocarbon analogues display considerable toxicity [10-14].
Unfortunately, these studies typically did not report an ECzp value,
which makes it difficult to investigate structure-toxicity relation-
ships and to compare studies using different cell lines. Furthermaore,
these studies investigated only a few surfactants with glucose,
galactose or maltose headgroups. Therefore, we determined the
cytotoxicity of all 24 surfactants using the B16F10 mouse melanoma
cell line (Table 1 and Fig. 2) to investigate structure-toxicity rela-
tionships.

The most intriguing finding of this study is that the ECsp values
of the hydrocarbon and fluorocarbon glucopyranosides 13 and 14
displayed a maximum with respect to chain length, i.e_, the hydro-
carbon and fluorocarbon Cyy to Cp glucopyranosides showed mild
cytotoxicity, whereas the short (G ) and long-chain (Cyg and Cyg)
glucopyranosides, including octylthioglucoside as positive control,
were less toxic, with most ECsg values =250 M. The ECz values of
the small number of maltopyranosides 17 and 18 investigated sug-
gest that the cytotoxicity of this class of carbohydrate surfactants
may also display a maximum in ECsy values with respect to chain
length. Although similar trends have been reported for the biolog-
ical activity of many surface active compounds in non-mammalian
maodel systems, especially for compounds with anaesthetic and
antimicrobial activity [17], a "cut-off” effect in the biological activ-
ities has not been reported previously for carbohydrate surfactants
in general and fluorinated carbohydrate surfactants in particular.

The existence of a “cut-off” effect is surprising because the
membrane permeability of organic compounds is proportional to
their hydrophobicity (e.g., assessed by the octanol-water parti-
tion coefficient or the hydrophile-lipophile balance). Assuming
that the biclogical activity (e.g, cytotoxicity) correlates with the
membrane permeability (and, thus, the cellular uptake), the toxic-
ity of the surfactants is expected to increase {and not to decrease)
with increasing length of the hydrophobic tail. The low toxicity of
G surfactants and the moderate toxicity of Cyg to Cpp surfactants
are consistent with this expectation, However, the low toxicity of
maost Cyg and Cyg surfactants and the galactopyranosides 15 and 16
suggests that the membrane permeability is not the only deter-
minant of the cytotoxicity, especially after a comparatively long
exposure of 24 h, Several other factors, such as decreasing ague-
ous and lipid solubility, decreasing critical micelle concentration
(as measure of hydrophobicity and detergency), increasing binding



72 X.Lietal / Colloids and Surfares B: Biointerfoces 72 (2009) 65-74

to proteins in the cell culture medium (e.g., albumin) or decreasing
diffusion through the cell membrane with increasing tail length
and increasing degree of fluorination, are likely to play a role
[17,30], Independent of the factors ultimately contributing to the
low toxicity of the long-chain surfactants in cells in culture, our
results suggest that the length and the degree of fluorination of the
hydrophobic tail are important determinants of their toxicity,

Another intriguing observation is the low toxicity of the galac-
topyranoside surfactants 15 and 16 compared to the corresponding
glucopyranoside surfactants 13 and 14, Similarly, Kasuya and co-
workers reported that 3,3,4.4,5,5,6,6,77.8,8,0,0,10,10,11,11,12,12,12-
heneicosafluoro-dodecyl-B-D-glucopyranoside was nontoxic in
the B16 melanoma cell line at a concentration of 50 wM (48 hexpo-
sure), whereas the corresponding B-D-galactopyranoside displayed
some toxicity at the same concentration [ 14]. These findings show
that not only the length of the hydrophobic tail and the degree
of fluorination [10-15], but also the stereochemistry of the polar
headgroup are important determinants of the cytotoxicity of carbo-
hydrate surfactants, Specifically, the absolute configuration of the
hydroxyl group at the C-4 position determines the cytotoxicity of
gluco- versus galactopyranoside surfactants in the B16F10 mouse
melanoma cell line,

Since analogous gluco- and galactopyranoside surfactants have
a comparable headgroup size, the differences in the ECgy values
between these two surfactant groups suggest selective mecha-
nismy{s) of toxicity. In agreement with this interpretation, the low
toxicity of all surfactants sugzests that their cytotoxic effect is
not due to the massive disruption of the phospholipid membrane.
Instead, it is more likely that the cytotoxic effect is a result of
more or less selective interactions of the surfactants with lipid
rafts. These interactions impair the function of membrane proteins,
which results in the activation of pathways inducing apoptosis
and/or necrosis. This hypothesis is supported by our earlier study
showing that the glucopyranosides B-13e and B-14e induced apop-
tosis in B16F10 cells [15]). Similarly, other surfactants have been
shown to cause a ligand-independent clustering of death recep-
tors, such as Fas, in membrane rafts, which provides scaffolds for
the coupling of adaptor and effector proteins involved in apop-
tosis [31], The selectivity of these complex surfactant-lipid and
surfactant-protein interactions is affected both by the structure of
the hydrophobic tail and the structure and stereocchemistry of the
polar headgroup.

4.2, Hoemolytic activity

At haemolytic concentrations, surfactants directly destabilize
the cell membrane and alter the anchoring of the cytoskeleton com-
plex to the cell membrane, followed by massive release of the cell
content[8 9,32 ). Therefore, it is not surprising that, in comparison to
the cytotoxic effect, much higher concentrations of the surfactants
(=332 mM; Table 1)were typically needed toinduce haemolysis. Fur-
thermore, serum was protective against haemolysis due to binding
of the surfactants to albumin, which lowers the free concentration
of the surfactants and minimizes its partitioning into the cell mem-
brane. The only exception was the C;; maltopyranoside surfactant
B-17b, which was the most haemaolytic compound under investi-
gation, Similarly, the corresponding Cyz maltopyranoside has been
reported to be a potent haemolytic agent and causes lysis of human
erythrocytes at concentrations as low as 58 pM [9].

Some limited structure-activity relationships have been
reported for the haemolytic activity of carbohydrate surfactants,
Their haemolytic activity depends on the headgroup, the length
of the hydrophobic tail and the degree of fluorination. For exam-
ple, the haemolytic activity of short-chain surfactants (G to
Ciz) decreases with decreasing size of the carbohydrate head-
group (disaccharide > monosaccharide headgroup ) and flexibility of

the headgroup (pyranoside = straight polyhydroxylated chain), but
increases with increasing tail length[1,33]. In contrast, a flucrinated
tail protects against haemolysis, with high micromolar or low mil-
limolar concentrations typically displaying no haemolytic activity
[10,12,34]. In agreement with these earlier studies, maltopyrano-
sides displayed more haemolytic activity compared to gluco- and
galactopyranosides and a fluorinated tail protected against haemol-
ysis by B-glucopyranosides and maltopyranosides, In conclusion,
the haemolytic activity of the surfactants investigated herein is not
a concern for In vive applications because of the high concentra-
tions (>33 mM ) needed to induce haemaolysis fn vitro and the strong
protective effect of serum,

4.3 Membrane partitfon behaviour

Our studies of the cytotoxicity and haemolytic activity suggest
that carbohydrate surfactants with short (C7 ) hydrophobic tail are
less toxic and display comparatively low haemolytic activity com-
pared to surfactants with Cy4 to Cp tails (Table 1). For example,
the short-tail surfactant B-13a was not toxic in cells in culture
[ECep>250 M) and not hasmolytic (ECs >3.3mM] in the con-
centration range investigated in this study, whereas long-chain
surfactant B-13d was both toxic and haemolytic in the same con-
centration range. In contrast, all short-chain and most long-chain
galactopyranosides, such as B-15b, displayed no cytotaxicity and
little-to-no haemolytic activity in the concentration range stud-
ied. Ome possible explanation for the low cytotoxicity and low
haemaolytic activity of, for example, B-13d and B-15b is a poor ten-
dency of both compounds to partition into cell membranes. To test
this hypothesis, we studied the effect of three hydrocarbon surfac-
tants, B-13a, B-13d and B-15b, on dipalmitoylphosphatidylcholine
{ DPPC) bilayers using fluorescence anisotropy measurements, DPPC
bilayers were selected because they are frequently used to study the
membrane partition behaviour of organic compounds [35],

The changes in the phase behaviour of the DPPC model mem-
branes were characteristic for the incorporation of many small
maolecules into phospholipid bilayers and indicated aloss of cooper-
ativity in the bilayer at micromolar concentrations. Specifically, T,
decreased and the transition width increased with increasing con-
centrations of all three carbohydrate surfactants, A similar effect
of a Cyz glucopyranoside and several other short chain carbohy-
drate surfactants on DPPC model membranes has been reported
previously [16]. Howewver, there were distinct differences in the
effect of B-13d versus B-15b on T, which supports the above
mentioned hypothesis that carbohydrate surfactants can inter-
act selectively with lipid rafts in (model-)cell membranes, thus
inducing a toxic effect at different concentrations and by different
modes of action. Furthermore, the apparent membrane partition
coefficients increased in the order heptyl B-D-glucopyranoside
[ p-13a) = hexadecy! B-D-glucopyranoside | B-13d) ~ hexadecyl p-
D-galactopyranoside (B-15b). The smaller membrane partition
coefficient of B-13a and its minimal influence on the phase tran-
sition behaviour of DPPC bilayers indicate that short-chain (C7)
carbohydrate surfactants have only a small tendency to partition
into cell membranes. The partition coefficients of the long-chain
surfactants [B-13d and B-15b were higher compared to B-13a,
which is in agreement with other studies reporting an increas-
ing tendency of surface active compounds to partition into {model)
membranes [30]. Interestingly, the partition coefficients of B-13d
and B-15b were of the same order of magnitude, Together these
observations suggest that the low toxicity of the C; surfactants
is a result of the small partition coefficient of these surfactants,
independent of the headgroup, In contrast, the low toxicity of
galactopyranosides 14 and 15 is not correlated with simple physic-
ochemical properties, such as the membrane partition coefficient.
Instead, differences in the three-dimensional structure of the
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headgroup (i.e., galactose versus glucose) and, possibly, the inter-
action of B-15b (and other long-chain galactopyranosides) with
phospholipids molecules ina {model) membrane play, as suggested
above, a role in the toxicity of these bwo surfactant groups. The later
hypothesis is supported by the different trend in the depression of
T of B-15b versus B-13d (Fig. 4).

5. Conclusions

The chain length, the degree of fluorination and the head-
group structure are important determinants of the cytotoxicity
and the haemolytic activity of non-ionic carbohydrate surfac-
tants. OF particular interest is the “cut-off" effect observed in
the initial biocompatibility assessment of the hydrocarbon and
fluorocarbon glucopyranoside surfactants (ie,, the cytotoxicity of
these carbohydrate surfactants displayed a maximum at hydropho-
bic tail length ranging from Cyy to Cy). To the best of our
knowledge, this is the first time that such a “cut-off” effect
has been reported in a mammalian cell culture system for
carbohydrate surfactants in general and fluorinated surfactants
in particular. Furthermore, the cytotoxicity of surfactants with
glucose versus galactose headgroups depended on the stereo-
chemistry in the C-4 position of the pyranoside, Studies of the
surfactant-lipid interactions suggest that short chain surfactants
are a lower tendency to partition into lipid membranes, which
may explain their lower toxicity compared to Cy4 to Crp sur-
factants, Cjz surfactants with glucose and galactose headgroups
appear to have comparable membrane partition coefficients, but
affect membrane phase behaviour (ie., Ty} differently at surfac-
tant concentrations >10wM. The later finding clearly indicates
that the cytotoxicity of the carbohydrate surfactants is due to
highly specific surfactant-lipid interactions, This interpretation
of our results is further supported by the fact that haemolysis
of red blood cells occurs at much higher concentrations, Ower-
all, these finding suggest that membrane partition behaviour and
specific surfactant-lipid interactions are important determinants
of the biocompatibility of simple carbohydrate-based surfac-
tants investigated for a range of pharmaceutical and biomedical
applications.
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2.2.5. Senzory pro testovani cytotoxického ucinku farmak v modelech in vitro

Vyuziti piezoelektrickych krystalli pro sledovani fyzikalné-chemickych procesi je
modernim piistupem v souc¢asnych analytickych metodéach, které sméiuji k miniaturizaci
detek¢nich systémit a k wvyuziti funkcionalizovanych nanomateriali. Vyuziti téchto
senzorll pro monitorovani u¢inku farmak a dalSich latek in vitro na nékteré funkce bunck
je nové rozvijenou oblasti s vysokym aplikaénim potencidlem. Metoda je vhodna pro
studium vlivu farmak na stimulaci ¢i inhibici bunééného ristu, rozpoznavani a adhezi na
povrchy pfirozenych a umélych materidlli, migraci bunck a tvorbu konfluentnich
bunécnych povrchi.

Prvni publikované prace byly zaméfeny na modifikaci zlatych elektrod
biokompatibilnimi matricemi a ovéfeni funkCnosti systému na nékterych bunéénych
liniich (napf. epitelidlni buitky WB F344, melanom B16F10). Byly zkonstruovany méfici
cely pro préci s butikami a jejich funkénost byly testovany na modelu inhibice bunééného
ristu pisobenim cytotoxickych a cytostatickych latek.

Vzhledem k rychlému vyvoji v oblasti miniaturizace téchto technologii a vyvoji
novych nanomateriall, 1ze se o¢ekéavat rychly vyvoj v této oblasti. Z tohoto diivodu bude
pokracovat intenzivni vyzkum na vyuziti téchto biosenzorli ve spolupraci s MU a

CEITEC.
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2.2.5.1. Publikace k tématu kapitoly
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Abstract

The prezoelectnc sensor {quariz crystal mcrobalance, (UM} was used to monitor cell adhesion in real ime. Two cell lines, rat epithelial cells
{WB F344) and lung melanoma cells (B16F10) were used. The cells were adhered and grown on the gold surface of the sensor pre-coated with
adsorbed layer of extracellular matrix proteins as vitronectin and laminin. The process of cell attachment and spreading on the gold surface was
continuously monitored and displayed by changes of the resonant frequency Af and resistance AR values of the piczoelecinic resonators. The
initial phase of cell atachment and spreading induced a decrease of frequency and increase of resistance relating viscoelastic properties of the cell
monolayer on the sensing surface. The steady-state of both shifis was achieved afier a few hours. The presence and state of cells on the surface
was confirmed by Auorescent microscopy. The obtained results demonstrate that the piczoelectnic sensor is suitable for studies of the cell adhesion
processes. Thus obtained cell-based biosensor has potential for identification and screening of biologically active drugs and other biomolecules

affecting cellular shape and attachment.
£ 2006 Elsevier B.V. All rights reserved.

Keywords: (uartz crystal microbalance; Cell adhesion; Extracellalar matrix; Apopiosis: Floorescence microscopy

1. Introduction

Studies of biochemical and physiological activities in liv-
ing cell cultures have attracted considerable interest during
the recent years. The classical methods of studying cytotox-
icity effects and cell adhesion and their interaction with e.g.
extracellular matrix (ECM) proteins as fibronectin, laminin and
vitronectin (Grinnell and Feld, 1982; Curtis and Forrester, 1984;
Hayman et al.. 1983) are performed using the cultivation of cells
on a microtitration plate. the evaluation is carried out using the
optical microscopy and cell counting methods and provide only
qualitative information about the cells. The new sensing meth-
ods have been introduced that provide quantitative information
about the cellular adhesion, growth and migration. In this way.
detailed information about the effect of various chemical com-
pounds affecting cell morphology and metabolic state became
easily accessible (Marx et al.. 2001; Amndt et al.. 2004). These
methods generally called as cell-based biosensors allow evalu-

* Corresponding author. Tel: +42 5 49497010; fax: +42 5 41211214,
E-mail aadress: skladal @ chemimuni.cz (P Sklidal).

F956-53663/% — see front matter © 2006 Elsevier BV, All rights reserved.
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ating response of the cells in real time. continuously and without
additional potentially disturbing intracellular labels and probes.
Moreover, the other approaches for transduction of cellular sig-
nals were discussed elsewhere (Pancrazio et al., 1999). Vanous
types of cells include macrophages (Kowolenko et al.. 19901,
fibroblasts (Giaever and Keese, 1993), epithelial (Marxer et al.,
2003) and endothelial (Marx et al., 2005) cells, the studies per-
formed include kinetics of the adhesion as well as the cell dying
process. The monitoring was realized by sensitive techniques
such as electrical cell-substrate impedance sensing ECIS (Xiao
and Luong, 2003), piezoelectric sensors (Wegener et al.. 1998)
and impedance analysis of piezoelectric resonators (Wegener et
al., 2000).

It is well known that the operation of plezoelectric resonators
in liquid phase includes both mass chanpe induced frequency
shifts and density or viscosity effects of the surrounding liquid
layer as well (Kanazawa and Gordon, 1985). Thus, when mam-
malian cells attach to the surface, reversible frequency shifts
are observed which do not obey the simple Saverbrey equation
(Sauerbrey, 1959), but the signal instead originates from vis-
coelastic changes close to the surface. Therefore, for a more
detailed information related to the cell-surface interaction. it
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is necessary to measure additional parameters as resistance R
(Marx et al., 2003), dissipation factor [) (Fredriksson et al.,
1998a,b) or even better apply the rather complex impedance
analysis (Li et al., 2005). The process of cell adhesion is mon-
itored in real-time and non-invasively and provides informa-
tion about different molecular mechanisms responsible for cell
attachment and spreading. A better insight into various physi-
ological processes such as cell differentiation during develop-
ment, tissue regeneration and cell migration in tumor metastasis
(Poste and Fidler, 1980) becomes available.

In this work, we studied and compared the ability of two dif-
ferent cells — liver epithelial and lung melanoma derived lines —
to adhere on the gold electrode of the piezoelectric sensor. The
electrode was pre-coated with an adsorbed protein layer of ECM
such as laminin and vitronectin before exposing it to the culture
medium. Experimental procedures were performed in the serum
containing medium and the changes of resonant frequency fand
resistance R values were measured. The cell attachment and
spreading on the surface 1s mostly charactenzed by the decrease
of frequency and the increase of resistance values (Zhou et al.,
2000; Muratsugu et al., 1997). It is commonly suggested that
the cells can be treated neither as an adsorbed rigid mass nor as
entirely viscous materials. Here, it was demonstrated an inter-
esting event that the cell attachment on the surface modified with
laminin induced an increase of frequency.

2. Materials and methods
2.1 Cell cultures and growth conditions

Two different anchorage dependent cell lines were chosen
for the study. Cells were cultured in the standard conditions in a
stock flask (10 em?) in a humidified incubator with 5% CO2/95%
air atmosphere at 37 “C. The rat liver epithelial cells WB F433
were cultured using the D-MEM medium (Dulbecco’s modi-
fied Eagle’s medium, Sigma) supplemented with 10% (v/v) fetal
bovine serum (Gibeo), 100 unit/l penicillin, 0.1 g/l streptomycin
and 4 mg/l gentamycin (all from PAA Laboratories, Austria),
2 ¢l NaHCO5 and 1.2 gl HEPES (both from Sigma). The lung
melanoma cells B16F 10 were grown in the RPMI 1640 medium
(Sevapharma, Czech Republic). This culture medium was addi-
ticnally supplemented with 0.6 g/l glutamine, 106 (v/v) fetal
bovine serum. (.1 g/l pyruvate, 100 unit/l penicillin, 0.1 gf1 strep-
tomycin and 4 mg/l gentamycin. The pH value was adjusted at
7.4 in both types of media. The culture medium was exchanged
twice a week and routine subculturing of the confluent cell
layer was performed using standard trypsinization, 0.05% (wiv)
trypsin-EDTA procedure. The confluence represents the state
of cells grown to maximum capacity within the given space,
when intercellular surface contacts inhibit further growth. Re-
suspended cells in the medium were used for the seeding onto
either the piezosensor surface or microtitration plate.

2.2, Measurements with piezoeleciric sensors

The schema of the measuring device is depicted in Fig. 1. The
measurements were realized using the active oscillator-based
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Fig. 1. Schematic diagram of the experimental set-up. The cells applied by
capillary using the Hamilton syringe are seeded to the serface of the resonator
jpre-coated with different materials. The measurement chamber and the oscil lator
are placed inside the thermostated CO; incubator. The plezosensor is conpected
to the lever oscillator providing Afand AR values measured by the counter and
ASD converter, respectively.

method. The AT-cuts of optically smooth quartz crystal (3 em?)
with fundamental resonant frequency of 10MHz and with gold
electrodes (0.2cm?) on both sides were obtained from ICM
(International Crystal Manufacturing Company, Oklahoma City,
OK). The crystal was inserted in the Teflon-made batch chamber
(ICM). which was adapted for our requirements. The chamber
was covered by a polyethylene frit to prevent evaporation of the
medium. The cell suspension was applied through a thin Teflon
capillary by using the Hamilton syringe. total volume inside the
cell was 0.2 ml. The lever oscillator (ICM) was used to drive the
piezoelectnc resonator at the fundamental frequency. This cir-
cuit provided resonance frequency and resistance-proportional
voltage signals, which were simultaneously monitored using
the universal frequency counter (UZ 2400, Grundig Electron-
ics, Germany) and custom-made analog input module (16 bit
resolution, based on a PIC microcontroller), respectively. Both
signal processing units were linked through RS232C interfaces
to a standard PC/Windows computer with the own LabTools pro-
gram for data display. storage and editing. The relative resistance
changes were obtained after calibration of the measuring set-up
with standard resistors as suggested by the manufacturer (ICM).
The crystal regeneration was realized by subsequent washing
steps of chromic—sulphuric acid, 10% sodium hydroxide. water
and acetone. The assembled measuring chamber was sterilized
for 20 min in the autoclave before each experiment. Atthe begin-
ning, 100l of the medium was introduced to provide stable |
and R baselines. Then 100 pl of cell suspension was added to
the chamber. The process of cell attachment was monitored over
several hours at the constant temperature 37°C and 5% CO,.

2.3, Electrode coating and cell adhesion assay

The surfaces pre-coated with ECM proteins (either vit-
ronectin or laminin, both from Sigma) were used for the cell
adhesion. The complete protein adsorption on the gold sur-
face with laminin (2 pg/cm?) dissolved in PBS and vitronectin
(0.1 p.gfem?) dissolved in deionized was realized for 2h in the
incubator. After washing the electrode with sterile deionized
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Fig. 2. Cultivation of the WB F344 (A and C) and B16F10 (B and [¥) cell lines on the surface of gold electrodes of the piezcelectric quariz crysial modified with
either vitronectin (A and B) or laminin (C and D). Changes of the resonance frequency (Af) and resistance (AR) recorded in time; initinl volume of the medium was
100 . The vertical arrow marks the addition of cells, 100 wl of mediom containing (per | mi) cells: 4.2 » 10° WE F244 (A), 4.0 x 10° BI6F10 (B), 5.0 x 10° WR

F344 (Chand 5.6 = 10° BI6F10 (D).

water, 100l of the culture medium was injected to the cham-
ber and the frequency and voltage baselines were recorded.
Then. the cell adhesion process was monitored after inocula-
tion of 100 pl of the cell suspension into the chamber. Cells
were counted using the hemacytometry (Central Development
Workshop, Brno) before each experiment.

2.4, Fluorescent detection

Direct cell detection on the sensing surface was performed
using the fluorescent dye specific for mitochondria MitoTracker
Red CMXRos (Molecular Probes). The probe was used at 50 nM
concentration and stained cells were observed using the fluores-
cent microscope Nikon Eclipse E 600, excitation and emission
wavelengths were 579 and 599 nm, respectively. Fluorescent
images were acquired using the embedded CCD camera.

3. Results and discussion

3.1. Attachment of WB F344 and B16F10 cells on
vitronectin

Vitronectin is a major cell adhesion protein in plasma and it
is also present in the extracellular matrix of tissues. Interactions
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of cells with the ECM proteins are mediated by adhesion of
the cellular transmembrane receptors of the integrin superfam-
ily that recognize peptide motifs, such as Arg-Gly-Asp (RGD),
which are presented on the surface of ECM proteins. The exper-
imental measurement was focused on the ability of both cell
lings to bind through the integrin-mediated adhesion on the
vitronectin and their viahbility on such surface. The interaction
of cells with the surface was monitored using relative changes
of both Af and AR as parameters providing more information
about the adhesion. After stabilization of the baseline signals
in the presence of medium only. the cells were injected to the
chamber. To allow a better comparison, similar number of cells
(~4 x 10° cells/ml) was added to the chamber in each case.
Thus obtained experimental traces are presented in Fig. 2A
and B.

The addition of cells (vertical arrows) initiated decrease of
frequency and increase of resistance, as could be commonly
expected for increased surface viscoelasticity in the presence
of cells. However, the starting phase of the cell sedimentation,
attachment and spreading was completed within 2h for WB
F344 cells, but significantly faster, within | h, for B16F10 cells,
based on the frequency. Later, the frequency remained stable
for WB F344 (mean value around —260Hz) while resistance
was slightly increasing (0.7 &) reaching 55 at the end of
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vitronectin (A and B)or laminin (C and [0, the
probe MitoTracker Red CMX Ros. The width of images corresponds to 700 wm. The detailed description is provided in the text.

the experiment (Fig. 2A). Both Afand AR exhibited periodic
fluctuations with amplitudes of 30Hz and 5 Q. respectively.
the periodicity was increasing from 30 min at the beginning to
%0 min at the end. For B16F10 the maximum frequency response
of —162 Hz observed after 1h was followed by the increase
to —120Hz and then quite large fluctuations of frequency
{6080 Hz) appeared with periodicity of 150 min. Surprisingly,
the accompanying fluctuations of resistance were much smaller
(1022} considering the rather high mean AR value of 2000,
For both cell lines, the described fluctuations were observed
repeatedly and also after more than 10h later of the presented
measurements (data not shown). The fluctuations were not asso-
ciated with instrumental disturbance e.g. thermostat heating or
C0O4 supply onfoff switches as was confirmed in control exper-
iments. We assume that the observed local changes of signal
could be linked to the cell motion and different metabolic activ-
ities of cells near the sensing surface. One can also consider
the possibility of a partial evaporation of the culturing medium
from the chamber. though this was not noticed in control mea-
surements. Similar periodic fluctuations of frequency might be
found also in the literature, e.g. in the case of endothelial cells
adhering on gold in the presence of serum proteins (Marx et al.,
20017,

At the end of measurement, the chamber was washed, the
attached cells were stained with the fluorescent probe. the piezo-
electric sensor was removed and microscopic fluorescent image
was obtained (Fig. 3). The used MitoTracker probe available in
the oxidized form was able to stain mitochondria of living cells
and also cells in the pre-apoptic state. Thus, the WB F344 cells
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344 (A and C) and B16F10 cells {B and D) after adhes
rresponding interaction traces were shown in Fig. 2. The adhered cells were stained using the mitochondria-specific

on the sensing surface of resonators modified with either

(Fig. 3A) were detected clearly in the apoptotic state, the surface
was occasionally covered with individual round-shaped cells
containing the accumulated dye, no internal structure of the cells
was visible and cell—cell interactions were clearly missing. On
the other hand, the B16F10 cells (Fig. 3B) formed a monolayer
consisting of spread viable cells contacting each other. The inter-
nal cell structure demonstrated the contrast black area of nucleus.
This confluent layer of cells was covering completely the g
surface and together with external intercontacts of cells s
icantly affected resistance of the sensing crystals, which was
four times higher compared to the sensor with WH F344 cells.
Furthermore, one could assume that the WB F344 cells died
shortly after their firm attachment on the surface (around 2-3 h).
It was possible that the cells were firmly contacting surface but
not spreading and only staying attached in the rounded shape,
without forming cell—cell contacts and gradually dying. How-
ever. this process was not accompanied by significant changes
of either frequency or resistance.

Regarding the previously observed fluctuations of frequency
in the case of the B16F10 cells, these should be most proba-
bly associated with cell division occurring in a close contact
with the sensing surface. On the contrary, the smaller and faster
fluctuations of signals obtained for the WB F344 cells should
be attributed to cells only loosely contacting the surface; how-
ever. the growth of such cells was probably faster compared to
the cells tightly adhering to the surface. Evidently. vitronectin
is a suitable modifier promoting growth of the BI6F10 cells
on the surface of gold. but it is not suitable for the WB Fi44
cells.
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3.2, Attachment of WB F344 and R16F10 cells on laminin

The gold coated with adsorbed laminin was tested as an alter-
native surface for cell adhesion. Laminin is known as an impor-
tant component of the basal lamina which anchors epithelium
to the underlying connective tissue. The experimental proce-
dure was the same as above for vitronectin. The adhesion curves
for both cell lines are shown in Fig. 2C and D. To our sur-
prise, after the addition of cells (~35.5 x 10° cell/ml) into the
measuring chamber, an increase of resistance was monitored as
expected, but the recorded frequency started increasing reaching
+320 Hz for WE F344 and +450 Hz for B16F10 cell lines. This
behavior was obtained repeatedly using either same or different
initial cell loadings. The resistance increases peaked at 166 Q
and stabilized around 130 Q for the WB F344 cells, for B16F10
the resistance was gradually increasing and stabilized around
150 ©2. The following fluorescent detection of the attached cells
showed mostly apoptotic cells with few cells in the pre-apoptotic
phase (non-circular shape) in the case of WB F344 (Fig. 3C). As
previously observed with vitronectin, it i1s possible that the WB
F344 cells exhibited deficiency of expressed receptors required
for both tested ECM proteins and consequently the environmen-
tal conditions for their viability were insufficient and thus the
cells gradually died. On the other hand. a nice confluent layer
was obtained for the B16F10 cell line (Fig. 3D

The observed increase of frequency obtained for cells adher-
ing on laminin layer is rather peculiar. The layer of laminin itself
is stable in the presence of cultivation medium only, as stable
baselines (1 h} were obtained for both resistance and frequency
(Fig. 2C, the part before the addition of cells). The increase
of frequency itself vsually indicates release of some material
from the sensing surface; this should however be accompanied
with a decrease of resistance, and the obtained resistance change
was a sipnificant increase, fully corresponding with cell adher-
ence on the surface. From other studies (Marx et al., 2005)
it was apparent that ECM without the cell does not exhibit
any significant energy dissipation so the resistance shift must
be attributed to the presence of cells. One could hypothesize
that the adhering cells are interacting with adsorbed laminin,
changing significantly its surface orientation. Consequently, the
viscoelastic properties of the originally oriented or rigid laminin
layer might become relaxed through interaction with the sur-
face of cells and frequency increases. Alternatively, the added
cells might temporanly interact with the adsorbed laminin, par-
tially becoming firmly attached to the surface and partially
leaving again to the solution and extracting laminin from the
surface: this would decrease the surface mass and frequency
should go up; the resistance increase will result from the attached
cells.

The increase of frequency accompanying adhesion of epithe-
lial cells was noticed also by others (Wegeneretal., 1998; Marxer
et al., 2003), however, no definitive explanation was provided.
In our case, this phenomenon is clearly related with the type of
the ECM matrix modifying the sensing surface; the same cell
lines exhibited this anomalous behavior only with laminin, but
not with vitronectin deposited on the surface. A better insight to
the behavior of cells observed in the case of laminin might be
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obtained using gold modified with covalently attached laminin,
which would be firmly fixed to the surface; such experiments
are planned for future.

3.3. Resistance versus frequency plots for cell adhesion

For a better interpretation of the observed results and dif-
ferent viscoelastic behavior of both cell types. the time-series
frequency and resistance plots shown in Fig. 2 were replotted
as resistance versus frequency dependences. As was described
elsewhere (Zhou et al., 2000), when cells adhere to the sensor
surface, they produce a reversible frequency shift. Most studies
have sugpested that cells adhered to the sensing surface do not
act as elastic mass therefore they do not obey the simple Saver-
brey equation, a relationship that relates adhering elastic mass to
the linearly decreasing Af shift and AR=0. The cells not only
affect Af but also dissipate energy causing both Af decreases
and significant AR increases. Thus, cells attached to the sen-
sor surface cannot be treated like an adsorbed rigid mass and
not as entirely viscous materials, but as a combination of both
interactions.

—o—WB F344
—-—B16F10
{vitronecting

300 <200 100 a
Af (Hz)
o ~r
-
120 + T
AR
(2]
&

F ——WE Fld4
/ — «—B16F10
7 {lamining
n [ ‘fé 1 i L i
[+] 200 400

af(Hz)

Fig. 4. The replot of the time-series data from Fig. 2 as dependences of resis-
tance AR on the resonant frequency Af changes obsarved in the case of either
vitronectin (A} or laminin (B) coated surfaces.
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The measured raw data were averaged 30-times. L.e. one new
point now represents a 5 min interval. in order to remove ran-
dom short-time fluctuations of signals. As can be seen, the initial
phase consisting of rather distant points corresponds to the pro-
cess of sedimentation and adherence of cells on the sensing sur-
face, spreading and establishing contacts with the pre-adsorbed
proteins, cell proliferation starts in later phases. The shape of the
curves presented in Fig. 4A corresponds with similar dissipation
versus frequency plots published previously (Li et al., 2005). As
regards the dependences obtained with increasing frequencies,
the similar measurements in the literature did not include resis-
tance monitoring (Wegener et al., 1998; Marxer et al., 2003) so
that direct comparison is complicated.

In the case of the vitronectin-modified sensors, the obtained
curves exhibited quite interesting fine structure after the initial
adhesion of cells (Fig. 4A). The onginal periodic fluctuations
of resistance and frequency now appear as progressing spi-
rals, resulting from the phase shifts of frequency and resistance
peaks. This fine structure is shown in the enlarged inset graphs
of Fig. 4A. We believe that the observed minor changes corre-
spond with either metabolic or morphologic state of the cell. This
hypothesis is however hard to implement for the laminin-coated
sensors, where no ‘reasonable’ fine structure in the R—f plots was
apparent (Fig. 4B). Thus, R-fdiagrams very clearly demonstrate
that the BI6F10 cells exhibited more pronounced viscoelastic
behavior producing more dissipating effects than the WB F344
cells; this was indicated as a large change of the AR values.
In opposite, the WB F344 cells produced the large change of
resonant frequency as was apparent for the vitronectin-coated
surfaces. The frequency increases on the laminin-coated surface
should be further examined with differently constructed laminin
layers.

4. Conclusions

The piezoelectric quartz crystals operated in the active mode
were used for adhesion studies of epithelial WB F344 and lung
melanoma B 16F10 derived anchorage dependent cell lines. The
cell adhesion was promoted through modification of the sens-
ing surface using pre-adsorbed vitronectin and laminin. The
behavior of both cell lines was different; the WB F344 cells
were confirmed on the surface using fluorescent staining: how-
ever, the cells were not viable but rather isolated and clearly
in the apoptotic state. On the other hand, the B16F10 appeared
fully viable on both types of surfaces forming confluent layers.
The monitored parameters—changes of resonance frequency
and resistance of the resonators were followed in real time.
Frequency decrease and resistance increase accompanied cell
adhesion on the surface with vitronectin. The laminin interac-
tion with adhering both WB F344 and BI16F10 cells resulted
in the increase of both frequency and resistance; the increased
frequency possibly results from rearrangement of the laminin
sublayer or its partial release upon binding of cells.
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From the methodological point of view, the combined
frequency and resistance monitoring allowed to study minor
details apparent as fine structure of the resistance versus
frequency plots. Further correlation of the observed results with
independent techniques is required for complete interpretation
and understanding of the observed signals. The proposed
combination of the piezoelectric transducer with adhered cells
seems to be highly promising for construction of cell-based
biosensors, especially after expansion of the current single-
channel measurements into multisensing formats. In this way,
the testing of physiologically active substances and environ-
mental stress factors affecting cell morphology will be easily
realized.
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The quariz crystal microbalance (QCM) was used to construct a piezoelectric biosensor utilizing rat
liver epithelial cells (WE F344) and lung melanoma cells {B16F10) as biorecognition elements. The cells
adhered on the gold surface madified by either hydrophobic polystyrene or fibronectin. The simultaneous
monitoring of changes in the resonant frequency Af and the resistance AR corresponded with the mass
and viscoelastic properties of the adhered cells. In addition, the bound cells were stained using fluores-
cent probes to evaluate their viability on the non-transparent gold surface. Furthermore, this piezoelectric

m‘fﬁ%m microbalance biosensor was used for monitoring of drug-induced apaptosis initiated by micromaolar concentrations of
Fluorescence microscapy ni-tocopheral amidomalate (a-TAM), a potential anticancer drug. The characteristic features of apoptosis
ell adhesion as shrinkage and disintegration of cell-cell contacts could be monitored by QCM. The decrease of fre-
Extracellular matrix quency and increase of resistance characterized gradual death of cells that was confirmed by fluorescence
is microscopy. The results indicate that the piezoelectric biosensor can be used for the real-time study of
Vitamin E the cell adhesion and the screening of biologically active drugs affecting cellular behaviour.
i 2012 Elsevier BV. All rights reserved.
1. Introduction biorecognition element, e g cellular adhesion, growth, migration

Many important physical and chemical processes involving cells
can be associated with the changes of the mass andor the viscoelas-
tic behaviour of the surface bound materials and so observed by
the well-known piezoelectric quartz crystal microbalance (QCM).
Initially, QCM devices were used to measure molecules in the gas
phase; the measured resonance frequency shift of the piezoelectric
resonator was directly proportional to the adsorbed mass accord-
ing to the Saverbrey equation [1]. Further, QCM was developed as
a sensing tool operating in the liquid phase; in this case, only one
side of the quartz crystal is contacting with the surrounding liquid,
This configuration was adopted in different applications in electro-
chemistry [2,3]. The operations in the liguid required to determine
the mass-induced frequency shift and additional physical proper-
ties, such as density and viscosity of the liquid [4]. More recently,
QCM has been applied as the biosensor to study various macro-
molecular systems as DNA hybridization [5], DNA-drug binding
[&], viruses, bacteria, proteins [7-9] and small molecules as drugs
[10], hormones [11] and pesticides [12]. QCM was also successfully
applied in biclogical processes involving mammalian cells as the

* Cormesponding author at: Department of Biochemistry, Masaryk University,
Kotlifskd 2, 61137 Brmo, Czech Republic.
E-mail nddress: sklzdal@chemimuoni.cz (P. Skiidal).
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and drug stimulation [12-15]. In many studies, scientists have
worked with the different anchorage dependent cell types includ-
ing fibroblastic V79 cells, osteoblasts, MDCK [ and II cells, human
ovarian cancer cell lines and many others [ 16-109],. Besides this, var-
ious parameters such as frequency, resistance [20.21]. dissipation
factor [22], impedance parameters [18,19,23], transient decay time
constant and maximal oscillation amplitude [24] were measured
and related to the cellular events.

In this work, QCM was applied for the real-time monitoring
of the cells adhesion process of two different cells lines includ-
ing rat liver epithelial cells (WB F344) and lung melanoma cells
(B16F10). Their ability to adhere on the gold electrode pre-coated
with the hydrophobic polystyrene, protein of extracellular matrix
(ECM) such as fibronectin and the native gold electrode was com-
pared, Experiments were performed in serum-containing medium
and the frequency f(Hz) and auto gain control voltage (AGC) U
(directly proportional to the resistance R of QCM) provided by the
lever oscillating circuit was recorded.

The attachment and spreading of cells on the surface is com-
plex process that requires the contacts among neighbouring cells
and with the surface bound extracellular matrix as well. The speci-
ficity of the cell adhesion comes from combinatorial expression
and interactions among a large number of adhesion receptors such
as integrins, and induction relies on diffusible ligands binding to
receptor, on the cell-cell contacts and on the cell-matrix adhesion.
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The studies, where cell adhesion is monitored in real-time and
non-invasively, provide information about the different molecular
mechanisms responsible for cell attachment and spreading, thus
giving the valuable information for various physiological processes
such as cell differentiation, tissue regeneration and cell migrationin
tumour metastasis [25]. When cells adhere and grow on the sensor
surface, they produce a reversible frequency shift. The frequency
shift related to the mass on the sensor does not obey the simple
Sauerbrey equation because cells do not behave either as a rigid
layer or a viscous mass, Therefore, the additional parameters such
as resistance and dissipation factor are commonly measured [26].
In the second part of our experiments, the apoptosis of both WE
F344 and B16F10 cells were induced by the newly tested derivate
of vitamin E called ¢-tocopherol amidomalate (o-TAM) [27,28]. -
TAM and other derivates of vitamin E are supposed to act through
their pro-apoptotic effect on the cells and thus they appear as
promising anticancer drugs, The mechanism is dependent on their
structure and consists in the activation of signal pathways includ-
ing MAP kinases and destabilization of mitochondrial membrane
subsequently releasing cytochrome ¢, activation of caspases and
induction of apoptosis. Because of the alterations in cell shape and
viscoelastic properties of adsorbed surface mass, QCM technique
seems to be the suitable and sensitive method for the detection
of apoptosis. QCM provides the interesting and quantitative infor-
mation about the mechanism of cell adhesion and the important
view into the drug-induced apoptosis monitored in real time and
without any labels,

2. Materials and methods
21, Quartz crystal microbalance

The 10MHz guartz crystal (diameter 1.5cm) with gold elec-
trodes (0.5 cm) on both sides was supplied by ICMC {Oklahoma
City, OK). The crystal was inserted between two silicon O-rings
inside the Teflon chamber (ICMC). The chamber placed inside the
thermostatic incubator was covered by polyethylene frit to limit
evaporation of the culture medium and to allow the access of C05.
The initial suspension of cells was applied through a thin capillary
passing through the frit using a Hamilton syringe, The frequency
and the AGC voltage of the resonator were simultaneously recorded
using the universal frequency counter (LEZ 2400, Grundig Elec-
tronics, Germany, 1 Hz resolution) and the digital millivoltmeter
card 4060 { National Instruments, Austin, TX ), respectively, The own
software (LabTools) served for data storage and evaluation. The
resistance R values (in £2) were calculated from the polynomial
equation (Origin, Microcal) obtained from the calibration curve
generated using serially connected known resistances as suggested
in the ICMC literature [29], R=A+ B U+ B; U, where the parame-
tersA=—13909 B, = 15,563 and B, = —4057 were determined using
calibrating resistances in series with the resonator,

22, Cell cultures

The experiments were performed with two different anchor-
age dependent cell lines. Cells were cultured in a stock flask in a
humidified incubator with 5% 002 /95% air atmosphere at 37 =C The
WEF433 cells were cultured using the D-MEM medium { Dulbecco’s
modified Eagle's medium, Sigma) supplemented with 10% (vjv)
foetal bovine serum {Gibco), 100 units/1 penicillin and 0,1 g/l strep-
tomycin (PAA Laboratories, Austria), 4 mg/l gentamycin (PAA), 2 g1
NaHCOD (Sigma) and 1.2 g/1 HEPES (Sigma). The BI16F10 cells were
cultured in the RPMI 1640 medium (Sevapharma, Czech Rep.). This
culture medium was additionally supplemented with 0.6g/l glu-
tamine, 100mlj1 foetal bovine serum, 0.1 g/1 pyruvate, 100unit/l

penicillin, 0.1g/l streptomycin and 4mg'l gentamycin, pH was
adjusted at 7 4. Before experiments, cells were washed twice in
phosphate buffer salime (PBS) and trypsinized with 0.05% (w/v)
trypsin-EDTA for 5min at 37 °C Cells were then re-suspended in
the culture medium and used for the seeding into either the QCM
cell or microplates.

23 Electrode coating and cell inoculation

Cleaned electrodes of the QUM sensor were modified with
fibronectin (100pg/ml in PBS) and polystyrene (10mgml in
toluene) to improve cell adhesion on gold surface, Water washing
steps were followed by the addition of 100 pl of culture medium
to obtain the baseline signal. Subsequently, 100 pl of the cell sus-
pension was inoculated into the chamber and cultured under the
condition mentioned above.

24 Visualizatton of cells on the elecirode

The mitochondria specific fluorescence dye MitoTracker Red
CMXRos (50 nM, Molecular Probes) stained and confirmed the pres-
ence of cells on the electrode using the Olympus BX41 microscope,

25 Hfects of drugs on cells

‘When the confluent layer of cell was established on the QCM
sensof, a-TAM was added to the final concentration of 300 pM:
the stock solution contained 5% ethanol, resulting in <1% ethanol
in the final medium; this amount effected neither the cell viability
nor the QCM signals, The Afand A R shifts were monitored for sev-
eral hours, The QCM output was compared with the simultaneous
experiment made on the microplate and followed by fluorescence
detection of the apoptotic and{or necrotic cells by Yo-Pro 1 and
propidium iodide realized with 1 h interval.

3. Results and discussion
3.1. Adheslon of cells on the fibronectin coated gold

Initially, the medium containing serum in the absence of cells
was used to establish the baseline at the 37 =C giving a reference
state of the frequency and the resistance. The following addition
of 3.5 = 10° cells'ml caused the typical decrease of frequency and
increase of resistance (Fig, 1A). In the next 2 h, cells were round and
become spreading on the surface, resulting in the steepness of the
measured frequency curve. Then the cells started proliferation or
slowly died. The steady state was achieved about ten hours after the
cell addition and the following fluorescence microscopy confirmed
the confluence monclayer for both cell types, However, a partial de-
attachment was observed for the B1G6F10 cells (Fig. 1A), WE F344
cells response remained stable, The reason for this difference was
probably the larger size of the B16F10 cells which occupied entire
surface after spreading and the excess of non-attached cells was
turning dead. Looking on the alternative R-f plot (Fig. 1B), a bet-
ter insight into the viscoelastic behaviour of cells was obtained.
In principle, if the pure elastic mass is adsorbed on the sensor, no
resistance change is observed due to the fact that the energy of
the damped oscillations is saved in the system, The cells appear
as viscoelastic and thus the resistance shift can be recorded since
the energy of oscillations is lost due to the frictional force. The
graph suggesting that the B16F10 cells exhibited higher viscoelas-
tic influence on the sensor compared to the WB F344 cells. A larger
change of surface resistance seems responsible for this observa-
tion, The frequency change was very similar for both cell lines,
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Fig. 1. Time dependent change of frequency and resistance during the adhesion
of BIGF10 cells an the gold surface modified with fibraneatin (AL The R+ plat of
the BIGF10 () and WH F144 cells () showing the viscoelastic behaviour of two
different cell lines (B).

The fibronectin exhibited promoting effects for the cell adhesion
resulting in a stable coverage.

3.2, Adheston of WE F344 and BI16F10 cells on the hydrophobic
polysiyrene

In the study described by Fredriksson et al. [22], the cells
adhering on the hydrophobic and hydrophilic polystyrene were
investigated, The author suggested that the (JCM response differs
both with cell types on the same surface and with the same type of
cells on different surfaces. Furthermore, the presence of serum in
the medium exhibited significant effects, too,

Here, 3.5 10%cellsiml were seeded on the hydrophobic
polystyrene coated on the surface of QCM. The expected decrease
of frequency and increase of resistance was observed but imme-
diately after a short period frequency increased and the resistance
decreased (data not shown). The changes of both measured param-
eters corresponded with the de-attachment of cells as confirmed
by the fluocrescence microscopy. It appears that the polystyrene-
modified surface was not suitable for the studied cell lines.

Similarly, the cells were seeded directly on the bare gold surface
of the QCM electrode, The results suggested that the cells attached
on the surface probably because of the present pre-adsorbed serum
proteins but the time stability was not proved.

As was previously described by Marx et al, [20], the Afand AR
shift values depend on the cell type and reflect the number of firmly
attached cells and the viscoelastic properties of the adsorbed layer,
Further changes of the QCM shift parameters after achieving the
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steady state of both values depended upon a number of factors
effecting of the cellular shape, attachment and metabolic state, van
Kooten et al_ |30] described that anchorage-dependent living cells
do not attach well to surfaces possessing hydrophobic character.
This observation was proved by Marx [20] and confirmed here,
when the cells adhered on the native and hydrophilic treated gold
surfaces were compared,

3.3, o-TAM induced apoptosts measured with QOW

The main part of work tested the performance of a cellular
biosensor, containing 4 = 107 cells/ml seeded on the fibronectin
coated surface, This served for the monitoring of a-TAM induced
apoptosis, The QCM output was compared with the simultaneous
experiment carried out using the common microplate assay and
the apoptotic kit containing Yo-Pro 1 (detection of apoptotic cells)
and propidium iodide (detection of necrotic cells). The apoptosis is
accompanied by the change in the cell morphology and therefore
it should be observable using the QCM biosensor.

‘When the steady state for both measured parameters of the sen-
sor with cells was achieved, @-TAM was added to the QCM cell and
microplate wells at the final concentration equal to 300 wmol/l
The time dependent changes of the frequency and the resistance
were monitored for 12h (Fig. 2A and B), The addition of o-TAM
caused at the beginning the steep decrease of the frequency and
the increase of the resistance, This disturbance was caused by the
addition of the drug as was confirmed by the control experiment in
the absence of cells, The following changes in the frequency and the

of (Hz)
g

s ¢

&

o

Fig. 2. The apoptosis of B16F10 cells (A) and WE F344 cells (B) initiated by the
addition (arrow) of the pro-apopiotic drug a-TAM. The responses correspond with
the morpholegy of apoptatic and necrotic cells detected by fluorescence microscopy.
Time dependent signals - frequency and resistance from the piezoelectrichiosensor.
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Fig. 3. Fluorescence microscopy image of the B16F10 cells (A} and WE F244 cells (8]
stained with Yo-Pro 1 (dashed green arrows) and propidium iodide (black arrows).
Images were taken 3h {B16F10 cells) and 7 h (WE F344 cells) after the addition of
300 pM o-TAM.

resistance were observed in time and compared with microscopical
observations. The decrease of frequency accompanied by increasing
resistance corresponds with gradual cellular change in morphology
and viscoelastic properties typical for the apoptosis. The apoptotic
cells turned heavier as the frequency gradually decreased. While
the Af shift was stable, the AR values still slowly increased at the
end of the plotted data which probably means that the cells were
still partially active and did not turned completely rigid, The fre-
quencies were stabilized in 7h for WEB F244 cells and in 2h for
B16F10 cells, The major differences in measured signals are pri-
marily in the frequency shift of both cell lines, The Af=100Hz
(B16F10 cells) and Af=300Hz (WB F10 cells) can be explained by
the dissimilar morphology and structures of cells, Time-dependent
comparison of the fluorescence microscopy of cells cultured on the
microplate and QCM signals confirmed our expectation. The images
of gradual apoptosis were taken each hour, The time when the fre-
quency signals were getting stable (i.e.7 and 3 h for WB F244 and
B16F10 cells) corresponded with fluorescence images (Fig. 3) of
fully apoptotic and necrotic cells. Thus the BIGF10 cells were liable
to apoptosis more quickly due to their higher sensitivity to tested
substance than WE F344 cells.

4. Conclusion

The piezoelectric transducer served as a simple and versa-
tile tool for monitoring and quantification of the attachment and
spreading of the anchorage dependent cells to a solid substrate,

The continuous operation in real time, no need for labelling and
sensitive detection of viscoelastic properties of the interfacial layer
allowed achieving detailed information compared to the standard
microplate cultivation technigues where only the end of the pro-
cess is measured. As indicated previously [31]. the cell type, surface
modification, cell number and cultivation conditions exhibit sig-
nificant effects on the measured frequency and resistance shifts,
The biomolecules exhibiting effects on the morphology and the
viscoelastic properties of cells can be easily followed.
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2.3. ZAVER

Série publikovanych praci ukézala na vhodnost liposoml jako nosi¢ovych
systémil pro hydrofilni a hydrofobni farmaka. Pro jejich studium budou rozvijeny také
nové metody testovani, které jsou zalozeny na vyuziti biosenzori na bazi

piezoelektrickych krystali.

3. LIPOSOMY PRO KONSTRUKCI REKOMBINANTNICH VAKCIN

Vakcinologie pfedstavuje komplexni multidisciplindrni obor, ktery je zalozen jak
na velmi raciondlnich teoretickych zakladech, tak dosud na empirickém pfistupu.
Pozoruhodny pokrok v imunologii a genetice ptispél k pochopeni funkei imunitniho
systétmu na molekuldrni a bunéné Grovni. Tyto nové poznatky spolecné s rozvojem
rekombinantnich technologii, biotechnologii a dostupnosti novych biokompatibilnich
materialli, zejména mikro a nanomaterial, vedou k vyraznému pokroku ve vyvoji a
produkci modernich rekombinantnich vakcin.

Subjednotkové vakciny a rekombinantni vakeiny, jako jejich specidlni odnoz jsou
modernim smérem ve vyvoji vakcin a vyraznym piinosem vakcinologie k 1écbé
infekénich, autoimunnich a nddorovych onemocnéni.

Vyvoj téchto novych vakcin je zaloZen na identifikaci vhodnych antigent a jejich
epitopti. Zakladnimi otdzkami je jaky antigen presentovat imunitnimu systému a jak ma
byt tento antigen presentovan. Klicovymi faktory, které jsou feSeny ve vyzkumu, jsou a)
vyhledavani antigentl, jejich modifikace a pfiprava rekombinantnimi technologiemi; b)
vhodné formulace antigenu; c) vybér a vyvoj bezpe¢nych a G¢innych adjuvans; d) zplisob
podani vakciny s dlirazem na minimalni invazivitu aplikace a potfebu specialné
Skoleného personalu. Faktorem, ktery pohani vyzkum v oblasti rekombinantnich vakein je
bezpecnost, cena a kratka doba pro vyvoj vakcin proti novym patogeniim, nebo v ptipadé
chiipky nutnost rychlé obmény antigent kvili antigennimu driftu a vzniku reasortantt.

V oblasti vyvoje modernich vakcin patii liposomy pro svoji biokopatibilitu a
Jiz liposomalni vakciny proti chiipce (Inflexal® V, firma Crucell) a hepatitidé A
(Epaxal®; firma Crucell). Cel4 fada liposomalnich vakcin proti infekénim a nadorovym
chorobam je v riznych stadiich klinického testovani.

Vyzkum v této oblasti jsme sméfovali na vyvoj origindlnich plné synteticky
adjuvans na bazi normuramylovych glykopeptidi. Tento vyzkum byl provadén ve

spolupraci s Ustavem organické chemie a biochemie, AV CR, Praha (Dr. M. Ledvina) a
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vyustil v podani narodnich a mezinarodnich patent, které chrani tato nova adjuvans.
Zaroven byla vytvoiena spin off Mendel Therapeutics. s.r.0. pro komercializaci vysledk.
Na obrazku je série syntetickych adjuvans, kterd jsou dnes testovana pro pouziti ve
vakcinach ve spolupraci s Bioveta a.s. a dal$imi zahrani¢nimi pracovisti. Tyto latky se
vyznacuji potlacenou pyrogenitou a bezpecnosti otestovanou na celé fad¢ zvitecich druhii

(mys, morce, skot, prase, pes, kocka, kralik).
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Obr. 24 Synteticka analoga Muramyl DipePtidu (MDP) odvozena od
peptidoglykanu.

Liposomalni formulace syntetickych adjuvans byly testovany jako stimulatory

nespecifické imunity v riznych in vivo modelech a byla prokazana jejich uc¢innost pti

potlaceni experimentélni kryptosporididzy novorozenych kiizlat, nebo regeneraci kostni
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dfen¢ subletdln¢ ozafenych mysi. Na mySim modelu byla také prokazéna stimulace

imunitniho systému a stimulace hemopoézy po letalnim ozafeni.
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Obr. 25 Schematickd struktura liposomalnich imunostimulatori s povrchové

vazanymi hydrofobnimi analogy normuramylovych glykopeptidii.

Pro konstrukci experimentalnich vakcin jsme se zabyvali liposomy a vyvinuli
specidlni metalochelatacni nanoliposomalni nosice s inkorporovanymi lipofilizovanymi
derivaty na bazi norAbuMDP a norAbuGMDP. Technologie pfipravy jsou popsany v
publikacich v kapitole ,,Metody piipravy liposomi‘“. Tyto metalochelata¢ni liposomalni
nosice jsou vhodné pro smérované nekovalentni navdzani rekombinantnich antigenii

s HisTag kotvou. V ptipad¢ potieby lze vyuzit karbodiimidu pro ptevedeni nekovalentni
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metalochelatacni vazby na kovalentni vazbu se zachovanim precizni orientace proteinu na
povrchu liposomalni lipidni dvojvrstvy. Vyvinuty systém nanoliposomalnich nosicl je
v soucasnosti jednim z novych systému testovanym pro vyvoj rekombinantni chimérické

vakciny proti borelidze.

liposome liposome

Wg Ni N:I:Ae HIS WMF&&Z NHISNIDT:’; HIS
o 1- - o 1= -
T-AhufD-\G\nfoH i ‘?_-ﬂbu — D-iGin—0H
norAbuMDP norAbuMDP

Obr. 26 Schématické zobrazeni metalochelatacniho nanoliposomalniho nosice pro

konstrukei rekombinantnich vakein.
Volny nosi¢ (vlevo) a nosi¢ s navazanym rekombinantnim proteinem (vpravo). Specifickd metalochelatacni

vazba umoziuje dosahnout precizni orientace molekul rekombinantniho proteinu na povrchu liposomd.

Na nasledujicim obrdzku jsou zobrazeny struktury proteoliposomd, které byly
potvrzovany modernimi mikroskopickymi metodami (TEM, SEM a AFM) v kombinaci

s gelovou permeacni chromatografii, PAGE a imunoblotingem.
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Obr. 27 Struktury proteoliposomii zobrazené modernimi mikroskopickymi

metodami.

Na obrazku je struktura liposomalnich nosicli (A) a odpovidajicich proteoliposomti (B) zobrazenych
mikroskopickymi metodami (TEM, SEM a AFM). Sipky naznaéuji jednotlivé molekuly vézaného proteinu
(rHSP 90).
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Princip mechanismu tuc¢inku liposomalnich molekularnich ajduvans na bazi
normuramylovych glykopeptidi je vyjadien na obrazku 27. Klicem je cileni
k intracelularnim receptorim NOD 2 a ke komplexu inflamasomu NLRP 3. Tato oblast

je v soucasnosti intensivné studovana na nasem odd¢leni.

Specific receptor?

Liposome’ ~Lysosome

7 1 {/ 7 x \
' | v \ % 7o
/ \ L /
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L-Abu-D-iGh-L-Lys-OH NALF’ 3 "7 CH,CO-L-Abu-DisoGin

Free hydrophilic drug
Free lipophilic ?:Irug

IS Antigen presenting cell

Obr. 28 Schéma moZnych farmakokinetickych drah pro derivaty na bazi
normuramylovych glykopeptidii.

Ruzné modifikace molekul norAbuMDP/GMDP pomoci lipidnich struktur vede k expozici riznych ¢asti
molekuly na povrchu liposomil. V zavislosti na koncentraci ur¢itého analoga v dvojvrstvé mohou byt
vytvofeny nové molekularni vzorce, které jsou rozpoznany receptory na buiikach imunitniho systému a
vedou ke zvySené internalizaci liposomi. Bunéénd membrany je bariérou pro volné hydrofilni latky, které
tak nepronikaji snadno do bunky a nedosdhnou dostate¢né koncentrace nutné k aktivaci intracelularnim
receptortim (situace in vivo). Hydrofobni derivaty tvofi micely, u nichZ je nesnadné predikovat stabilitu
v biologickém prostiedi kvuli komplexnosti interakci. Predpokladd se piima interakci sbunécnou
membranou a penetrace do buiiky. Liposomalni formulace hydrofilnich i lipofilnich derivata je relativné
stabilni v biologickém prostiedi a je dokumentovana endocytdza/fagocytoza buitkami imunitniho systému.

Ve srovnani s volnymi latkami, liposomalni formulace tvofi depot v tkani a zvySuje vyznamné koncentraci
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ucinné latky v bunice. Pro aktivaci intracelularnich receptorii je zfejmé zapotiebi odstranéni lipidnich
struktur z molekuly pomoci lysozomalnich a cytoplasmatickych enzymt, které rozstépi esterové vazby
mezi glykopeptidovou c¢asti a hydrofobnim zbytkem. Dilezitost tohoto kroku nebyla v soucasnosti
dostatecné rozpoznana a pochopena. Citlivost rdznych derivatd k pisobeni hydrolytickych enzyml a
komplexnost celého procesu aktivace receptortt NOD1/2 a NLRP 3 mze vysvétlovat riznorodost u¢inka

lipofilnich derivati MDP.

Bezpecnost liposomélnich vakcina a novych syntetickych adjuvans byla testovana
na prasatech po i.d. aplikaci a srovnédna s olejovymi adjuvans, ktera mohou zpiisobovat
nekrotické 1éze a zanéty. Liposomalni experimentalni vakciny nezpiisobovaly po i.d.
aplikaci nezadouci vedlej$i ucinky, coz je dualezité zejména pro zamysSlené budouci
aplikace v humanni medicingé. Srovnani vedlejSich uc¢inkd olejové vakciny a
liposomalniho preparatu po i.d. aplikaci praseti je dolozeno na obrazku. Bezpecnost
liposomalni formulace vakciny proti borelioze byla prokazéna také na Sténatech a
kotatech (spoluprice s firmou Bioveta a.s. vramci projektu TACR Rekombinantni

multiepitopova vakcina proti borelioze pro veterinarni aplikace).

Liposome based vaccine

Obr. 29 Srovnani vedlejSiho ucinku syntetickych a olejovych adjuvans po i.d.
aplikaci.

Oblast po i.d. aplikaci olejové vakciny a liposomalniho preparatu u prasete.

3.1. NOVY SMER VYZKUMU REKOMBINANTNICH VAKCIN
Dal8i sméfovani vyzkumu v oblasti modernich rekombinantnich vakcin je do

oblasti mukoznich vakcin s vyuzitim biokompatibilnich nanotextilii zalozenych na
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technologii nanovlaken. Jedna se o zcela novou oblast, ve které jsme prukopniky.
Technologické, aplikacni a bezpecnostni faktory favorizuji tento typ vakcin pro budouci
pouziti jak ve veterinarni, tak humdnni mediciné. Jednoznacnou vyhodou sublingualni
aplikace vakcin je neinvazivnost a snadnost podani, bezpe¢nost aplikace, schopnost
navodit mukozni a systémovou imunitni odpoveéd’, coz je zaklad pro tispéSnou vakcinaci u
celé tady infekci (nejnovéji u viru zika). DalSim vyznamnym rysem je snadna
technologické proveditelnost vyroby a nizka hmotnost skladovaci formulace (vyznamné
pro distribuci vakeciny v obtizné¢ dostupnych oblastech ttetiho svéta). Jednd se o prioritni
vyzkum naseho oddéleni a jsou pfipravovany projekty zakladniho a aplikovaného
vyzkumu ve spolupraci s tuzemskymi (UP Olomouc, BTU, FZU, TUL) a zahrani¢nimi
pracovisti (King’s College, University of Kent, Pasteur Institute, Institute of René
Descartes).

Kli¢ovymi kroky pro dosazeni spéchu v oblasti sublingualni imunizace jsou: a)
syst¢ém pro sublingudlni aplikaci antigenti; b) hodnd formulace antigenu a delivery
systém; ¢) vhodna adjuvans a jejich formulace. Nas piispévek se tyka vSech tii Casti.
Liposomalni molekuldrni adjuvans a formulace antigenu jsou popsany v predchozich
kapitolach. Originalni mukoadhesivni systém pro sublingualni aplikace. Hlavnim ucelem
mukoadhesivniho systému je udrzet po del$i dobu antigen na sublingudli sliznici a
umoznit jeho penetraci do sublingualni tkané, kde je rozpoznan dendritickymi buiikami a
dopraven do drénujicich miznich uzlin. Mukoadhesivni systém udrzuje vysoky
koncentra¢ni gradient antigenu a brani jeho odplaveni mukoznimi sekrtety z mista
aplikace. Schematicky je zobrazen princip na obrazku 28 a vzhled mukoadhesivnich
filmi a jejich aplikace na sublingudlni mukézu je na obrazku 29. Ukézka struktury

nanovlaken s navazanymi liposomy je na obrazku 30.
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Obr. 31. Schematické a skutecné zobrazeni struktury mukoadhesivnich filmi na

bazi nanovlaken.
A) schéma mukoadhesivnich filmt, B-F) snimky struktury pomoci skenovaci elektronové mikroskopie.
Aplikace filmu na sublingualni mukézu (snimek vpravo nahote); vzhled mukoadhesivnich filmd pro

aplikace na velka zvifata a malé hlodavce (snimek vpravo dole).
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Obr. 32 Ukazka struktury nanovlaken s navazanymi liposomy.

Snimky byly pofizeny skenovaci a transmisni elektronovou mikroskopii (A, B) a konfokalni mikroskopii
(C). Jsou zteteln¢ patrné liposomy navazané na povrch nanovlakna. V ptipadé konfokalni mikroskopie byly
pouzity metalochelataéni proteoliposomy s rGFP (zelena fluorescence) a fluorescenéni lipid pro oznaéeni

nanovlaken (Cervena fluorescence). Sipky oznacuji liposomy na povrchu nanovlaken.

Aplikace fluorescenéné znacCenych liposomti nebo polymernich nanoc¢astic na
sublingudlni mukézu pomoci mukoadhesivnich filml prokazala rychlou paracelularni
penetraci, pohlceni dendritickymi bunikami a dopravu do drénujicich miznich uzlin, coz je
zékladni ptfedpoklad pro navozeni imunitni reakce proti takto podanym antigentm.
Experimentalni potvrzeni naSich pfedpokladi bylo dosaZzeno pomoci praseciho modelu.
Histologické preparaty byly vySetfeny pomoci konfokalni mikroskopie a byla potvrzena
paraceluldrini penetrace nanocastic do hlubsich vrstev stratifikované sublingualni mukoézy
a dopraveni nanocastic do drénujicich miznich uzlin. Fluorescencni nanocastice byly
nalezeny v T a B oblasti miznich uzlin, kam byly dopraveny dendritickymi buiitkami (obr.

31).

321



Obr. 33. Priikaz penetrace fluorescencnich nanocastic do sublingualnich tkané a
miznich uzlin po sublilngualnim podani s vyuZitim mukoadhesivnich filmu (snimky
byly potizeny konfokdlnim mikroskopem).

modra — bunécna jadra; cervena — nanocastice; zelena — aktin

Penetrace nanocastic (nanoliposomy) do sublingualni mukézy

P |
44.07 ym 44 .07 um

Detail zobrazeni paracelularniho priniku nanoé¢astic submukoézni vrstvou epitelidlnich bunék

Prtikaz doruceni nanocastic do T a B zony drénujicich miznich uzlin

A) fez mizni uzlinou s vyzna¢enim jader T a B zony. Cervené fluoreskujici &astice jsou patrné v obou
z6nach.
B) fez mizni uzlinou s vyznacenim lymfocytt T a B zéony (SLA II antigen)
C) Detailni zobrazeni dendritickych bunék s internalizovanymi fluorescen¢nimi liposomy (T zo6na)
modra — bunécna jadra; Cervena — nanocastice; zelend — SLA II antigen (praseci
lymfocyty)
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3.2. ZAVER

Uceleny systém pro sublingualni vakcinace predstavuje moderni aplikaci nanotechnologie
pro medicindlni aplikace. Vyvinuty syst¢ém ma potencial prilomové technologie, pro
kterou razime nazev , Technologie tiSténych vakcin“. Ve spolupraci s ¢eskymi (UP
Olomoiuc a TU Liberec) a zahrani¢nimi partnery (Global Acorn, UK) byla podana
piihlaS8ka mezinarodniho patentu (J. Turanek, J. MasSek, M. Raska, R. Lukac, P.
Knotigovd, D. Lubasova, A.D.Miller Mucoadhesive carriers of particles, method of
preparation and uses thereof PCT/GB2015/052833) a do ¢asopisu Biomaterials byl podan
rukopis s ndzvem ,Multi-layered nanofibrous mucoadhesive films for buccal and
sublingual administration of drug-delivery and vaccination nanoparticles - important step
towards effective mucosal vaccines™. V ramci vyzvy vlady Spojené¢ho Kralovstvi Velké
Britanie a Seerniho Irska byl podan mezinarodni projekt na vyvoj vakciny proti viru zika
a jsou piipravovany vyzkumné projekty se zahranicnimi partnery na rozvoj této
technologie v ramci vyzvy HORIZON 2020. V roce 2016 planujeme se zahrani¢nim

partnerem zalozeni start-up pro komercializaci technologie tisténych vakcin.
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1.  Summary

The synthetic peptide antigen (Ag) (the pri-
mary structure Tyr-Leu-Lys-Asp-Gin-Gin-Leu-
Leu-Gly-Ile-Trp-Gly-Cys-Ser-Gly-Lys-Leu-lle-
Cys-Thr derived from the envelope glycoprotein
gp4l of the human immunodeficiency virus type
1 (HIV-1) and exerting specificity with all HIV-1-
positive sera available in the Czech Republic (and
also in a panel of 10,000 sera from WHO)) was
conjugated with bovine serum albumin (BSA)
and encapsulated into liposomes. Adjuvant activ-
ities of liposames with various lipid compositions
were compared with Freund’s complete adjuvant
(FCA) and with aluminium hydroxide (AL). The
immune response to BSA-Ag liposomes with co-
entrapped adamantylamide dipeptide (AdDP)
was comparable with that of FCA in terms of
longevity and levels of specific antibodies in
mouse sera.

2. Introduction

Liposomes are microscopic membrane-like
structures consisting of one or more concentric li-
pid bilayers enclosing an equal number of aque-

Key words: Glycoprotein 41; Adamantylamide dipeptide; Syn-
thetic peptide antigen: HIV-1: Liposome; (Mouse)
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SSDI 0165-2478(93)E0165-9

ous compartments and having various uses in bio-
logical studies [1]. Since 1974, liposomes have
been recognized as potent immunological adju-
vants for a wide variety of antigens [see reviews
2.3]. The progress in liposome technology. pep-
tide synthesis, synthesis of new immunoadjuvants
and also in the knowledge of the antigenic struc-
ture of proteins and factors regulating immune re-
sponses have made liposomes an attractive adju-
vant candidate for the preparation of synthetic
vaccines which are defined at molecular level
and, therefore, potentially safe. An enhancement
of immunogenicity can be attained by co-entrap-
ment of an adjuvant.

Adamantylamide-L-alanyl-p-isoglutamine
(AdDP. for adamantylamide dipeptide) belongs
to a group of desmuramyl MDP (muramyl dipep-
tide) derivatives able to protect an organism from
some viral infections [4]. This hybrid entity com-
bines pertinent components of both an antiviral
and an immunomodulator in a single synthetic
compound missing side effect (pyrogenicity. ede-
magenicity, effect on the sleep) which are inher-
ent to a great number of MDP derivatives [5].

In this study, the immunogenicity of a model
liposomal vaccine containing a synthetic peptide
antigen derived from envelope glycoprotein gp4l
of the HIV-1 was compared with those of
Freund’s complete adjuvant (FCA) and alumi-
nium hydroxide (AL) antigen formulations.
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3. Materials and Methods
3.1. Preparation of synthetic peptides

Peptides were prepared by continuous-flow so-
lid-phase multiple peptide synthesis [6] on p-
methyl-benzhydrylamine resin using the Fmoc/t-
Bu protection strategy. Fmoc groups were re-
moved by piperidine, condensation was per-
formed by HOBt esters, and the coupling reac-
tion was monitored with bromophenol blue [7].
Side-chain protecting groups were removed by (ri-
fluoroacetic acid and the completed peptides were
split off the resin in liquid hydrogen fluoride.
Crude peptides were purified by gel filtration on
Sephadex G-15. The purified peptides displayed
correct amino acid compositions and showed the
expected molecular peak in fast atom bombard-
ment mass spectroscopy.

Amino acid sequences of peptides were derived
from envelope gp41 protein products of the LAV
isolate of the HIV-1 [8] so as to include domains
predicted as responsible for the humoral immune
response to the native viral proteins [9]. The pep-
tide antigen with the sequence position 598-617
and primary structure Tyr-Leu-Lys-Asp-Gln-
Gln-Leu-Leu-Gly-Ile-Trp-Gly-Cys-Ser-Gly-Lys-
Leu-Ile-Cys-Thr was selected from 14 different
synthetic dekapeptides covering the region within
586631 envelope glycoprotein gp4l sequence po-
sition with constant shift by two amino acids.

Specificity of the antigen was checked with all
the HIV-1-positive sera available in Czech Repub-
lic and also in a panel of 10,000 sera from WHO.

For easy handling and improving antigenicity
the peptide was coupled to bovine serum albumin
(BSA) by the glutaraldehyde method and used in
this form in immunological studies.

3.2. ELISA on plates

ELISA was carried out by the standard solid-
phase method. The peptides were used cither in a
free form or coupled to BSA (SERVA). Microeli-
sa plates (Nunc for free and Dynatech for BSA-
conjugated peptides) were coated with the respec-
tive peptides (1 pg/well) in bicarbonate buffer (pH
9.6) at room temperature for 1 h. Free binding
sites were saturated with 1% BSA or glycine in
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the same buffer. The BSA or glycine solution was
removed after 1 h at room temperature; serum di-
luted 1:50 was added into each well and the plates
were incubated at room temperature for 1 h, After
several washings, peroxidase-conjugated swine
antibody to mouse Ig diluted 1:2500 was added
The colour reaction was developed by the incuba-
tion with o-phenylenediamine (Sigma). The anti
598-617 gpdl peptide antibodies in mouse sera
were assayed only in plates coated with free pep-
tide antigens and the remaining binding sites were
saturated with glycine. The specificity of free and
conjugated peptide antigens was checked in plates
saturated with BSA. Detailed ELISA procedure
was described by Vestergaard et al. [10].

3.3. Phospholipids

Sigma liposome kidt positive (63 umol of phos-
phatidylserine, 18 umol dicetylphosphate, 9 jumol
cholesterol) and Sigma liposome kidt negative (63
umol of phosphatidylserine, 18 umol stearyla-
mine, 9 umol cholesterol) (Sigma) were used for
the preparation of liposomes.

An egg yolk phospholipid mixture (EPM) was
purified as described by Singleton [11] and stored
in sealed ampules at —20°C until used for lipo-
some preparation. The composition of EPM was
assayed as 70% of phosphatidylserine: 24.6% of
phosphatidylethanolamine; 4% of sphingomye-
line; 0.1% esters of cholesterol; 0.7% of triglycer-
ides.

3.4. Preparation of liposomes

Frozen-thawed multilamellar vesicles (FTM-
LV) [12,13] were prepared by the hydration of
the 160 mg of lipid film, prepared in a round-bot-
tom flask by removal of chloroform on a rotary
evaporator with aqueous phase (150 mM NaCl,
20 mM HEPES, pH 7.4, sterilized by filtration
through 0.22 um filter) containing the antigen
and alternatively immunoadjuvant compounds to
be co-entrapped. After continuous mixing on a
mechanical reciprocal shaker for 2 h, FTMLV
were obtained by freezing the multilamellar vesi-
cles (MLV) in liquid nitrogen and thawing them
in a 30°C water bath, repeating the cycle 5 times.
Vesicles extruded through 0.2 um filter (VET200),
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which share more uniform size distribution, were
prepared from FTMLV [12-14]. The FPLC system
and a high-pressure filtration cell were used [15].
The non-entrapped material was removed by cen-
trifugation (10,000 x g, 20 min) of the liposomal
suspension completed to 5 ml with the buffer used
for hydration. The procedure was repeated twice to
remove the non-entrapped material completely.

3.5. Efficiency of association

The amounts of BSA-Ag associated with lipo-
somes were measured by gamma counting using
BSA-Ag radioiodinated by the chloramine T
method [16].

3.6. Preparation of other adjuvant formulations

Aluminium hydroxide-adsorbed antigen (AL-
BSA-Ag) was prepared using the adjuvant AL-
SPAN-OIL (USOL, Prague, Czech Republic) fol-
lowing the manufacturer’s instructions. The BSA-
Ag solution or liposomal BSA-Ag formulation (2
ml) with appropriate antigen concentration were
mixed with 2 ml of AL and then with 6 ml of
SPAN-OIL. The animals were injected subcuta-
neously with 0.5 ml of the vaccine.

The FCA (Difco) formulation was prepared by
mixing 2 ml of BSA-Ag solution with 2 ml of
FCA following the manufacturer’s detailed in-
structions.

3.7. Animal immunization experiments

Female Balb/c mice 8-9-week-old mice (Veter-

TABLE 1

inary Research Institute, Brno) weighing 20-22 g
were used in immunization experiments. Animals
were primed subcutaneously in groups of fifteen
with 0.2 ml of the respective vaccines. Only the
AL formulations were injected with the dosage of
0.5 ml. Three weeks later, the mice were boosted
with the same antigen formulation. Three ani-
mals of the each group were killed on the 21st,
35th, 42nd. 49th and 56th day after priming, and
specific antibodies in sera were quantified by ELI-
SA.

4. Results
4.1. Entrapment of BSA-Ag into liposomes

Entrapment rates of '*’I-labelled BSA-Ag are
summarized in Table 1. A significantly higher en-
capsulation efficiency is evident in the case of
FTMLV when compared with MLV. An approxi-
mately 50% efficiency was presumed for AdDP as
an analogy of that assayed for muramyl dipeptide
and its analogues (unpublished results). Encapsu-
lation efficiencies obtained with EPM (160 mg of
lipids in 1 ml of aqueous phase) agreed well with
results published by other authors [12].

4.2. Adjuvant activity of liposomes

Initial experiments were carried out to define
the amount of antigen with which liposomes
could exhibit adjuvanticity, using two dosages of
BSA-Ag (1 and 0.1 ug of net peptide antigen) in-
jected as the liposomal, FCA or AL formulations.

No responses were observed at the dose of 0.1

DEPENDENCE OF PHOSPHOLIPID/ANTIGEN RATIO ON ENCAPSULATION EFFICIENCY FOR MLV AND FTMLY

Liposomes were prepared by hydration of 160 mg of dry lipid film with 1 ml of 20 mM HEPES +0.15 M NaCl, pH 7.2. containing
various amounts of BSA-Ag conjugate + 1.6 pg of radiolabelled BSA-Ag conjugate.
FTMLV were prepared by freezing and thawing of MLV. The cycle was repeated 5 times.

Incorporation (%)

Amount of BSA-Ag/160 mg phospholipids

16 mg 1.6 mg 0.16 mg 16 ug 1.6 ug
FTMLV 45.1 499 557 57.8 227
MLV 13.7 154 139 152 9.9
159
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Fig. 1. Immune responses to synthetic peptide antigen (Ag) ina
dose of 1 pg/mouse for various BSA-Ag formulations. Results
are individual values for each of the treated mice from 3-mem-
ber groups. A value of 0.05 is accepted as the threshold. Ar-
rows indicate the days of the st and 2nd immunizations, For
other details see text.

ug of the antigen when any adjuvant was used.
Dosage of | ug of antigen induced specific anti-
body production in animals injected with
FTMLV or FTMLVET200. Dynamics of specific
immune responses in animals immunized with
FTMLV or VET200 containing 1 pg of en-
trapped antigen per dose are shown in Fig. 1.
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£
&
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<
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o vt
0 21 35 42 49 56
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Fig. 2. Comparison of immune responses to synthetic peptide
antigen (Ag) (dose: 5 pg/mouse) for various BSA-Ag formula-
tion. Each point represents the mean of 3 tested sera. Arrows
indicate the days of the Ist and 2nd immunization. For other
details see text.
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Fig. 3. Comparison of the highest level of specific antibodies

against synthetic peptide antigen (Ag). which were reached for

cach of the BSA-Ag formulations within 21st and 56th days.
Values are taken from Fig. 2.

4.3. Comparison of liposomes with other
immunological adjuvants

In further immunization experiments we have
used a 5 pg dose of antigen, and immunoadju-
vant action of FTMLV was compared with those
of the FCA, AL-SPAN-OIL and AdDP. The lat-
ter adjuvant (16 ug/dose) was administered in a
liposomal form co-entrapped with BSA-Ag.

FTMLVs prepared from the commercial Sigma
liposome kit (with positive or negative charge)
were also tested. Fig. 2 shows the dynamics of im-
mune responses to various formulations of the
antigen. The maxima of specific antibody re-
sponses reached for each antigen formulation are
presented in Fig. 3.

5. Discussion

Experiments with the incorporation of BSA-Ag
into liposomes revealed that repeated freezing and
thawing the MLV increased the encapsulation ef-
ficiency markedly. Our results agreed well with
those published by Mayer et al. [12] who re-
ported for FTMLV an encapsulation efficiency
of about 40 and 60% for concentrations 100 and
200 mg lipids/ml, respectively. The encapsulation
efficiencies obtained in our experiments for BSA-
Ag were similar within a wide range of lipid/BSA-
Ag ratio.

Initial immunization studies in Balb/c mice
have revealed that both liposomal formulations
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(FTMLV or VET200) can provoke immune re-
sponses at the dose of | ug of antigen, which was
the threshold dose for the FCA or AL formula-
tions (only sporadic responses were seen). Weak-
er responses to the VET200 antigen formulation
can be attributed to both the low encapsulation
efficiency (20%) and a possible decrease of anti-
gen concentration resulting from adsorption on
membrane filter used for the extrusion. The lipo-
somes prepared by the extrusion technique were
not further included in subsequent experiments
owing to the limited amount of the antigen avail-
able.

In the immunization experiments with 5 ug of
antigen per dose (Fig. 2), the FTMLV prepared
from EPM were compared with those prepared
from the commercial Sigma liposome kit.

No significant differences were observed
among immune responses to antigens entrapped
in FTMLV(EPM). FTMLV(Sigma liposome kit
negative), FTMLV(Sigma liposome kit positive)
or FTMLV(EPM)+ AL.

A dramatic increase in immune responses was
found in animals immunized with FTMLV(EPM)
formulation with co-entrapped AdDP. This anti-
gen formulation was comparable with those con-
taining FCA or AL in terms of intensity of anti-
body responses. The onset of immune response in-
duced by any of the liposomal formulations was
delayed when compared with those following the
administration of FCA or AL formulations. Con-
trary to AL formulation the liposomes with co-
entrapped AdDP proved long-term duration of
high specific antibody response, comparable with
that induced by FCA.

In a study on antibody response (o primary
and secondary immunization with influenza sub-
unit vaccine, the free AADP (100 pg/mouse) did
not exert an effect on specific antibody titers fol-
lowing the secondary immunization, but its pro-
tective power was significant [17].

We have shown that co-entrapment of AdDP
and synthetic peptide antigen into liposomes im-
proved their adjuvant action to the level compar-

able with FCA and AL. It may be due to protec-
tive effect of liposomes against metabolic degra-
dation of AdDP. Prolongation of elimination
half-time may explain why this compound is ef-
fective even in very low doses [18].

Liposomal form of AdDP is a promising base
for development of synthetic vaccines. Pharmaco-
kinetic profile of liposomal form of AdDP and its
antiviral activity is a task for our future research.
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Abstract—Protection from undesirable effects of radiotherapy or chemotherapy, primarily from mye-
losuppression, remains still & crucsial problem to be studied. Atténtion has been therefore paid to various
immunomodulatory agents that through the monocyte/macrophage sysiemn induced production of cytokines,
which can induce and operate restoration of haemopoiesis and thus act radioprotectively. Some synthetic
analogues of MDP free of undesirable side-effects, were synthesized in the Czech Republic. Lipophilic §-D-
GileNstearoyl-(1- = 4)-norMurN Ac-L-Abu-D-isoGin (DDD-5t) was desipned to be easily entrapped into
liposomes and this liposomal DDD-5t protected efficiently mice agaimst irradiation, when admimstered 1.p.,
i.v. or s.c. 24 b prior to lethal irradiation (survival rate in the range of 30-80% compared with 0% in control).
Especially the subcutaneous application of liposomal DDD-S1 was very efficient. The parameters characteristic
of recovery of haemopoiesis in bone marrow on day 10 after 6.5 Gy irradiation were significantly improved in
companson with the controls. Very high radioprotective effect of s.c. administered liposomal DDD-51 can be
explained {together with induction of haemopoiesis) by an effective and long-lasting activation of nonspecific
immunity, which is able to withhold an onset of septicemia in early dayvs afier irradiation. In conclusion, the
liposomal DDD-5t should be therapeutically beneficial in moderating the haemopoietic damage, which is an
undesirable effect of radiotherapy or chemotherapy. © 1998 International Society for Immunopharmacology.

Keywords: hposomes, muramyl dipeptide analogues, radioprotection, haesmopoiesis, mouse

INTRODUCTION

Protection from undesirable effects of radiotherapy
or chemotherapy, primarily from myelosuppression,
remains still a crucial problem to be coped with,
Adtention has been paid o various immuno-
modulatory  agents that via the monocyte/
macrophage system induce the production of cyto-
kines, which induce and control haemopoiesis, and
hence can act radio- or chemoprotectively (Fedo-
rotko, 1994 Killion er al,, 1992}, Muramylpeptides
have been found to be highly aclive in vifre and in
vive in respect of inducing tumoricidal, antiviral and
bactericidal activites. A large variety of analogues of
muramyldipeptide (MDP) have been svnthesized and
tested in various experimental models (reviewed by
Barratt ef al., 1995). However, a great majority of

| svuthor to whom correspondence should be addressed.

all

them have side-effects such as pyrogenicity, sleep-pro-
moting and oedemagenic activities, which are shared
with MDP (Kleinerman, 1995)., Encapsulation of
muramyl peptides into liposomes, vesicles composed
of one or several lipid bilayers enclosing an aqueous
phase, led to the reduction of the side-effects and to
improved therapeutic efficacy in i vifro and in vive
models of tumor cytotoxicity, as well as in exper-
imental microbial infections in mice (Barratt ¢r al.,
1995). Targeting of liposomal immunomodulators to
mactophages, their internalization via phagocytosis
and hence the facilitating of interaction with the intra-
cellular receptor led to a stimulation of macrophage
functions (Merhi er al,, 1996 ; Tenu er al., 1989) such
as the induction of secretion of IL-1, IL-6 and TNF
known to have therapeutic effects on haemopoietic
regeneration after irradiation (Neta er al., 1988 ; Pat-
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chen e af 19971 A relatively high radioprotective
activity of hposomal muramyltnipeptide phosphatidyl
ethanolamine (Ciba-Grengy, Swatzerland), as indicated
mainly in terms of wnimal survival, was demonstrated
by Fedorocko (1994},

Some synthetic analogues of MDP (Fig. 1). free of

undesirable side-effects. were  designed  und
thesized in the Czech Republic (Ledvina er all, 1989,

syn-

A study of radioprotective and haemopoietic effect of

their free and lipsomal forms is presented in this paper.

FXPERINMENTAL PROCEDURES

Arriniails

Female CBA « C3TRIF, mice. 12 wecks old and
having 20-25 g of weight at the beginning of exper
iments, were irradiated with a single whole-body doses
from ™"Co gamma-ray source at @ dose rate of 0.285
Gymin (10000 Gy for survival and 6.5 Gy for recovery
of hacmopoietic tssues). The preparations
administered i_p.. i.v. or s.c. 24 h before irradiation.

were

Prepuration of frozen-ond-theved mulvilamellar res-
fides

Liposomes { frozen-and-thawed multilamellar ves-
icles, FTM LV ) were prepared from the ege-volk pho-

sphatidylcholing Lipoid 80 E (Lipoid. Germany) by
classical method of hydration of lipid film by apyro-
genic phosphate buffered saline (PBS) containing
compounds to be entrapped (lipophilic fi-D-GleNste-
arovl-( 1- = 4p-norMurNAc-L-Abu-D-1s0Gin (DDD-
Sty or hvdrophilie f-D-Cle-11- > 4)-norMurNAc-L-
Abu-D-isoin {0} The |:|‘1id mixture, dssolved
i chloroform (200 mg i 6 ml). was deposited onto
the wall of & round-bottom flask (250 ml) by removal
of the solvent in a rotary evaporator (40 C. 4 h). The
dried lipid film was then hydrated with the agueous
phase under contnuous JTIi:\LT!E_ on o mechanical
reciprocal shaker for 2 h. FTMLVY was oblained by
freezing the multlamellar vesicles in liguid mitrogen
and thawing them in a 30 C water bath, repeating the
cyele five times (Hope e al., 1985} For Lv_application
the liposomes were extruded through 1.2 um lsopore
filter  (Millipore). The analyses of  entrapment
ctficiency were done by HPLC, DDID-5t was entrap-
ped with 99% and DDD with 32% efficiency. respec-
tively (Turdnek ev wl. 1997). In case of DDD, the
unentrapped drug was removed by centrifugation.
PDDSE or PDD preparations { free of liposomal
lormulationsy were appropriately diluted in PBS and
administered in desired equimolar dosages in volume
of 0.2 ml per animal in a single injection. The same
volume of PRS or empty liposomes was applied 10
control animals.

Mur ™ Ac-L- ala -D-iGin MDP
Glc-N-acetyl - por- MurN Ac- - Abu-D-iGla  DDD
Glc-N-stearoyl - nor- MurN Ac-L - Abu-D-iGln  DDD-St
MDP DDD

Ly O

—\_‘V/:}(}DH

DDD-5t

g
o e RN N D,_’A&g:-_rc
PN/\\T"'D ah a \.
", LOCH, C s 7
J oo,
‘J‘YHN“'“-T—H O
o s B

GO« Lefibi - DeisoGLM

CHy CO - L-agu - DeisoGLN

Fig. 1. synthetic ainlogaes of MDP,
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Assay far i'I"J.IlrJFE_]-'—_f.HfH’Ir-ﬂg cells

Endogenous spleen  colony-forming wnits  (E-
CFUs) were measured on day 9 of their development
using the method of Till and MeCulloch (1961}, alter
f.5 Gy of the whole-body irradiation { five mice per
group).

GM-CFC progenitors

For granulocyte-macrophage colony forming cells
(GM-CFC) determination, bong marrow cells from
intact mice were drawn by flushing femoral bone with
an IMDM medium, counted on Coulter Counter
{Model ZN, Coulter Electronics) and kept in a melting
ice bath before their use.

Femoral marrow cells were plated in triplicate in a
semisolid environment created by a plasma clot in
our modification (Vacek e al., 1990), containing the
Iscove's modification of Dulbecco’s medium {IMDM)
plus 20% fetal calf serum (FCS) 10% of colony-
stimulating factor (CSF), 10% citrate bovine plasma.
and CaCl, at a concentration of 1.5 mg/ml.

The cultures were incubated for seven days in a
thermostat (Forma Scientific, USA) at 37 Cin a fully
humidified atmosphere to 5% CO, in air. Colonies of
at least 50 cells were scored at 40x magnification.
The experiments were repeated thres times. The source
of stimulating factors {(CSF) for growth of colonies
wis lung conditioned medivm (LCM}) from mice that
had been inoculated intraperitoneally with 5 pg of
endotoxin  (Safnanella  rvphimurius, Sigma) 3 h
before they were exsanguinated (Metcalf, 1984). The
dose of growth factors (LCM) was adjusted to a value
that supports 90% of maximum colony number in a
dose-dependent curve and this dose was used through-
out the experiments.

Bone marrow and ood cellufaricy

Blood leukocytes (samples of blood drawn from an
incision of the tail vein) and nucleated cell elements of
the femoral bone marrow ( femoral diaphyses flushed
with saline) were estimated by means of Coulter
Counter (Model ZN., Coulter Electronics).

Sraristics

Survival was monitored daily and reported as the
percentage of amimals surviving 30 days after
trradiation with lethal dose of 9.5 or 10 Gy. Each
treated group in each experiment consisted of 10-15
mice. Survival curves were calculated by programme
GraphPad PRISM, V.2.00 (GraphPad Software, Inc..
San Diego, CA).

Statistical significance of the differences between
individual experimental groups ol mice in hagmo-

poietic parameters was calculated by analysis of vari-
ance.

RESLULTS

Radioprotective effect of empty liposomes and ana-
logues of MDP in free and lipsomal form were tested
in the first series of experiments. The endogenous
spleen colony assay (E-CFUs) was used to determine
the effects of empty liposomes prepared from pho-
spholipon 80, Significant differences were not seen
between the control group (PBS) and the groups to
which Tiposomes (FTMLY) were administered at
doses of 5. 25, 50 or 500 mg of phospholipid kg
(results not shown),

Figure 2 shows the effect of free or iposomal immu-
nomodulators on the number of E-CFUs. Free immu-
nomodulators administered at an equimolar dose of
10 pmolkg did not exert any effect in comparison
with the control. Unlike the group treated with free
immunomaodulators, the groups treated with lipo-
somal  immunomodulators  showed @ significant
increase in the number of E-CFUs.

The third experiment in this series focused on the
survival of mice treated i.p. with free or liposomal
immunomodulators 24 h before irradiation with a
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Fig. 2. Effect of DDD and DDD-5t i free or hiposomal
form on endogencus spleen colony formation (E-CFUs) in
irradiated mice. Mice, eight amimals per group, were admin-
istered with 0.2 ml saline or preparation tested by i.p. injec-
tion 24 h prior to irradiation (6.5 Gy). Equimolar dosapes
of synthetic immunomodulators {10 gmol per kg of body
weight) were administered. DDD—7.14 mg/ke, DDD-51

9.2 mg/kg, liposomes—50) mg of phospholipids kg,
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lethal dose of 10 Gy, As shown in Fig. 3 empty lipo-
somes and free DDD did not increase the survival
rate when compared with control. Unlike the free
hydrophilic DDD, the free lipophilic DDD-St sig-
nificantly increased the percentage of survival, The
admimstration of liposomal form of DDD-St or DDD
to mice resulted in a very high percentage survival
{around 80% ), efliciencies of the two derivatives being
similar. For practical reasons. the lipophilic DDD-St
designed to be easily entrapped into liposomes via
hydrophobic stearoyl arm. was chosen for further
study. Further studies of an enhancement of radi-
oresistance and stimulation of haemopoiesis alter
lethal and sublethal irradiation was focused on this
analogue.

In spite of seasonal variations in radiosensitivity ol
mice, DDD-St exerted a radioprotective effect against
lethal irradiation (9.5 or 10 Gy}, The highest survival
was found in mice given the liposomal preparation of
DDD-51. A comparison of radioprotective effects of
free and hiposomal DDD-SU in mice irradiated with
lethal doses of 9.5 or 10 Gy is presented in Fig. 4. The
highest survival percentage achieved by the treatment
with liposomal DDD-St vs free DDD-St corresponds
with the parameters characteristic of recovery of
haemopoiesis in bone marrow on day 10 after 6.5 Gy

100
I
2z
&
=
w504
8
£
— 3
0 10 20 a0
Days after irradiation
...... PES --- DDD
DDD-5t

=== Liposomal - DDD

—— Liposomal - DDD-5t
Fig. 3. Survival curves of mice trested 1p. with free or lipo-
somal immunomodulators 24 h belore s-irradiation (10 Ciy)
Mice, 12-16 animals per group, were admimstered with 0.7
ml suline or preparation tested by i.p. injection 24 h prior
o peirradiation (100 Gyl BEquimolar dosages ol synthetic
immunomaodulators (10 pmol per kg of body weightl were
administered. DDD- 7014 mg/ke. DRD-S0 92 meke,

liposomes-- 500 mg of phospholipids kg,

A
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100+
w
2
2
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B s <
=] i
2
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Days after irradiation

— Liposomal - DDD-5t --- Liposomes
—pDpDOD-st e Saline
B
10 Gy
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0 .
[+] 10 20 30

Days after irradiation

— Liposomal - DDD-St  --- Liposomes
pop-st e Saline
Frg. 4. Survival curves of mice treated i.p. with free or lipo-
sommal DDD-51 24 b before p-irradiation hy doses of 9.5 Gy
(A or W Gy (Br Mice, 12- 16 amimals per group, were
admimistered with (.2 mi saline or prepuration tested by ip.
injection 24 b prior o p-itradiation. Equmolar dosages of
svnthetic immunomodulators (10 umol per kg of body
weight) were sdmimstered. DDIASE 92 mp'kg. lipo-
somes SO0 mg of phospholipids/kg

irraciation. The resalts are summarized in Table |,
The treatment with free or liposomal DDD-St
improved the parameters of haemopoiesis. Significant
differences were found only between the group treated
with liposomal DDID-St and saline or empty lipo-
somes-treated contrels. As far as the number of GM-
CFC per lemur was concerned. significant improve-
ments were achieved with both preparations.
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Fig. 5. Effect of i.p.. i.v., or s.¢. administration of liposomal
DDD-5t, 24 h before parradiation (10 Gy), on the survival
of mice. A, Mice, 10-15 animals per group, were admin-
istered via Lp., 1.v. or s.c. with 0.2 ml of suspension of lipo-
somal DDD-5St (10 pgmol per kg of body weight) 24 h prior
to y-irradiation (10 Gy). DDD-5t—9.2 mg/kg. lipesomes

500 mg of phospholipids/kg. The experiment was performed
during October and Movember 1996, B, Mice, 10-15 animals
per growp, were administered via i.v, or s.c. with 0.2 ml of
suspension of liposomal DDD-St (10 pmol per kg of body
weight) 24 h prior to y-irradiation (10 Gy). DDD-51—2.2
mg/kg, liposomes— 500 mg of phospholipidskg. The exper-

iment was performed during March 1997,

6135

Further, the effectiveness of liposomal DDD-5t
administered via various routes was examined. A com-
parison of i.p., i.v. and s.c. administrations was done
using the optimal doses of liposomal DDD-5St defined
in pilot experiments. Intravenous and subcutaneous
administrations were superior 1o intraperitoneal
administration (Fig. 5). Moreover, the optimal 1.v.
dose of liposomal DDD-5t was 5 mg/kg, which was
half of i.p. dose. Differences in efficacy between the
Lv. and s.c. admimstration was neghgible in cases
when the median of survival time was around day 16.
Seasonal variations in radiosensitivity of mice resulted
in decrease of the median of survival time and a shift
of this value to day 4 owing to a rapid onset of sep-
ticaemia caused by radiation injury of guts. In such
case, surpnsingly, s.c. administration was stll very
effective although iv. administration did not exert
radioprotective effect. In some experiments only pro-
longation of the median of survival time was observed
without being accompanied by increase of percentage
of survival (Fig. 5).

DISCUSSION

The precise mechanism(s) of liposomal MDP-ana-
logoes radioprotection remain unknown. However,
the decrease in radiosensitivity of haemopoietic tissue
m immunomodulator-protected mice has been par-
tially attributed to the release of humoral stimulators
and C8Fs and the stimulation and transition of stem
cells into the cell cyele in irradiated mice (Neta, 1988).

Immunomodulation in vive results in activation of
macrophages, and consequently other cells of the
immune system such as T and NK cells. This acti-
vation results in local proliferation of macrophages,
increased haemopoiesis, recruitment and monocytes
and granulocytes from bone marrow to the periphery,
and an enhanced release of acute phase proteins (Mur-
ray er al., 1989). These activities are thought to be of
major importance for host defense activation against
infection.

Activation of macrophages and induction of cyto-
kines production (IL-1, IL-6, TNF and CSF) may
indicate that MDP-analogues can accelerate the res-
toration of functional haemopoietic cells via pro-
duction of cytokines that stimulate a broad spectrum
of progenitor cells and thus being one of the mech-
anisms leading 1o carlier haemopoietic recovery after
irradiation (Murray et al., 1989 ; Slordal er al., 1989).

In all our experiments we observed increase in num-
ber of E-CFUs in groups of irradiated mice treated
with liposomal DDD and DDD-5t. Within the period
of postirradiation regeneration (3-14 days), there
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Table 1. Parameters of hacmopoiesis at day 1 after irradiation of mice treated op. with free or liposomal DID-S0 24 b
prior 1o p-irradiation (6.5 Gy . Data represent mean +3EM and each point represents 10 animals per group

Weight Ma,

of spleen (mg)  of E-CFLLS
Control (PBS} R R LIE0S
Liposomes {500 mg kgl ATH+ 1.3 44+06
DDD-St (10 mg k) MA+13 45408
DDD-St liposomal 4154 1.8 103+ 0.8

(10 mg/kg, 500 mg
phosphelipid kgl

M Mo M,

of GM-CFC of leukocytes of granulocytes
per femur in | gl of peripheral blaod
10 +44 b + 139 536+ 44
18223 108 1257 (05 630+ 44
4686+ 218 1471 4+ 156 TRR+43

5645 + 465 1625+ 1327 Y11 4 108°

“p o< 0L DDD-5t liposomal vs contral.
“p = 001 DDD-SI liposomal vs DDD-S1
“p= 0,05 DIDD-St iposomal vs control.
Fpo< 005 DIDD-St liposomal vs DI-5L

were 4- and 5-folds more GM-CFC per femur in
DDD-51- and  liposomal  DDD-St-reated  mice,
respectively, when compared Lo control. The study
focusing on production of cytokines is in progress.
Since the intracellular receptor for MDP was deter-
mined. the site of action of muramyl peptides s
believed 1o be intracellular (Tenu o wf. 1989} In
rire. experiments with free analogues of MDP are
complicated by several tactors, which include phar-
macokinetically dictated effects such as short-half life
owing 1o rapid clearance. dilution. lack of significant
localization at the site ol interest, serum proteim bind-
ing and enzymatic degradation. To overcome some of
these disadvantages. liposomes may be used us
carriers. As macrophages are believed to be the most
important target cells for immunomaodulation by anua-
fogues of muramyl dipeptide, the use of classical ipo-
somes, which tend (o localize i large number in these
cells, is quite obvious. By encapsulating analogues of
MDP in liposomes. the life-time in the organism is
prolonged and high concentrations at the site of action
can be reached. The activity of colloidal liposomal
delivery system could be explained as follows: lipo-
somes are taken up by macrophages by phagocytosis
and concentrated in the lysosomal compartment,
Here. the MDP analogues are released from the lipo-
somes {hydrophobic derivatives are eventually met-
abolized to hydrophilic ones) and can diffuse into the
cytoplasm to reach the intracellular receptor (Merhi
ef af., 1996), Results of our experiments with free and
liposomal DDD are in accordance with this concept
{Figs 2 and 3). Certain activities of lipophilic DDD-
St can be ascribed to prolonged half-life and its ability
to penetrate into and through the cell membrane. Sig-
nificant improvement of its activity in terms of sur-

vival and parameters of haemopoiesis was  also
achieved by incorporation into liposomes.

Both induction of nonspecific immunity and accel-
crated restoration of haemopoiesis are responsible for
the survival of lethally irradiated mice. Liposomal
immunomadulators proved themselves Lo be effective
in induction of nonspecific immune response against
infection {Bukker-Woudenberg. 1993). This aspect is
of importance in cases when rapid onset of septicemia
{within days after irradiation} takes place owing to
severe imjury of guts caused by irradiation. Very high
radioprotective effect ol s.c. administersd liposomal
DDD-5t can be explained by an effective and long-
lusting activation of nonspecific immunity. which is
able to withhold an onset of septicemia in early days
after irradiation (sce Fig. 5). Subcutancous appli-
cation of liposomal DDD-5t seems to be very efficient
for such reason and also it is considered as a con-
venient route of administration to humans in the
future.

In conclusion. encapsulation of both MIDP-ana-
logues inte liposomes prolongates their biological
half-time and improves fargeting (o fissue macro-
phages. Our resulls are supportive for such expla-
nation and are comparable with those published for
liposomil muramyl tripeptide phosphat-
idylethanolamine (Fedorodka, 1994).

The obtained results suggest that liposomal DDD-
St possesses a relatively high radioprotective activity.
and as indicated mainly in terms of animal swrvival.
liposomal DDD-5t should be therapeutically ben-
cficial in moderating haemopoietic damage as an
undesirable effect of radiotherapy or chemotherapy
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Abstract

1-Adamantylamide-1-alanyl-D-isoglutamine (adamantylamide dipeptide (AdDP)) belongs to a group of desmuramyl
mmramyl peptide derivatives which are able to protect an crganism from some viral infections. Encapsulation of AdDP to
egg phosphatidyl choline liposomes and the targeting of this drug te lymphatic nods macrophages via subcutaneous (s.c.)
administration proved to be the efficient way to protect mice aganst iradiation when admimstered s.c.. 24 h prior to lethal
y-irradiation (long-term survival rate in the range of 40% compared with 0% in saline or free drug control). Parameters
charactenstic for the recovery of haemopolesis m the bone marrow (mumber of gramulocyte-macrophage haemopoletic
progenitor cells, gramilecyte-macrophage colony forming cells (GM-CFC)) were significantly improved in comparison with
the controls and free drug on day 10 after 6.5 Gy imadiation. The haemopoietic effect was observed in the broad application
time window (72 h before and 48 h after irradiation). Very high radioprotective effect of s.c. administered liposomal AdDP
(L-AADP) can be explained (together with induction of haemopoiesis) by the effective and long-lasting activation of
nonspecific immmmity, which withholds the onset of septicemia in early days after mradiation Induction of nomspecific
Imnumity was proven in Candida albicans infections model L-AdDP significantly increased both the survival time and
score (about 40% survival compared with 0% in confrols and free dmug).

In conclusion, L-AdDP could be therapentically beneficial to moderate the haemopoletic damage (undesirable effect of
radiotherapy or chemotherapy) and mduce the non-specific Immmity to support the antimmcrobial freatment of MmMMmocom-
promused patients @ 2001 Elsevier Science B.V. All nghts reserved.
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1. Introduction

Protection from uvndesirable effects of radiother-
apy or chemotherapy, primarily from myelosuppres-
sion, still remains a crucial problem to be coped
with. Aftention has been paid to varons im-
muncemodulatory agents that, wvia the monocyte/
macrophage system., induce the production of cy-
tokines, which induce and control haemopoiesis, and
hence can act radio- or chemoprotectively [6.11]
Muramylpeptides have been found to be highly ac-
tive in vitro and in vive in respect of inducing
tumoricidal, antiviral and bactericidal activities. Var-
ious analogues of muwramyyl dipeptide (MDP) have
been synthesized and tested in varions experimental
models (reviewed by [Ref 3]). However, most of
them have side effects such as pyrogenicity, sleep-
promotion and oedemagenic activities, which are
shared with MDP [12].

1-Adamantylamide-L-alanyl-D-1soglutamine
(adamantylamide dipeptide (AdDF), Fig. 1) belongs
to a group of despmramyl MDP derivatives, able to
protect an organism from some viral infections [14].
This hybrid entity combines components of both an
antiviral and immmnomoduolater effect i a single
synthetic compound without side effects (pyrogenic-
ity, edemagenicity, effect on sleep) which are inher-
ent to several MDP derivatives [15].

Encapsulation of muramyl peptides mto Lpo-
somes, vesicles compesed of one or several lipid
bilayers enclosing an aquecus phase, reduced the
side-effects, improved the therapeutic efficacy in in
vitro and in vivo medels of tumor cytotoxicity and as
well as in experimental microbial infections in mice
[3] Targeting of liposomal immunomodulators to
macrophages, their internalization via phagocytosis
and hence, the facilitating of mteraction with the
intracellular receptor led to a stinmlation of
macrophages [16,24] such as the indoction of secre-
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o
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Fig. 1. Strucmaral formula of AJDP.
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tion of IL-1. IL-6 and TNF known to have therapen-
tic effects en heamopoietic regeneration after irra-
diation [19.21]. A relatively high radioprotective
activity of liposemal JB-D-GlcNstearovl{1 —» 4)-
norMurNAc-L-Abu-D-isoGln (DDD-5t) or f-D-Gle-
(1 4)-norMurNAc-L-Abu-DHisoGln (DDD). as in-
dicated mainly m terms of amimal survival and
number of progeniter cells in femour., was demon-
strated by owr group [13,2526] Effect of in wvivo
administration of AdDP on proliferatiocn of bone
marrow granulocyte-macrophage haemopoietic pro-
genitor cells (GM-CFC) was recently demonstrated
[271

In this paper we have compared the effect of free
AdDP and L-AdDP administered via subcutaneous
(s.c.) route on the induction of nonspecific immmmity
and heamopotesis in the mice models.

1. Experimental
2.1. Animals

Female (C57B1/6 X BALB /C)F, mice, 12 weeks
old and having 23 + 2 g of weight at the beginming
of the expeniment. were irradiated with a single
whole-body doses from *'Co gamma-ray source at a
dose rate of 0.285 Gy, /min (10.0 Gy for survival and
6.5 Gy for recovery of haemopoietic tissues). The
preparations were admumstered s.c. at varions time
before or after irradiation

Female BALB /cJ. 8 weeks old and having 18-22
g of weight, were used for infections experiments
with Candida albicans.

2.2, Chemicals

AdDP was domated by Lachema (Bmo, Czech
Republic). Punty of other chemicals used i the
experiments were of analvtical grade or better. Apy-
rogenicity of preparations (content of lipopoly-
saccharide) was tested by linmlus amebocyte lysate
colorimetric kit QCL-1000 (Bio-Whittaker)

2.3, Preparation of frozen-and-thawed multilamellar
vesicles (FTMLT)

Liposomes (FTMLV) were prepared under apyro-
genic conditions from the egg-yolk phosphatidyl-
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choline (EPC) 99% purity (Avanti Polar Lipids, USA)
by the method of hydration of lipid film by apyro-
genic phosphate buffered saline (PBS) comtaining
varions amoumts of AJDP. The lipid mixtore, dis-
solved in chloroform (200 mg in 6 mil). was de-
posited onto the wall of a round-bottom flask (250
ml) by removal of the solvent in a rotary evaporator
(40°C. 4 h). The dried lipid film was then hydrated
with the aquecus phase vnder continuous mixing on
a mechanical reciprocal shaker for 2 h. FTMLV was
obtained by freezing the owltilamellar vesicles in
liquid nitrogen and thawing them in a 30°C water
bath, repeating the cycle five times [9]. The analyses
of entrapment efficiency were dene by HPLC. AdDP
was entrapped with around 65% efficiency [25.26]
To assure the comparable size distribution, the lipo-
somal preparations were extruded through 1 pgm
polycarbonate filter. The size of liposomes was
around 0.75-1.1 jim as determined by dynamic
light scattering instrument (Zetasizer 3000, Malvern,
UK). The uvnentrapped drug was removed by cen-
trifugation. Preparations (free or liposomal formmula-
tions) were appropriately diluted in PBS and admin-
istered in desired dosages in volume of 0.2
ml /animal in a single injection. The same volume of
PBS or empty liposomes was applied to confrol
animals.

2.4. GM-CFC praogenitors

For GM-CFC determination, bone mamrow cells
from intact mice were drawn by flushing femoral
bone with an IMDM mediom, counted on Coulter
Counter (Model ZN, Coulter Electronics) and kept in
a melting ice bath before theiwr nse.

Femoral marrow cells were plated in triplicate in
a semisolid environment created by a plasma clot in
owr modification [28], containing the IMDM plus
20% fetal calf serum (FCS), 10% of conditioned
medinm from rmll-3-producing myeloma cell line
[10]. the final concentration of rmIL-3 being 1 U/ml
(1 U/ml was defined as a concentration of rmIL-3
that vielded a maximum colony oumber on a concen-
tration dependence curve), 10% citrate bovine plasma
and CaCl, at a concenfration of 1.5 mg,/ml

The cultures were incubated for 7 days in a
thermostat (Forma Scientific. USA) at 37°C in a
folly humidified atmosphere of 5% CO, in air.
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Colonies of at least 530 cells were scored at 40 X
magnification The experiments were repeated three
times. The source of stimulating factors (CSF) for
growth of colonies was long conditioned medinm
(LCM) from mice that had been inoculated intraperi-
toneally (ip.) with 5 g of endotoxin (Salmonella
fphimurium, Sigma) 3 h before they were exsan-
guinated [17]. The dose of growth factors (LCM)
was adjusted to a value that supports 90% of maxi-
mum coleny number in a dose-dependent curve and
this dose was nsed throughout the experiments.

2.3. Bone marvow cellularity

Nuombers of nucleated cells per femour were esti-
mated by means of Coulter Counter (Model ZN,
Coulter Electronics) after flushing femoral diaphyses
with saline.

2.6, Numbers of leukocytes

Nuomber of leukocyvtes in the peripheral bloed
were determined by means of a Coulter Counter.

2.7. Postirradiation swrvival

In lethally irradiated mice (a dose of 10 Gy), the
deaths were monitored every day until day 30 after
the radiation exposure.

2.8. C. albicans infection

C. albicans (strain 2091) was obtained from the
Collection of Microorganisms, Masarvk University,
Brno. Infectivity of the strain was increased by
repeated passage on mice. The infected mice were
killed when appeared moribund and C. albicans
were reisolated from spleen and kidney. Adapted C
albicans were lyophilised and third passage was
vsed for iv. administration to mice (5 X 107 organ-
isms /mouse).

2.9 Statistics

Survival was monitored daily and reported as the
percentage of animals surviving 30 days after irradia-
tion or infection. Each treated group in each experi-
ment consisted of 10—-15 mice. Survival curves were
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calculated by programme GraphPad PRISM, V.2.00
(GraphPad Software San Diego, CA). Statistical sig-
nificance of the differences between individoal ex-
perimental groups (five mice) in haemopoietic pa-
rameters was calculated by analysis of varance.
Logrank test based on Chi-square statistic was nsed
for evalunation of statistical significance of differ-
ences between survival curves. Povalues less than
0.05 were considered statistically significant.

3. Results

In the first series of experiments we have tested.
the overall radioprotective effect of preparations ex-
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pressed as survival rate of lethally irradiated muce.
Fig. 2a shows the effect of AJDP or L-AdDF on the
survival of mice treated with s.c. imjection 24 h
before the lethal irradiation. It i3 apparent that free
AdDP did not effect substantially both survival time
and survival score. The effects of empty liposomes
and various doses of AdDP (091, 183, and 3.65
mg/kg) were similar to the control and therefore,
they were omitted from the graph. In contrast to free
AdDP. the L-AdDP exerted strong concentration-de-
pendent positive effect on both survival half-time
and survival (statistically significant differences of
L-AdDP compared with both PBS and free AdDP
were observed, p < 0.05). Seasonal variations in ra-
diosensitivity of mice resulted in decrease of the
median of survival time and a shift of this value to
days 4—6 because of a rapid onset of septicaemda
cansed by a severe iradiation injury of guts. In thus
case, the induction of nonspecific immunity is very
important to combat the onset of septicemia. Results
presented in Fig. 2b are representative of these cases.

Fiz. 2. Survival curves of mice treated :.c. with free and L-AdDP,
24 h before y-irradiation (10 Gy). (a) Mice, 10 animals /zronp,
were administered with 0.2 ml buffered saline or prepsration
tested by s.c. imjection, 24 b prior to y-irradiation (10 Gy). The
experiment was performed during October 1998 Empty lipe-
somes: 107, 215 or 430 mg kg EPC. Curves do not differ from
thar for buffered zaline, so they were omirted to keap the clarity of
the graph. Dioses of free AdDP: 3.65 mg kg Curves for doses of
0.91 and 1.83 mg kg were similar to that of buffered saline and
hence were omimted to keep the clariy of the graph Dwses of
L-AdDP: AADP 091 mg/ kg, EPC 107 me/kz AdDP 183
mg,/kz, EPC 215 mg, kg AdDP 3.65 mg, kg, EPC 430 mg/kz.
P-valnss. PES ws. AdDP preparations: AdDP: 3635 mz kg (p=
0.2953), L-AdDP 0.91 mg/kg ( p= 0.0042), AdDP 1.83 mg/kg
{p=00025), L-AdDP 3.65 mg/kg (p < 0.0001). Free AdDP
(3.65 mg /kr) vs. liposomal AdDP: L-AdDP 091 mgz/kz (p=
0.0409), AdDP 1.83 mg, kg (p = 0.0177), L-AdDP 3.65 mg kg
{p< 00001} (b) Mics, 10 animals/zroup, were administersd
with 0.2 ml buffered saline or preparation tested by s.c. injection,
24 h prier to y-imadiation (10 Gy). The experiment was performed
during May 1999 Dose of free AADP: 3.65 mg,/kz. Doses of
L-AdDP: AADP 091 mg/ kg, EPC 107 me/kz AdDP 183
mg,/kz, EPC 115 mg kg Doses of empty liposomes: EPC 430
mg,/kz. p-valnss. PBS versus AJDP preparations: A4DP: 3835
mg/kg (p<0.0001), L-AdDP 0.81 mg/kg (p< 0.0001), L-
AdDP 1.83 mg/kg {p <0.0001). Free AdDP (3.65 mg kgl
versus liposomal AdDP: L-AdDP 0901 mg/kg (p=0.0234),
AdDP 1.83 mg kg ( p=0.0035).
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Free immunomodulator prolongated significantly the
survival half-life ( p < 0.0001) but did not affect the
survival score. Contrary to free AdDP, the L-AdDP
was able to protect about 40% of mice against death
of postirradiation infection (p < 0.03 L-AdDP wvs.
free AdDP). The experiments with C. albicans infec-
tions model were included in these series to confirm
the importance of nonspecific immunity cato radio-
protection. Fig. 3 shows results of experiments in
which mice were treated with free or L-AdDP before
challenging with C. albicans. Free AdDP exerted a
slight effect on the survival half-time but no survival
of animals was observed at the end of experiment.
Treatment of mice with 1-AdDP led to a significant
increase in the survival of infected animals similarly
to those levels obtained in the experiments with
lethally iradiated mice (p < 0.001 L-AdDP wvs.
AdDP).

%ol survival

Days after C. albicans infection

- Liposomal ASOP 1,83 mgfg —o— PES conlrel
~ar Lipesamal AdDP 3,65 mgig —=- Liposomeas
e AN 1,83 mgky
e AGDP 3,66 mgikg

Fig. 3. Survival of femals BALB /c] mice weated s.c. with free or
L-AdDP at 24 h befors iv. challenss with . alhicans (mice
5% 10° organisms /mouse). Mice, 10 animals /group, were ad-
ministered with 0.2 ml of buffered saline or preparatons tested.
Doses of free AdDE: 1.83 or 365 mgz, kg Doses of L-AdDE:
AdDP 183 mg/kg, EPC 215 meg/kg. AdDP 365 mg/kg, EPC
430 mg,kz. Empty liposomes: EPC 430 mg kg p-values. FBS
versus AdDP preparations: AdDP: 365 mg/kg (p < 0.0001),
AdDP: 1.83 mg/kg {p< 0.0001), AIDP 183 mg kg (AdDE:
365 mg ke (p<0.0001), L-AdDP 3.65 mg,/kg (p < 0.0001),
empty liposomes EPC 430 mg/kg (p=0.0004). Free AdDP
(3.65 mg/kg) vs. free AdDP (183 mg/kg) p=0.795. Free
AdDP (3.65 mg/kg) vs. L-A4DP: L-A4DP 183 mg/kg (p=
0.011), L-AdDP 3.65 mg/kg { p < 0.0007L
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Fiz. 4. Effect of varions doses of L-AdDP or free AJADP on the
mumber of GM-CFC per femour after sublethal y-imadiation of
mice. Mice, five animals per group, were administered with 0.2
ml buffered saline or preparation tested by s.c. injection 24 h prier
to y-imadiation (6.5 Gy). The day 13 after irradiation, the number
of GM-CFC per femour were counted. Liposome conmol wera
administered with doses of 430 mg/kg. **p < 0.0001 L-AdDP
vs. liposome control; *¥p < 0.001 L-AdDP vs. PBS: ““p < 0.001
L-AdDP vs AdDP free; "p < 0.05 L-AdDP vs. PBS.

The second series of experiments were focused on
the restoration of haemepeiesis in sublethally irradi-
ated mice treated with AdDP preparations. The num-
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No. of OM-CFC pad firmr
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Fiz. 5. Timing effect of L-AdDP or free AADP on the onmber of
GM-CFC per femour after sublethal y~irradiation of mice. Mice,
five animals per group, were administered with 0.2 ml buffered
saline or preparation tested by s.c. injection sf varous times.
Groups were treared as follows: (1) two doses at 72 and 24 h prier
te, (2) single dose 24 h prier to, (3) two doses 24 b prior to and 24
b after, (4) single dose 24 b after, (3) single dose 48 b after
irradiation {6 5 Gy). The day 13 after irradiation the number of
GM-CFC per femowr were counted. Liposome conitel were ad-
ministered with doses of EPC 430 mg/kz; = p < 0.0001 AdDP
liposomal vs. liposome conmel; ™ p < 0.0001 AdDP liposomal
ws. AdDP free; "p < 0,05 AdDP vs. liposome control
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ber of progenitor cells (GM-CSF) per femmr was
chosen as the main parameter to consider the activity
of various preparations. Dose response effects of
liposomal and free AdDP on GM-CFC per femmr are
presented in Fig. 4. The optunmum dose of L-AdDP
administered s.c. was found to be about 1.83-3.65
mg kg (100-200 nmol /mouse). Statistically signifi-
cant optimum for free AADP was not found within
the range of tested concentrations. The timing effect
of application of immumemodulators en GM-CFC
per femmur was studied in a series of experiments. We
have detected that empty liposomes exerted a slight
stinmlatory effect when compared with PBS-treated
controls, but statistical analyses did not support its
significance. The empty liposomes were chosen as a
control in these series of experiments to discriminate
the net effect of L-AdDP from that of empty lipo-
somes. Representative results of these experiments
are presented in Fig. 5. The haemopoietic effect of
L-AdDP was superior to that of free AdDP in all
tume intervals. Surprisingly. the postirradiation appli-
cation of L-AdDP was also very effective.

4. Discussion

The precise mechanismis) of liposomal MDP-ana-
logues radioprotection remain(s) vnknown. However,
the decrease in radiosensitivity of haemopoietic tis-
sue in immmnomodulator-protected mice has been
partially attributed to the release of hnmoral stimula-
tors and CSFs and the stimmlation and transition of
stem cells into the cell cycle in irradiated mice [20].

Imnmnemodulation in vive results in activation of
macrophages, and consequently other cells of the
immune system such as T and NK cells. This activa-
tion results in local proliferation of macrophages,
increased haemopoiesis, reciuitment of menocytes
and granulocytes from bone marrow to the periphery.
and an enhanced release of acute phase proteins [18].
These activities are thought to be of major impor-
tance for host defence mechanism against infection.

Activation of macrophages and mnduction of cy-
tokines production (IL-1, IL-6, TNF and CSF) may
indicate that MDP-analogues can accelerate the
restoration of functional haemopoietic cells via pro-
duction of cytokines that stimmlate a broad spectrum
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progenitor cells and thus being one of the mecha-
nisms leading to earlier haemopoietic recovery after
irradiation [18,23].

In our previous experiments, we have demon-
strated that s.c. applicatien of liposomal DDD-St
exerted radioprotective effect in the term of restora-
tion of haemopoiesis and induction of nonspecific
immunity [25.26] Surprisingly, the s.c. route of ap-
plication was superior o both the intravenous (iv.)
and 1.p. adnunistration. In studies dealing with simi-
lar topies. the s.c. administration of free or liposomal
analogues of MDP were not tested [6] or were not
effective [7].

Since the intracellnlar receptor for MDP was de-
termined, the site of action of muramyl peptides is
believed to be intracellular [24] In vivo, experiments
with free analogues of MDP are complicated by
several factors, which include pharmacokinetically
dictated effects such as short half-life owing to rapid
clearance. dilution. lack of significant localization at
the site of interest, serum protein binding and enzy-
matic degradation. To overcome some of these dis-
advantages. liposomes may be used as carriers. As
macrophages are believed to be the most important
target cells for immunomodulation by analognes of
MDP, the use of classical liposomes, which fend to
localize in large oumber i these cells, 15 quite
obvious.

Studies on pharmacokinetic parameters of AdDP
showed that this compound resembles hydrophobic
derivatives of MDP rather than hydrophilic cnes
with respect to the half-life of the elimination phase
{11-12 h). The most surprising result after the sc.
admimistration was a very rapid absorption phase
with a half-life of 1 min The distribution phase was
about 20 min ie. 10 times longer than after an iv.
administration [30]. In our previous study with DDD
and DDD-5t derivatives, we have postuolated that
activation of macrophages in local lvmphatic nedes
draining the side of injection is responsible for strong
induction of haemopoiesis and nonspecific immu-
nity. Low efficiency of s.c_-administered free AdDP
can be explained, similarly to hydrophilic DDD, by
rapid absorption phase. This small melecule 1s pref-
erentially drained to blood and only a small concen-
tration is achieved in the lymphatic nodes. Moreover,
rapid transport through lymphatic nodes decreases
the time of dmg interaction with macrophages and
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hence their activation and subseguent stimulation of
the immune response.

By encapsulating AdDP mto Lposomes. which are
efficient lymphotropic dmg delivery system. the
life-time in the organism is prolonged and high
concentrations at the site of action can be reached by
s.c. application. Large liposomes tend to stay at the
site of injection after s.c. adounistration, where they
can play the role of a depot. To a lesser extent, these
liposomes can penetrate through extracellnlar matrix.
reach the lymphatic modes via Iyvmphatic capillaries
and deliver the AJDP content to lymph node
macrophages. After phagocytosis. the liposomes are
concentrated in the lysosomal compartment from
which AdDP is released into the cytoplasm to inter-
act with the intracellular receptor. This concept for
MDP analogues was proposed by Merhi et al. [16].

It is not clear how large liposomes can penetrate
through the interstitial space consisting of a gel-like
matrix of mmcopolysaccharides supported by a net-
work of reticular and collagenous fibers. The size of
the aquecus chanmels presented in the matrix are of
about 100 nm [22] This size prevents penetration of
liposomes larger than 120 om and nearly all large
liposomes (about 98%) remain at the site of s.c.
application [1]. In spite of this restriction, large
liposomes labeled with fluorescein or colloidal gold
were found i lymphatic nodes and inside of the
macrophages [29]. S.c. injection of clodronate en-
trapped in multilamellar liposomes (macrophage sui-
cide technique) results in depletion of macrophages
lining the subcapsular sinus and those in the medulla
of regional popliteal lymph nodes [4] From these
experiments. we can conclude that even if a small
portion of large liposomes can reach the lymph
nodes, the amount iz sufficient to deliver AJDP to
macrophages in lymph nodes.

Both induction of nonspecific immunity and ac-
celerated restoration of haemepoiesis are responsible
for the survival of lethally irradiated mice. Liposo-
mal immunemodulators proved themselves to be ef-
fective in induction of nonspecific immune response
against infection [2]. This aspect is impertant in
cases when rapid onset of septicemia (within days
after irradiation) takes place due to severe injury of
guts cansed by wradiation. Very high radioprotective
effect of s.c. admimstered L-AdDP can be explained
by an effective and long-lasting activation of nonspe-
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cific immunity, which is able to withhold an cmset of
septicemia in early days after irradiation (see Fig.
2b). Smdies on hydrophilic and hydrophobic MDP
analognes entrapped in liposomes revealed potent
stimulatory activity in terms of particle clearing and
killing of microbes by the cells of the mononuclear
phagocyte system. C. albicans infection model was
psed to demonstrate stimmlation of non-specific an-
timicrobial defence system of the host [57] We
detected that - AdDP was an effective immunostim-
vlater also after s.c. application contrary to MDP
analognes used in studies mentioned above.

Haemopoietic effect of free AADP was studied by
Vacek et al. [27] and Hoffer (8] Lp. administration
of free AADP was wsed in the studies with lethally
and sublethally irradiated mice. Lp. administration of
free AdDP required 5—15 times higher doses com-
pared to the s.c. L-AdDP, to achieve 10-25% long-
term swrvival of lethally irradiated mice. In the case
of rapid onset of septicemua. no long-term survival
was achieved contrary to s.c. L-AdDP. Doses about
5-15 times higher compared to s.c. L-AdDP. were
also applied to increase the number of GM-CFC per
femmyr, three to four times, to control after sublethal
irradiation  Surprisingly. we have found that the
haemopotetic effect of L-AdDP was also very strong
when applied 2448 h after the sublethal irradiation

The obtained results suggested that L-AdDP pos-
sesses a relatively high radicprotective activity, and
as indicated, in terms of ammal survival, L-AdDP
may be therapeutically beneficial in moderating
haemopoietic damage, which is an vndesirable effect
of radiotherapy or chemotherapy. Accordingly. s.c.
application of L-AdDP seems to be very efficient
and alse it is considered as a convenient route of
administration to humans in the futre. Effect of size
and lipid composition of AdDP liposomes on
haemopotesis is now under study.
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Abstract

In this study we tested the stimulatory effect of adamantylamide-r-alanyl-p-isoglutaming (AJDP) or its liposomal
formulation (L-AJADP) on recovery of the granulocyte— macrophage hemopoietic progenitor cells in the bone marmow of
sublethally iradiated mice of vadous ages. Number of GM-CFC progenitors in femur on day 10 was wsed as a parameter
reflecting the stimulatory activity, Mice (aped 3-5 month) pre-tremted with AADP or L-AdDP via sc. route displayed
enhameed recovery of the gmnulocyte— macmophage hemopoietic progenitor cells at the dose of 5.5 Gy, Overaged mice (2
years) responded to the treatment when the dose was increased to 6.5 Gy, while radiation doses below 5.5 Gy should be used
to see the stimulation effect in young mice (6 weeks). Entmpment of AADP into liposomes enhanced costimulatory activity of
sera of treated mice and prolongated this activity at least for 30 h after stimulation, in companson to the mice treated with
free AADP where the costrmulatory activity was spanned only up to 12 h. In conclusion, L-AdDP represents a suitable
formulation of AJADP that mduced mecovery of GM-CFC progenitoss m the femur of imadiated mice of various ages. The
stimulatory effect depends on the extent of injury to bone marmw hemopoietic micmenvironments caused by various doses
of ~y-irradiation.

0 2004 Elsevier BV, All rights reserved.
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1. Introduction

Adamantylamide dipeptide ( AdD'P) belongs to the
group of desmuramyl peptides [1]. This synthetic
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immunomodulatory compound demonstrated high he-
mopoietic activity besides antitumorous, antiviral
[2.3] and antimicrobial activities [4]. Increased hemo-
poietic activity was also found following intraperito-
neal [5] and subcutaneous application of AADP [6].
Stimulation of non-specific immunity together with
recovery of hemopoiesis was shown to be responsible
for radioprotective effect found for AdDP and other
MDP analogues [6-8].
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In our previous studies we found that the encap-
sulation of AdDP and other MDP analogues into
liposomes that are the wvesicles composed of one or
more phospholipidic bilayers enclosing an aqueous
phase led to the increase of their biological activities
[6.7.9].

Liposomes can act as the transport systems target-
ing immmomodulatory dmgs to immune cells and
protecting encapsulated drugs against enzymatic deg-
radation. Liposomes can also form a biodegradable
depot for administered drugs [10].

The radiation and large majority of chemothera-
peutic agents used in cancer treatment produces the
suppression of the host defence system especially
through the desruction of lymphoid and bone marrow
cells. The enhancement of host defence through a
more rapid restoration of hemopoiesis is in patients
undergoing radiotherapy and chemotherapy of critical
importance since otherwise a number of them are
dying from secondary diseases.

The major aim of present paper was to extend our
previous observations on hematopoietic and radiopro-
tective effects of AdDP and liposomal ADP in
relation to the age and therefore the effects of these
compounds in juvenile, young, adult and aged animals
were investigated.

1. Experimental procedures
2.1 Mice

Female (CBAxCS7BI6GF] mice (ANLAB, Bmo,
Czech Republic) having 14-25 g of weight and age
from & weeks to 2 years were used for the experiments.
Standardised pelleted diet and HCl-treated tap water
(pH 2-3) were given ad libimm. The research was
conducted according to the principles emunciated in the
Guide for Care and Use of Laboratory Animals issued
by the Czech Society for Laboratory Animal Science.

The preparations were applied to animals between
9 and 11 am. Twenty-four hours after subcutaneous
mjection of AADP or L-AdDP (200 nmol in 0.2 ml per
mouse), mice were iradiated with single whole-body
doses in the range of 3.5-6.5 Gy from *Co gamma-
ray source Chisostat (Chirana, Czech Republic) at the
dose of 0.285 Gy/min. Mice were killed by cervical
dislocations on day 10 after irradiation and the numb-
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ers of GM-CFC progenitor cells were evaluated in the
bone marrow of animals from experimental and con-
trol groups (see Section 2.4).

2.2, Chemicals

Adamantylamide-v-alany - p-1soghttamine (AdDP)
was synthesised and kindly donated by PolyPeptide
Laboratories (Praha, Czech Republic). Purities of the
other chemicals used in the experiments were of
analytical grade or better Colorimetric kit QCL-
1000 (Bio-Whittaker, USA) was used to confirm
apyrogenicity of preparations with respect to the
content of lipopolysaccharide. The content of endo-
toxin was found to be below 0.01 EU per mg AdDP.

2.3, Preparation of frozen-and-thawed multifamellar
vesicles (FTMLF)

Liposomes were prepared from the egg-yolk phos-
phatidylcholine (EPC) (99% purity, Avanti Polar Lip-
ids, USA) by the method of hydration of phospholipid
film by apyrogenic phosphate-buffered saline (PBS)
containing immunomodulator AADP. Glassware was
treated ovemnight at 180 °C to remove pyrogens. The
lipid was dissolved in chloroform (300 mg in 6 ml)
and deposited onto the wall of a round-bottom flask
(250 ml) by removal of the solvent in a rotary
evaporator (40 *C, 4 h). The dried lipid film was then
hydrated with the aqueous phase under continuous
mixing on a mechanical reciprocal shaker for 2 h.
FTML was obtained by freezing the multilamellar
vesicles in liguid nitrogen and thawing them in a 30
“C water bath, repeating the cycle five imes [11]. The
analyses of entrapment efficiency were done by
HPLC. AdDP was entrapped with around 65% effi-
ciency [7,12]. Preparations of AADP (free or liposo-
mal formulations) were appropriately diluted m PBS
and administered by s.c. route at a dose of 200 nmol/
mouse in a single mjection (200 pl). Control animals
were treated with the same volume of PBS.

2.4. GM-CFC progenitors

For granulocyte - macrophage colony forming cells
(GM-CFC) determmation, bone mamow cells from
intact mice were drawn by flushing of femoral bone
with an IMDM medium, counted on Coulter Counter
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(Model ZN, Coulter Electronics) and kept in a melting
ice hath before their use.

Femoral mamrow cells were plated in triplicate in a
semisolid environment created by a plasma clot in our
modification [13] containing the Iscove’s modification
of Dulbecco’s medium (IMDM) plus 20% foetal calf
serum (FCS8), 10% of conditioned medium from rmlL-
J-producing myeloma cell line [14]. The final con-
centration of rmlL-3 being 1 U/ml (I U/ml was
defined as a concentration of mnlL-3 that vielded a
maximum colony number in preliminary experiments
comparing the colony mumber vs. concentration of
mlL-3), 10% citrate bovine plasma, and CaCl, at a
concentration of 1.5 mg/ml

The cultures were incubated for seven days in a
thermostat (Forma Scientific, USA) at 37 °C ina fally
humidified atmosphere of 3% CO, in air. Colonies of
at least 50 cells were scored at 40 * magnification.

2.5, Bone marrow cellularity

Numbers of nucleated cells per ferur were esti-
mated by means of Coulter Counter (Model ZN,
Coulter Electronics) after flushing of femoral diaphy-
ses with saline.

2.6. Colony-stimulaning activiry (C54) and costimu-
lating activiry (CoSA)

CoSA was determined as the ability of AdDP or L-
AdDP, sera of AADP or L-AdDP weated mice, or
conditioned medium from cultures of adherent stro-
mal cells to enhance the number of GM-CFC colonies
induced by a suboptimal concentration of rmlIL-3 in
the above-described GM-CFC assay. The concentra-
tion of mlL-3 was adjusted to a value which yielded
one-third of the maximum mumber of colonies on a
dose-dependent curve [15]. Mice sera were taken at
various intervals after mjecion of drugs and their
abilities to co-stimulate in vitro growth of colonies
from granmulocyte—macrophage progenitor cells (GM-
CFC) were determined. The tested sera were diluted
with saline at a raio 1:2 prior to use.

2 7. Sratistics

Statistical analyses were carried out using the
programme GraphPad PRISM V.3.00 (GraphPad Soft-

ware, San Diego, CA). Statistical significance among
individual experimental groups of mice in hemopoi-
efic parameters was calculated by One-way analysis of
variance. The Newman—Keuls test for comparison of
all pairs of columns and the Dnnett test for compar-
ison of all columns with the control column were used
in the analysis.

3. Results

3.1, 4An age dependence of the radioprotective effect
af free and liposomal form of AdDP

Mice were divided into four groups according to
their age: 6 weeks, 2 months 3-5 months, and 12
months. Twenty-four hours prior to y-irradiation with a
dose of 5.5 Gy five animals of each experimental group
were treated with free AADP and the other § animals of
the same age group with liposomal L- AdDP atthe same
doses of 3.65 mg AdDP/kg (200 nmol/mouse) and 500
mg phospholipid’kg (10 mg phospohlipid/mouse). An-
other group consisted of control mice treated with PBS.
Untreated and non-imadiated controls were used to
compare radiosensitivity in the groups of various ages.

Concentration of GM-CFC/107 in bone marrow of
control imadiated animals increased on day 10 signif-
icantly with the age of animals. The lowest number of
GM-CFC/10° was found in mice aged 6 weeks while
the highest one was observed in mice aged 12 months.
These data suggest that radiation resistance of GM-
CFC in the bone mamow increases with the age of
animals. Both the total pool of GM-CFC and the
concentration GM-CFC/10% in femur increased simul-
taneously with the age of iradiated mice (Fig. 1). The
total pool of GM-CFC progenitors in the bone marrow
of non-iradiated untreated controls was age-depen-
dent and increased with the age of mice (Fig. 1)

The hemopoietic effect of L-AdDP was significant
only in the age groups 3—5 months and 2 months.

3.2, Protective gffect of free or liposomal AdDP on the
recovery of hemopoiesis in bone marrow of mice
irradiated by various dosages

Similar protective effect at low radiation doses
(3.5-4.5 Gy) was found for AADP and L-AdDP; the
protective/simulatory effect of AdDP and L-AdDP on
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Fig. 1. Mumber of GM-CFC per femur on day 10 afier sublethal -
irradiation of mice reated with L-AdDP or free AdDP, Mice were
divided into five groups according to their age; five animals per
group. Preparations were applied by sc. route 24 h prior to -
irmdiation (55 Gy). The numbers of GM-CFC per femur were
counied on day 10 after imadiation (for details see Section 2.4.)
Doses of free ADDFP or liposonal AdDP were 3.65 mg'kg of body
weight. **P <001, *F<0.05 L-AdDP vs. PBS control. ~7P< 001,
L-AdDP vs. AdDP.

GM-progenitors in the bone marrow was significantly
higher ( #<0.01) in comparison to PBS.

A significant difference between AdDP and L-
AdDP with respect to their hemopoietic effect was
found for higher imadiation doses (5.0, 5.5 and 6.0
Gy). However, following iradiation at the dose of 6.5
Gy, the counts of GM-CFC in the bone marrow were
identical in both experimental and control groups.

A sharp decrease of GM-CFC counts that dropped
down to the level of the control group was observed in
mice meated with free AADP. On the contrary, the
counts of GM-CFC in the group treated with L-AdDP
decreased much more slowly after iradiation with
higher doses of y-rays (Fig. 2).

3.3 Effect of AdDP and L-AdDP on the recovery
of hemopoiesis in 2-vear-old mice after irdiation
(6.5 Gyl

More profound injury to the bone morrow of
overaged mice was induced by radiation dose of 6.5
Gy. The ratio of GM-CFC per femur was around 14
for non-irradiated control related to the iradiated
control (PBS treated). Only L-AdDP stimulated sig-

3000+ & Frec AdDE
| & Liposemal AdDP
E 2500 3 ¥ Irracizted Control

35 40 45 5.0 55 B 6.5
dosas of iradiation (Gy)

Fig. 2. Effect of various radiation doses on the number of GM-CFC
in the bone femoral marmow on day 10 afier 4 irmadiation. Mice aged
3-5 months (five animals per group). The doses of ADDF or L-
AdDP were 365 mg kg2 ml/mouse 24 h prior to y-imadiation.
Irmadiated control groups were treated with PBS. AdDP or lipesomal
L-AdDF va. imadisted control: **P<0.01, *P-<0.05.

nificantly hemopoiesis as expressed by the number of
GM-CFC per femur (Fig. 3).

3.4. Kinetics of co-stimulating activity (CoSA) in sera
Sfrom mice administered with AdDP, L-AdDP and
empty liposomes

We have found that sera from mice treated with L-
AdDP or AADP showed no CSA, 1.e. did not shmulate

22000 I L-AdDP
— AdDP

y 200007 E=APBS control
E I Erpty liposomes
= 180004 1 Noneirradiated control
2 10000
rd
Q
=
(D &
T 5000
L=]
=

i

Fig. 3. Effect of L-AdDP and free ADDP on te number of GM-
CFC per femur in y-imadiated overaged mice. The doses of AdDP
ar L-AdDP administered sc. were 365 mgkg/02 mlimowse 24
h prior to 4-irmdiation {2 years old mice, five animals per group).
Empty liposomes wene adminisiered at the dose of phospholipides
500 mg kg comresponding o that for L-AdDP Imadiaed contral
groups wene treated with PBS. *P<0.05 L-AdDF vs. FBS control.
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proliferation of hematopoietic progenitor cells for
granulocyte and macrophage (GM-CFC) in vitro be-
ing presented in the colture as the only potential
colony-stimulating factor (data not shown). However,
sera from mice treated with AADP or L-AdDP, as well
as with empty liposomes, enhanced in vitro the
mumber of colonies induced by a suboptimal concen-
maton of miIL3 (Fig. 4), i.e. produced CoSA.

The time-dependence of the changes in CoSA of
sera after AdDP administration showed statistically
significant ( P<0.01) elevation 3 and 6 h after an
mjection and dropped down after 24 h. CoSAs of sera
from mice treated with L-AdDP or empty liposomes
were significantly higher and lasted longer than that of
AdDP.

3.5, Number of femoral GM-CFC in mice treated with
AdDP L-AdDP and empty liposomes

Multiplication of GM-CFC i the bone marow of
non-irradiated mice was tested for AdDP, L-AdDP
and empty liposomes 24 h after the application. We
have found that AADP and L-AdDP induced a signif-
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Fig. 4. Time-courses of the changes in CoSA of sem afier
administration of ADDP, L-AdDF and empty lipesomes. Mice 3
months of age (four animals per group) were administered 0.2 mil of
AdDE L-AdDF or empty liposomes by sc. injection. The doses of
free and lipozomal AdDP were 365 mg kg of body weight. Sera of
mice treated with AdDP or L-AdDP preparations were collectod at
indicated time intervals and evalusied for their CoSA expresed as a
mumber of GM-CFC/10° cells. Bone momow cell cultured in
medizm supplemenied with [L-3 {IL3) or in a medium supple-
mented with [L-3 and control sera {IL3+ Sel”) were set as controls.
*Smtistically significant { P<0.01) in comparison © the control
(IL3+ control serum). “Statistically significant { P<0.01) in com-
parison to AADP {corresponding tme intervals were companed).

Table 1

MNumbers of GM-CFC progenitors in the femurofmice {3 months of
age) at 24 h afier administration of AdDP, L-AdDP, and empty
liposommes

Groups GM-CFCfemur { = 1077
Control {PBS) 183 +£3.2
Liposomes 203+35
AdDP 315+ 1.8¢
L-AdDP 528126

AdDP and L-AdDP were applied sc. (3.65 mg'kg).

* Mean values (four mice per group were wsed).

* The value is significantly { P<0001) higher in comparison
with the control

icant increase in the mimber of GM-CFC progenitors
in the femur of mtact non-iradiated mice, which
means that both preparations guided the hemopoietic
stem cells towards differentiation of granmlocyte—
macrophage progenitors. The effect of empty lip-
osomes was not statstically significant (Table 1).

4. Discussion

Hemopoiesis is a very complex process. taking
place in more than 200 areas in skeletal bones, which
are synchronised to act as one organ. Central and
peripheral nervous systems play a very important role
in immune response, and the associaion with hemo-
poietic system of the bone marow is well known [16].
Muramyl peptides and their different analogues in-
cluding desmuramyl peptides (AdDP) have been
shown to have beside the radio and chemoprotective
activity also a number of other effects as closely linked
together as the effect on immune and nervous systems
[17]. Interactions between the neural and immume
systems exist through humoral factors operating via
the hypothalamic—pituitary —adrenal axis and cyto-
kines acting over a relatively long distance. The intact
imnervation of bone mamow, lymphatic organs and
other tissues has an important role in the regulation
of production of blood cells and in the selective release
of cells from the marrow into the circulation [18]. The
observation that **the bone marrow™ acts and reacts as
“one organ™ is due to the regulatory mechanisms: the
humaral factors (such as erythropoietins, granulopoie-
tins, thrombopoietins, etc.), the neural factors (central
nervous regulation) and cellular factors (continuous
migration of stem cells through the blood to assure a
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sufficient stem cell pool size in each bone marrow
“sub-unit™) [16]. The role of immunomodulatory
molecules such as MDP and its analogues in this very
complex neuro-immunological network is not fully
understood since they act on both systems [17].

4. 1. Radiosensitivity and age

Mice of various age, as well as other mammals
including men, differ in their sensitivity to radiation
injury of hemopoiesis. The rate of the recovery of
hemopoiesis in bone marrow depends on the pool of
survived hemopoietic stem cells. In aged mice more
slow-dividing stem cells produce an equal number of
peripheral blood cells, as do more actively cycling but
less numerous stem cells in young mice. This fact
contributes to higher sensitivity of young mice to-
wards radiation injury. Data from Fig. 2 indicate that
lower radiaion doses should be applied if young
animals are used as a model for testing radiopriotec-
tive and hemopoietic effect. Both L-AdDP and AdDP
preparations were not able to stimulate hemopoiess in
young mice whose pool of hemopoietic stem cells was
drastically reduced by relatively high doses of -
irradiation hence the spontaneous recovery was a long
lasting event. The large numbers of surviving stromal
cells in adult and old animals increase their prolifer-
ation activity during the recovery after sublethal -
iradiation and can produce also cytokines supporting
the recovery of the radiation-damaged hemopoiesis in
bone marrow [19]. On the other hand, higher radiation
doses should be used in old mice which are more
resistant towards y-irradiation and whose pool of
hemopoietic stem cells remained relatively high after
v-irradiation. The [-AdDP administration was effec-
tive in overaged 2 vears old mice iradiated with
higher doses (6.5 Gy), which resulted in a deeper
bone marrow injury in comparison to the dose of 5.5
Gy (see Fig. 3). On the other hand, the protective
effect of L- AdDP in animals of 2 and 3 -5 months old
is evident (see Fig. 1). The mice of this age represent
suitable model for testing a radioprotective activity of
drugs and are generally used.

4.2 Liposomal preparation

Immunomodulatory agents that induce and control
hemopoiesis via the monocyte macrophage system
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can act radio- or chemoprotectively [20]. This is
the case of muramyl dipeptide and its analogues [5-
7.20]. Targeting of muramyl dipeptide analogues to
monocyte—macrophage system by liposomes signif-
icantly improved their hemopoietic activity [6,7.20].
Liposomes as carriers of muramyl dipeptide ana-
lougues can play two roles. First larpe liposomes
can stay at the injection site after the subcutaneous
adminisration and serve as a depot of the dmg.
Second, small liposomes, unlike the large ones, can
penetrate through the extracellular matrix and reach
the lymphatic tissues via the lymphatic capillaries
thus delivering the encapsulated drug to the hym-
phatic tissue macrophages. After phagocytosis of the
liposomal component by macrophages, the drug can
be released into the cytoplasm and interact with
intracellular receptors. Targeting of AdDP to macro-
phages can increase a production of cytokines en-
hancing the proliferaion of hemopoietic stem cells
and mcreasing the mumber of GM-CFC in the bone
marrow above the level found in non-iradiated
controel group. Stimulaton of macrophage functions
can lead to the mduction of secretion of IL-1, IL-6
and TNF known to have therapeutic effects on
hemopoietic regeneration after irradiation [21,22].
Liposomes are not inert carrier, in this study they
were able to induce costimulatory activity in sera but
they were not active with respect to induction of
elevation of the GM-CFC pool in the bone marrow
of the femur (Fig. 4, Table 1). Entrapment of AdDP
into liposomes reduced effective dose of AdDP [6.8]
and improved significantly the ability of AADP to
stimulate hemopoiesis i mice imadiated by higher
doses and this result is in a good accordance with the
role of liposomes as drug camiers, as mentioned
hereinbefore (Fig. 2).

4.3. Cwokines and costimulatory activity of sera

The effects of immunomodualtors on the recovery
of hemopoiesis after irradiation are partially attributed
to the production of hemopoietic stimulators and the
transition of stem cells into cycling in the rradiated
mice [21-24].

Enhanced concentrations of endogenous cytokines,
namely IL-3, G-CSF, GM-CSF [25-27] were reported
in the imadiated mice. These cytokines are supposed
to alleviate the njuries caused by iradiation both n
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the bone marrow and the spleen, to activate hemopoi-
etic cells and to increase granulopoiesis and mega-
karyopoiesis [28].

Our results suggests that AADP as well as L-AdDP
modulate hemopoietic cytokine network which was
documented by the ability of sera from mice treated
with this preparations to enhance the in vitro growth
of GM-CFC colonies induced by a suboptimal amount
of hemopoietic growth factor, namely rmlL3 (see Fig.
4) [5,15]. Notably, the sera of mice administered with
L-AdDP enhanced the sumulatory effects of IL-3 on
GM-CFC. Proliferaion of GM-CFC in vitro come-
sponded with an in vivo effect of L-AdDP docu-
mented by the elevation of the GM-CFC pool in the
bone marmow of the femur (see Table 1). The co-
stimulatory effect of sera after L-AdDP injection
persists longer than that after administration of AdDP
alone. It is interesting that empty lposomes are not
inert carriers.

In conclusion, administration of AdDP or L-
AdDP induces CoSA activity of sera and may
thus act together with elevated endogenous cyto-
kines to enhance proliferation in critical pools
stromal, hemopoietic stem and progenitor cells
leading to increase of the pool of granulocyte—
macrophage progenitors in the bone mamow. L-
AdDP can represent a suitable effective drug for-
mulation of AADP for clinical application, since the
compound in long-term toxicity studies on animals
has shown no toxicity. This preparation is intended
for use in the treatment of immunological and he-
mopoietic suppression induced by ionizing radiation
or anticancer cytotoxic drugs. Subcutaneous applica-
tion of L-AdDP represents a comfortable route of
application.
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Stimulation of innate immunity in newborn kids against
Cryptosporidium parvum infection-challenge by intranasal/
per-oral administration of liposomal formulation of N-L
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SUMMARY

The effecs of a liposomal preparation of lipophilic immunomodulator §-D-GleNstearovl-{ 1 -4 )-nor Mur NAe- L-Abu-D-
130Gln {N-L18-nor Abu-GM DP) were investgated on resistance to Cryptosporidium paroum infection in neonatal kids.
The liposomal preparation was administered subeutaneously or intranasallvforally (i.n/p.o) twice at doses of 100 ug,
200 g, or 1000 g per kid pre-infection challenge. The treatment schemes were (i) 72 and 24 h pre-infection challenge, (i1)
24 hpre-infection challenge and 24 h post-infection challenge (oral inoculation with 1 x 107 aocyvsts of C_paream in 3 mlof
PBES). Administraton of liposomal N-L18-norAbu- GMDP by in. /p.o. route at the cumulative dose of 2000 ug per kid 72
and 24 h pre-infection challenge, lead to substantiallv increased clearance of coccidian parasites from various parts of the
intestine, On the basis of histological examination, the distribution of cryptosporidia in the intestine and the severity of the
infection, treated kids were classified on dav 5 as having asirong reduction in infection in comparison to the control group
(P = (-05). Nocryposporid ia were found on the mucosal surface of weated kids by day 10, while the intestines of the contral
kids were still infecred. All doses and routes of administration were judpged effective with respect to suppression of
cryptosporidia infections.

Key words: Crvptosporiditan parvien, immunomodulation, liposomes, muramyldipepode, muramyldipeptide analogues,

goat, §-D-GleNstearoyl-{1 -4)-norMurN Ae-L-Abu-D-is0Gln, N-L18-nor Abu-GMDP,

INTRORDUCTION with respiratory disease mm chickens and other
Galliformes, or with ntestinal disease m turkeys and
quails. Owing to an absence of effective drug treat-
ments, the control of cryprosporidioss relies mainly

on the enforcement of hygiene provisions and other

Cryplosporidium  paroum, the causative agent of
cryptosporidiosis, is clasifed with the phylum
Apicomplexa and belongs to the various genera
referred to as coccidia. The parasite primarily infects

the microvillus border of the intestinal epithelium
and to a lesser extent the extraintestinal epithela.
The infection is self-limiting except in immuno-
deficient hosts, in which case it may cause protracted
and untreatable diarrhoea. Cryptosporidiosis is com-
mon n young farm animals (calves, lambs, kids)
causing a debilitating disease that can lead to mor-
tality. These infected animals may also play a key role
In zoonotic transmission. Avian cryptos poridiosis s
an emerging health problem in poultry, associated

* Corresponding author: Veterinary Research Institure,
Deparmaent of Immunology, Hudeova 70, 621 32 Bmo,
Czech Republic. Tel: +420 53333 1311.
Fax: +420 54121 1229, E-mail: turanek@vri.cz

good management practice (0" Donoghue, 1995; De
Graaf ef al. 1999a). Host immune responses that
induce protective immunity and contribute  to
pathogenesis are poorly understond. Recent studies
with murine nfection models sugpest that inter-
feron-y (IFN-y) plays a key role in mediating partial
protective innate immunity against the infection
identified in immuno-compromised mice, and also in
mediating the elimination of the coccidia agent by
CD4" T-cells (McDonald, 1999, 2000).

Therne are 2 target groups for which the develop-
ment of an immunomodulation  strategy against
cryprosporidiosis would be justifiable: children and
AIDS sufferers in developing countries and newborn
ruminants. In the former group, an immuno-
modulation strategy against cryptosporidiosis might
contribute greatly to improvements in public health
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when control by other preventive measures be-
comes impossible owing to poverty. Moreover,
Cryplosporidium infection is one of the most devas-
tating opportunistic complications of AIDS and
should be controlled if for no other reason. In the
latter group, the development of an immuno-
modulation strategy can be justibed on the basis of
economic losses due to the disease in neonatal
ruminants deriving from coccidia present during
livestock husbandry in less than sanitary conditions
of the sort common in developing countries, and
with mited avallability of drugs. The development
of a vaccine against cryptosporidiosis s a difficult
task and many aspects of this problem were reviewed
(Dve Graaf et al. 19994). For this reason we elected to
develop an  alternative strategy using our own
amphiphilic immunomodulator solubilized by lipo-
some formulation.

Muramyl dipeptide 15 the smallest active unit
of the Mycobacterta cell wall, and has been found
to possess 3 whole range of mmunomodulation
activities. Several hundred analogues have been
synthesized over the years. They stimulate non-
specific resistance to microbial infection and tumour
cells, and have been shown to have an effect, m oidra,
on all cell types of the immune system (Adam and
Lederer, 1984). fn oo in experimental mfections
in mice, muramyl peptide derivatives have also been
shown to induce an impressive antiparasital iImmune
response. This was demonstrated convincngly in
models of protozoun infections caused by Toxoplasma
gondit and Leshmania donovam ( Krahnenbuhl & all
1981 ; Hockertz ef al. 1991). Recently, we developed
a lvophilized liposomal formulation of muramyl
dipeptide analogue A-D-Gle Nstearoyl-(1-4)-
norMurNAc-L-Abu-D-ts0Gln - (N-L18-norAbu-
GMDP) building upon an extensive literature on
the background of phospholipid liposome uses as
versatile transport systems for immunomodulatory
drugs and as biodegradable slow -release depots for
administered drugs (Barratt and Morin, 1995). Here
we report on how a liposomal formulation of N-L18-
norAbu-GMDP s able to achieve effective im-
munomodulation of cryptosporidiosis infections in
newborn kids that were challenged with C. paroum
oocysts by intranasal/oral (in./p.o) administration
either pre- or post-administration of liposomal

N-L18-norAbu-GMDP.

MATERIALS AND METHODS
N-LI18-nor Abu-GGM D

The structure of N-L18-norAbu-GMDFP derives
from peptidoglycan. N-L18-norAbu-GMDP was
synthesized sccording to the procedure of Ledvina
et al (1998). T'he stearoyl moiety was introduced nto
the structure to improve incorporation of the molecule
into liposomes, which was presumed to represent a
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Fig. 1. Derivation of N-L18-nor Abu-GMDP from
peptidoglyean structure.

suitable carrier system  for both subcutaneous
and per-oral routes of admmistration of muramyldi-
peptide-based  immunomodulatory  compounds.
Structural formulae of peptidoglyean and N-L18-

norAbu-GMDP are shown in Fig. 1.

Preparation of liposomes

Liposomes (frozen-and-thawed multlamellar ves-
icles, F'TMLV) were prepared from egg-volk phos-
phatidylcholine (EPC, purity 2 93%), negatively
charged Iipid  1-palmytoyl-2-oleoyl-sn-glycero-
phosphatidylglycerol (POPG) (Avanti Polar Lipids,
USA) and N-L18-norAbu-GMDP in molar rate
4:16:1 by classical lipid filmhydration in apyrogenic
phosphate-buffered saline (PBS) (Turinek et al
2003). For application, the liposomes were extruded
through a -2 gm isopore filter (Millipore) (Turinek
et al. 1994). The size and zeta-potential (in PBS) of
hposomes were determined by dynamic light scat-
tering  (Letasizer 3000, Malvern
Malvern, UK).

Instruments,

Inoculim

The source of cryptospondial oocysts was the facces
of a naturally infected scouring calf (12 days old).
Morphologically the oocysts corresponded with the
species . parmwm. The faccal material was sus-
pended in 2-5% potassum dichromate and  then
passed through a series of graded sieves to remove
large particles, giving a suspension that was kept at
room temperature for 1 week. Oocysts were con-
centrated by fotaton s Sheather’s sugar solution
and then washed with tap water to remove the
flotation solution. To decontaminate the ocoysts,
the suspension was treated with bleach (SAVO,
Bochemie, Bohumin, Czech Republic; 1-23%
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Table 1. Tabular summary of the experimental groups

Experimental group Single dose Route of Schedule applicaton
Total dose per animal Infection ug of N-L18- application {h post-infection
Number of animals (12107 ocytes)  norAbu-GMDP  first; second  challenge)

A - Untreated uninfected control 3 1 — —_ —_

B = Untreated infected control = 6 animala  + —_— _— —_—

C AW ug 6 animals + (111} infpo; infpo —72; —24

v 2000 g 6 animals + L] infpo; infpo —72; —24

E 206 ug 6 animals + (111} ac; sc —72; —24

F 20000 prg 6 animals + 10040 &C} BC —72; =24

G 400 gg banimals + 200 in/po; ac —24; +24

H 400 gg Hanimals + A4 ac; infpo —24: +24

sodium  hypochlorite) for 15 min. The purified
oocysts were stored m 2-5% potassium dichromate
at 4 °C for 27 days until used for the inoculation of
kids in mfection challenge expenments. Before -
oculation, the suspension of the oocysts was washed
3 times by centrifugaton in sterile phosphate-
buffered saline (PBS, pH 7-2) and counted using a

haemocytometer.

Experimental design
Forty-two 1-day-old kids (Saanen goat) of both sexes

were obtaned from a goat-cheese production unic of
110 spring kidding goats known to be free of
cryptosporidia infection or other health problems
typical of newborn kids. "The kids were separated
from their dams mmediately after the birth. In the
first 24 h, they were fed goat colostrum and then
transported to an wolator room and fed commercial
cow's milk replacer (SANO, Germany) 3 times
daily. Before starting the experiment, 4 lads were sep-
arated from the herd, placed in a separate stable and
served as 8 non-infective control. The presence
of Cryptosporidium  ococysts was tested in their
excrements and was negative before and during the
experiment. Experimental cryptosporidiosis in kids
has been described in detail previously (Koudela and
Vitowveo, 1997 ).

Treatment and mfection challenge

The forty-two neonatal kids were randomly sep-
arated into 7 groups (6 anmmals per group) and all
were orally inoculated with 107 . parvum oocysts at 6
days of age to nitiate an infection challenge. In the
case of experimental groups C-F, the liposomal for-
mulation of N-L18-norAbu-GMDP was adminis-
tered suboutaneously or intranasally/per-orally (1n./
p.o.) twice at doses of 100 gg or 1000 gg per kid
(500 ul per nostril) at ome-intervals of 72 hand 24 h
pre-mnfection challenge. "The term in.fp.o. denotes a
administration intranasal

route  of imvolving

adminstration of liposomal formulation combined

with ingestion, hence both intranasal and intestinal
mucosae were considered to have been exposed to the
liposomal formulation. For the remamning groups G
and H, lads were treated with liposomal formulation
twice at doses of 200 4g per lad by a combination
appmach involving first subcutaneous (s.c.) admin-
istration (5004l per lad) followed by in /p.o.
adminstration (300 ¢l per nostril) (or vice versa), at
ume-mntervals of 24 h pre- and 24 h post-infection
challenge. Group B acted as an infection control that
was not treated with any lposomal formulaton.
Three kids (group A) were kept in a sepamte stable
and served as an untreated uninfected control. The
experimental design s summarized in Table 1.

Assessment of nfeciion

All kids were monitored twicea day for diarrhoea and
other clinical signs by observing them. The seventy
of diarrhoea was scored as 0 for normal, 1 for loose
and formless, 2 for semi-fluid, or 3 for watery.

Five days post-inoculation (p.i.) and 10 days, p.i. 3
kids from each experimental group were enthanized
with an overdose of a barbiturate I:'I'hi{rp:ntulg',
Spofa, Czech Republic). At necropsy, a complete
examination of all organs and tissues was perfformed.
Samples for histopathology were collected mmedi-
ately after the animals were killed. The first specimen
was taken from the ileum within 5cm from the
ileocaecal valve (ostium ileocaecale = QOIC). More
samples were removed 30 em from the O1C and then
every 50 em cranmially from the OLC so that the last
Jejunal specimen originated from the duodenum. In
the large intestine specimens were collected from the
apex caect, colon near the snsa centralis, and rectum.
Additonal samples for histology were taken from the
abomasum, liver, kidneys, spleen, lung, pancreas,
and regional mesenteric lymph nodes. Material was
fixed in 10% neutral formalin and processed by
routine histological methods. Histological sections
were stamed with hsematoxylm-cosin, and with
Waolbach’s modification of Gilemsa stainmg. On the
basis of such histological examination the distri-
bution of cryptosporidia in the intestine and the
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Fig. 2. Distribution and extent of Cryptospondium parewn infection found in histological sections from the intestine of

experimentilly infected kids reated with liposomal N-L18-norAbu-GMDP. Dewmiled description of various
experimentil groups appears in Table 1. Sampling of the intestine for histological examination is described in the

Materials and Methods secton under Adssesonent of infection.
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Table 2. Mean number of cryptosporidia per ileal villus in kids

Group {dose froute of applicaton/ day p.i.) 5 Days p.i. 10 Days pi.
B Untreated control 322241936 470+ 206
C (100 pg finfpo.:—72h/—24 h) 37-52411-98 209+2-M*
D (1 ug fin fpo.:—72hf—24 h) 45-23 +15-08 a*

E (100 pg fa.c.:—72 hf—24 h) 28-96 4 19-36 406+ 2-95
F (1000 g fa.c.:— 72 h/—24 h) 36-23 4 16-73 4114255
G (200 pg finfpo.+sc:—24hf—24 h) 32341608 1-12 +2-06%
H (200 pg fs.c. +infp.o.:— 24 hj — 24 h) 3933 +19-56 365+ 262

* Sratisocally significant in comparison with untreated control {(P<(0-05),

Fig. 3. Comparison of histological sections of the middle jejunum of an infected untreated lkid (A) and a kid of group D
{B}; both were examined 10 davs after infection. Cryptosporidial developmental stages on the intestinal surface are

indicated by arrows.

degree of infection were classified as follows. Degree
0 = no cryptosporidia found on the mucosal surface ;
degree 1 =moderate nfection, sporadic  crypto-
sporidia  distributed on the ntestinal
degree 2 = medium infection, regularly disserminated
cryptosporidia on  the intestinal surface; degree

surface;

3 = massive infection, most of the epithelial surface
covered by cryptosporidia. Microscopical examin-
ation of haematoxy in-eosin stained ileal sections was
then carried out in order to enumerate crypto-
sporidia, in various stages of development, that were
attached to the enterocytes of 10 villi from the
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Fig. 4. The onset and duration of diarrhoea in the group
D and infected control {group B). Classificaton of
severity of diarrhoea is described in the Materials and
Methods section.

ileum within 5 cm of the ileocaecal valve. The se-
verity of ileal infection was then expressed as the
mean number of cryptosporndia per villus,

Statistical analysis

Statistical analyses were carried out using the pro-
gramme GraphPad PRISM V303 (GraphPad
Software Inc., San Diego, CA) where each graphical
point represented a degree and distribution of C.
paroum infection in the intestine. "The severities of
ileal infections were analysed by means of an analysis
of variance (ANOVA) and comparisons of means
[ Newman-Keuls test).

RESULTS
Liposomal preparation of N-L 18 -norAbu-GMDP

Liposomal  formulations  with  N-L18-norAbu-
GMDP were prepared by hpid film hydration in
PBS followed by extrusion through polycarbonate
filters. Liposomes were characterized with a mean size
of 178 nm (polydspersity 0-07) and 2 mean zeta-
potential of —30-6 mV (PBS, 25°C). No side-
effects (e.g. intumescence or hyperaemia of the nasal
mucosa, ocdema and soreness at the site of injection)
were found after application of the liposomal
preparation.

Hutological examination and dinical signs

The distribution and extent of €. paroum infections
found in histological sections from the intestine of
expermentally inoculated kids s presented in Fig. 2.
All doses and all routes of administration of lipo-
somal N-L18-norAbu-GMDP sppear to have been
effective at suppression of infection, especially at

b6

peak mfection on day 5 (P=<005) (Fig. 2). Clearly,
the most dramatic effects were observed when lipo-
somal N-L18-norAbu-GMDP was administered 1.n/
po. 72h and 24 h pre-infection challenge at a
cumulative dose of 2000 g per kid. In this instance,
administration led to & considerably increased
clearance of coccidian parasites from various parts of
the mtestine. OUn the basis of histological examin-
ation, the distribution of oocysts in the intestine and
the severity of the infection (classified on day 3) were
strongly reduced in comparison to the control group.
Furthermore, no cryptospondia were found on the
mucasal surface of the treated kids on day 10, while
the mmtestines of the control kids were still infected
(Fig. 3). When a lower cumu lative dose of 200 gg was
employed, liposome adminstration was still effec-
tive, but resdual infection was found on day 100
Dose-dependent responses were found for both inf
poo.and s.c. routes of adminis tration. Pre- and post-
mfection applications of liposomal N-L18-norAbu-
GMDP  were more effective when  Bposomal
preparation was applied first in./p.o and then s.c.
rather than vice versa (Table 2). According to histo-
logical examination of other organs (e g. abomasum,
Iiver, kidneys, spleen, lung, pancreas, and regional
mesenteric lymph nodes), no spreading of O parowm
mfection to other organs was found in both control
and treated groups. Results from histological
examinations correlated well with clinical obser-
vations made dunng the infectious period. The onset
of diarrhoea after inoculation of oocvtes was more
rapid in kids treated with liposomal N-LI18-
norAbu-GMDP, but the duration of diarrhoes was
considerably shorter compared to the control group.
The curves reflecting the onset and duration of
diarrhoea are presented m Fig. 4. Very similar curves
were obtained for kids from different groups treated
with liposomal N-L18-norAbu-GMDP, hence only
the curve for liposome-treated group I s shown for
the sake of clarity in comparison with that of control
proup B (Fig. 4).

DISCUSSION

The immunomodulatory effects of muramyl di-
peptide, or its analogues, observed i vivo probably
result from activation of intraepithelial lymphocytes,
which are responsible for a resolution of intestinal
mfection. For mstance, the treastment of mice
with muramyl dipeptide appears to enhance resist-
ance to challenge from the obligate mtracellular
protozoan  Toxeplasma gondii (Krahenbuhl et al.
1981). In order to mmduce this effect, relatively
high concentrations of this hydrophilic compound
(80 mg/kg) were admmistered to mice to provoke
suthcient immune response. This 15 probably due
to poor penetration of hydrophilic muramyl dipep-
tide through cell membranes to reach mtracellular
macrophage receptors (Fogler and Fidler, 1986).
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In addiion, an immunomodulatory preparation
based on oat f-glocan particles (1-3 gm) has been
found to mduce an Immune response against another
coccidian parasite Emmeria vermiforms. Once again,
relatively high doses of this preparation needed o
be administered to mice by intragastrical or sub-
cutaneous routes (150 mg/kg g, 25 mg'kg s.c)
before prophylactic effects could be seen (Yun ef al.
1998).

Liposomes represent well-tolerated drug carriers
for various routes of admmistration. In the case of
s.c. administration, liposome particles (=120 nm)
may stay at the injection site post-administration
and can serve as a slow release drug depot, while
smaller liposome particles (<120 nm) may pen-
ctrate through the extracellular matrix and reach
the lymphatic tissues via the lymphatic capillaries
thus delivering the encapsulated drug tw  the
lymphatic  tissue macrophages  (Qussoren  and
Storm, 2001). Liposomal formulations of N-L18-
norAbu-GMDF were approx. 200 nm in diameter
with a few smaller liposome particles present
(results not shown). ‘Therefore, we presume n
our case that liposomal formulations of N-L18-
norAbu-GMDP posts.c.-administration were acting
primarily as a slow release depot for N-L18-norAbu-
GMDP.

Our data indicate that in/p.o -administration
gave the most effective mmunomodulation with
hiposomal N-L18-norAbu-GMDP. The in./po.
route of administration represents a non-invasive
approach that 15 as a result attractive for both veter-
inary and human apphcations. However, the mech-

anism of mmunomodulation s perhaps less obvious
than for s.c.-adminstraton. Post in./p.o. adminis-
tration, liposomes can promote nteractions with
mucosal surfaces and thereby wd efficient per-
mucosal absorption. Very few studies have been
carried out on the mechanism of iposome uptake by
mucasal Peyer's patches. Sections of Peyer’s patches
from experimental animals have been found with M
cells harbouring endocytic vesicles containing hpo-
somes. These results indicate that intact liposomes
can be endocytosed by M cells and delivered o
immune cells in Peyer's patches, so that direct acti-
vation of immune cells by the liposome formulation
of an mmunomodulator scems feasible (Childers
et al. 1990). The fate of hposomes in the gastro-
intestinal tract depends on their stability towards
low pH, physiological concentrations of bile salt and
levels of pancreatic hpase. Both N-L18-norAbu-
GMDP and other lipids used here for the
preparation of F'TMLV formulated with N-L18-
norAbu-GMDP, are resistant to low pH but not the
action of bile acids (unsaturated phospholipids are
very bile acid semsitive). This problem could
be serious where hydrophilic muramyl dipeptide
or its analogues (including norAbur-GMDP) are
entrapped in the central agqueous cavity of FI'MLVs

since any defect in pid membrane integrity must
result in rapid release of liposome encapsulated
contents into the surrounding medm.

Conelusions

A liposomal preparation of hydrophobic N-LI18-
norAbu-GMDP was able to stimulate mnate m-
murity i newborn kids against Cryvpiosporidiom
delivering a prophylactic treatment regime. Non-
invasive Ln./p.o. admmistration is most effective and
15 most favourable for use n both human and vet-
ermary medicme. Further studies on the use of
immunomodulatory liposomal formulations of N-
L18-norAbu-GMDP for the therspeutic treatment
of cryptosporidiosis in newborn ruminants and also
for the treatment of Immuno-compromised patients
are tasks for future research.

This work was supported by a grant the Ministry of
Agriculture of the Czech Republic {Grant no. MZE
02716201 and NAZV, Contract no: OQF 3115) and
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Recom binant vaccine

Li poysomae

Heat shock protein Hspdd
Mur amiy] dipeplide
Candida al bica i

Hsp@0-CA is present in cell wall of Candida pseudohyphae or hyphas — typical pathogenic morphotype for both
systemnic and mucosal Gandida infections. Heat shod: protein from Candida albimns [hep@0-CA) is an important
target for pmtective antibodies during disseminated candidiasis of experimental mice and human Histagged
protain Hsp0 was prepared and used as the antigen for preparation of experimental recombinant lipreomal
vaccine. Nickel-chelating liprsomes (the dze around 100 nm, PDI<00.1) were prepared from the micture of epg
phosphatidy] choline and nickel-chelating lipid DOGS-NTANi [malar mtio 95:5%) by hydmtion of lipid film and
extnion methods. New non-pymgenic hydmphobised derivative of MDP |[C18-0-6-norAbuMDP)] was
incomporated into liposomes as adjuvans. rHsp®0 was atched onto the surface of metallodhelating lipesomes
Tty metalloche] ating bond and the structure of these proteoliprsomes was studied by dynamic light scattering, AF
microscopy, TEM and GPC The liposomes with surice-exposed C18-0-6-norAbuMDP were well reagnised and
phagocyted by human dendritic cells in vitm. In vivo the immune response towands this experimental vacdne
applied in mice |id.) demonstrated both TH1 and TH2 response comparable to FCA, bt without any side effects.
Metallochelating liposomes with lipophilic derivatives of mumamy] dipeptide represent a new hioccompatible
platfiorm: for construction of experimental recombinant vacdnes and dnag-targeting systems.

& 2011 Elsevier BV. All rights reserved.

1. Introduction

dures, immunosuppressive therapy, and aging. It affects organs such
as the brain, Iver, spleen, lungs, eyes, heart, and kidneys leading to

Candidiasis, the infection caused by the Candida spedes, is
considered an important medical problem in both developing and
developed countries, The systemic or deep form of candidiasis occurs
predominantly as a consequence of some high-risk medical proce-

* Correspandende ta: M Ralka, Department af Immunalogy, Palscky University in
Clamoue, Hnevatinska 3, 772 00 Clomoue, Crech Republic Tel: + 420585632752
== Corrsspondence ta: | Turinek, Depariment of Toxicalogy, Pharmaology and
Immunotherapy, Velerinary Research nsfle, Hudava 70 G621 32 Broo, Crech
Republic Tel: +420 5 3333 1311; fue: +420 5 4121 1229,
E-muoil addresses: raskamil@uabedu (M Rafka) wranek@vrice (. Turinek)

0168-36598 - see front mager © 2011 Ekevier BV, All rights reserved.
dai: 101 1 &'Liconrel 201 1.01.016

abscesses formation and organ fallure associated with maortality in
approx. 530% of all cases, irrespective of the administration of intensive
antifungal therapy [1]. Humoral immunity provides substantal
protecton against Candida growth [2,3] Protective antibodies have
direct candidastatic activity with no direct need for cellular help. They
can at by opsonisation, neutralisation of extracellular virulence
factors (proteases, immunomodulating fungal products such as
polysaccharides ), inhibition of the Candida adherence to host tissue,
inhibition of yeast-to-hy phae transition, and by direct fungicidal
activity [4-6]. The switch from the yeast to a hyphal morphotype is
one of the most important factors of Candida virulence and survival.
Up to now, several Candida spedfic antigens have been identified that
are considered to be a target for protective antibodies, Beside surface
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exposed [3-(1,2 -mannotriose or stress mannoproteins, inner cell wall
B-(1.3)-glucans, and secreted asparty| proteinases, heat shock protein
81 kDa (Hsp90) was identified as the protective antigen [3.4.6-8] The
C abicans HspA0 protein is localized only in the cell wall of budding
yeasts and hyphae but not in the cell wall of non-proliferating yeasts
[9]. It &s essential for the Candida viability [10]. Hs p90 was structurally
characterised in 1995 [10] It is functionally involved in re-folding of
mitogen-activated protein kinases, enzy mes essential for the cell wall
synthesis and Candida morpohogenesis, A knock-out of Candida MAP
kinase mkcl causesa) a lower growth rate, b} a loss of viability during
cultivation at 42 *C, and ¢} a decreased thickness of the cell wall and
higher vulnerability to Iyticenzymes [9]. Hsp90was suggested to be a
protective antigen following the detection of high levels of Hsp90-
specific antibodies in sera of patients that recovered from sy stemic
candidiasis in contrast to those which succumb [ 11] These antibodies
recognised HspO0-breakdown heat-stabile C terminal fragment of
47 kDa which is released from living Candida cells after hydrolytic
digestion of Hsp90. Hsp90 was confirmed to be a protective antigen in
an animal model of disseminated candidiasis [9,12]. Due to the strong
evolutionary conservaton of Hsp90 sequence there are speculations
about the possibility that Hsp0 administration could eliat autoim-
mune reaction or tolerance. Nevertheless, until now there is no direct
evidence of such effects [12-14].

The advent of recombinant vacdnes based on both DNA and
recombinant protein antigens has recently forced researchers o
consider alternative vaccine designs and deal with the low immuno-
genicity of constructs with a corresponding need for strong and
biologically acceptable adjuvants to accompany antigenic compo-
nents. For the construction of prophylactic as well as therapeutic
vacanes against Gandida we have been considering the use of
metallochelation liposomes for simple coupling of His-tagged recom-
binant Hspa0 { rHsp90). Liposomes are potentially very useful for the
construction of vaccination systems given their ready biodegradahil-
ity and versatility as carriers for vare tes of molecules having different
physico-chemical properies (such as size, hydrophilidty, hydropho-
bicity, or netelectrical charge). Liposomes also offer the possibiity for
simultaneous assodation or entrapment of more than one type of
molecule, O particular interest o us has been the possibility the oo-
assodation of hydrophilic or hpophilic adjuvants (eg monopho-
sphoryl lipid & [MPL A, CpG oligonucleotides, muramyl dipeptide
(MDP}) andfor MDP analogues) with soluble or membrane protein
antigens, ligands for the targeting of spedfic receptors on antigen-
presenting cells [15]. In this way, iposomes become transformed into
multifundional platforms for vaccination that represent real multi-
functional vaccination particles,

This manuscript describes the prepamtion of rHsp90 proteolipo-
somes, the study of ther strocture by DLS, GPC, TEM and AFM as well as
i vive immune responses to rHsp90 proteoliposomes o prototype
rHsp90 vacanation partichkes that ako comprise alipophilic derivative of
muramyl dipeptide { MDP) known as C-18-06-norAbuMDP (MTO3).
This is the first tme that such a defined synthetic adjuvant has been
used to constiuct a recombinant protein vacdnation nanopartice,

2 Materials and methods

O C18 (3,3 -dioctadecyloxacarbocyanine perchlorate ) was pur-
chased from Molecular Probes (lavitrogen, Carlsbad, CA). Lipids: egg
phosphatidylcholine [ EPC, purity of 995}, 1.2-Dioleoy Fsn-Glycero-3-
[MNi 5-Amino-1-Carboxy pentyl jiminodiacetic Add] Succinyl (Nidkel
Salt) (DOGS-NTA-Ni), lyssamine-rhodamine phosphatidylethanol-
amine and fluorescein phosphatidylethanolamine were purchased
from Avantl Polar Lipids (Birmingham, ALY 20 nm membrane filter
Anotop 10 and 0.2 pm Anotop 10 LC were purchased from Whatman
[Maidstone, UKL All chemicals, unless otherwise specified, were from
Sigma (St Louis, MO).
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2.1. Synthetic MDP dertvative C-18-06-nor-AbuMDP [ MTO3)

For the incorporation into the lipid structures such as liposomes,
the normuramy | g oo peptide was modified by stearoyl substituent on
0-6 position of the sugar part of the mokecule ( Fig. 1). The syntheses
and the confirmation of the structures are described by Ledvina and
co-workers (Ledvina M., Turdnek J., Miller A.D., Hipler K., Compound
(Adjuvants): PCT appl., WO 2009/11582 A2, 2009, US 12922663 ).

22 Preparation, purification, and characterisation of rHsp90

Full length Hsp90 3MA was solated from a dinical solate of
abicans verified at the Department of Micobiology, Faculty of
Medicne and Dentistry, Palacky University in Olbomouc, Czech
Republic as reported before [12]. The cDNA was analyzed by
sequencing and BLAST analysis, which confirmed the identity with
C. albicans HspS0 (GenBank Accession Mo, XB1025). The recombinant
Hspf0 protein (rHsp90) was expressed as a fusion protein with both
N"and C-terminal His tag in E coli [12] and further purified using Ni-
NTA affinity agarose column under natve conditions (Qiagen, Hilden,
Germany) as reported elsewhere [16] Endotoxin was removed by
successive two-phase separation with Triton X-114 as described
elsewhere [16). The entire procedure was repeated until the
endotoxin lkevel was below 025 EU per 1 mg of protein.

23 SO5-PAGE, western blot and MALDETOF ana byses

Protein samples wens separated on 10% SDS-PAGE and stained with
Coomassie Blue R-250 or blotted to PVDF membrane (BioRad, Hercules,
CA) and developed with HRP-conjugated Anti-T7 (Merde, Darmstadt,
Germary) diluted 1:5,000 in SuperBlock plus 0.05% Tween 20 (SB-T)
followed by detection with the SuperSignal West Pico reagents | Pierce )
and by exposition on an X-ray flm (Kodak, Rochester, NY). Protein
identty was confirmed by peptide mass fingerprinting of SDS-PAGE-
resobved Hspa0 preparation using a Microflex LRE20 MALDI-TOF mass
spectrometer (Bruker Daltonik, Bremen, Gemany) as described before
in detail [17,18]. Protan dentfication from the obtained mass spectra
was achieved using the Mascot search engine (Matrix Sdence, London,
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Fig. 1. 5tructural formula ol &1 8-06-nor-AbuMDP [ MT03) and MIDP. Strudural changes
in the mulecule ol MTIS are marked in red and green. Hyd rophaobic scesary domain
[Rexrayl) is marked in blue. A) MDP; B) NorAbuMDP; O C-18-06-nor-A buMOP.
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UK; online version at http:www.matrixsciencecom); searches wene
performed against UniProtKBSwiss-Prot database (relese 2010 _09).

24, Preparation of rHsp90 proteoliposomes and their chamderisadon

Metalloche lation liposomes were prepared by a method based on
hydration of a lipid film followed by extrusion though 02 pm
polycarbonate filters in an analogous way to that described previously
by Turdnek et al. [19.20] The hand operated device Mini-Extruder
[Avanti Polar Lipids, USA) was used for the extrusion of small volumes
of the liposome suspensions (up t© 1ml) Large volumes of the
metallochelation liposome samples were extruded using a high-
pressure cell [ Millipore, USA) linked to an FPLC instrument (Pharma-
da, Sweden) [19]. The solution of rHsp90 in PBS (rHs p90: DOGS-NTA-
MNimolar ratio of 1:10; 1 mg Hsp90: 1.75 mg total lipid) was added to
the prepared EPC/DMOGS-NTA-Mi metallochelation liposomes. The
mikture was stirred for 120 minutes. The hydrodynamic diameters
of metallochelation liposomes and proteoliposomes were determined
by dynamic light scattering instrument NanoSizer NS (Malvern, UK ) at
25 °C using silica cuvette of 45-ul volume. The release of the bound
rHsp90 from metallochelation liposomes was accomplished by the
addition of EDTA to the final concentration of 1 mM. Fluorescence
Labelling of liposomes was accomplished by 0.5% (molar) of various
fluorescence ipids (W C18, lyssamine-rhodamine phosphatidyleth-
anolamine or Muorescein phosphatidylethanolamine) added o lipid
mixture used for preparation of liposomes.

25, Analyses of rtHsp90 proteoliposomes by GPC and immunoblomming

The quantification of His-tagged rHsp90 attached to metallochela-
Hon liposomes was carried out by gel permeation chromatography.
Mon-bound protein was separated from liposome-bound using an
FPLC system (Pharmada, GE Healthcare). The separation conditions
were as follows: column, Superose 6 (prep grade) filled in the Tricorn
5/200 column (Pharmacia GE Healthcare); flowrate, 02 ml/min;
mobile phase, PES buffer; injected wolumes, 25 pl; detection wave-
kength, 280 nm. Elution fractions of 0.25ml were collected with
fraction collkector FRAC-100 [ Pharmada). Analyses of tHsp90 in the
fractions eluted from Superose 6 column were cartied out by the
mmunobloting of the SDS-PAGE-separated fracions on the PVDF
membrane Hybond-P [ Amersham Biosciences, Buckinghamshire, UK).

26. Effect of proten-lipid ratio on the size of fsp90 protesbposomes
and protein-fipid binding kinetcs

rHspa0 and metallochdation liposomes were mixed at the recombi-
nant protein to total ipid molar ratios as follows: 1:3, 1:5, 1:10, 1:20,
1:30, 1:500 Ater 2-h incubation, the sie of proteoliposomes was
measured wsing dynamic light scattering instrument ManoSizer NS
(Malvem, UK) at 25°C. The binding kinetics of His-tagged protein to
metallochelation liposome surface were followed within 120 min
immediately after mixing the metllochdation iposomes with recombi-
rant proten at the protein to total ipid o of 1:10 (the ratio wsed for
vacanation ).

27. Characterisation of rHsp90 and rHsp90 proteoliposomes by
differential scanning calorimetry

DSC measurement was peformed using CSC 6100 Mano-Diferential
Scanning Calorimeter | [ Setaram, France | with the cell volumeof0.3 mL
Prior to the injection, the samples (in PBS buffer, pH of 7.14) wen
extensively degassed. The protein concentration in the rHsp90 and
Hspa0 proteoliposome sample was 2.1 and 037 mg/ml, respectively.
The total lipid concentration in the liposome-bound sample was
519 mg/ml Scans were run from 5 o 90 °C at the scan rate of 1°C
per minute. The refarence basdine was obtained by buffer vs. buffer

scan and subtracted from the data measurement. The apparent molar
heat capadtyand excess molar heat capacity curves were obtained from
the calorimetric profiles corrected by baseline subtraction and normal-
ized with respect to the protein concentration.

2.8 Charederisation of Hsp90 and rHsp90 proteoliposomes by dynamic
light scatrering (DLS)

Thermal stabilities of the unbound and liposome-bound rHsp90
were determined over the temperature range of 4-80°C using
dynamic light scattering (DLS) technigue, The stability of rHsp90
was determined at the concentration of 1 mg/ml, the stability of
proteolipos omes at the protein to total lipid ratio of 1:10 in PAS buffer.
The temperature gradient was set to 1 °C/2 min.

2.9 Transmission electron microscopy

The liposome structures were determined using Philips Morgagni
transmission electron microscope (EM Philips 208 5, MORGAGNI
software, FEL, CZ). All samples were negatively stained by 2% (ww )
ammonium molybdate (pH 6.8).

2.0 hmmunogold beling of tspo0 protealiposomes

MNon-bound Hsp90 was separated from the proteoliposomes by
gel permeation chromatography using Superose 6 column, The
proteoliposome fractions were then concentrated in a centrifugation
tube [cutoff 30 kDa) and incubated with pooled sera from immunised
e (1:50 dilution) for 1k at 37 °C 10-nm colloidal gold-protein A
conjugate was added. After 12-h incubation, the proteoliposomes
were observed by electron microsoope.

2.11. Atomic force microscopy

The topography of the metallochelation liposomes and proteolipo-
somes was investigated by atomic force microscopy (AFM). The AFM
measurements were performed with NTEGRA Prima NT MOT system
(Ireland j under ambient conditons. The tip-sample surface interac-
tion monitored the van der Waaks force between the tip and the
surface; this may be either the short range repulsive force ( in contact-
mode) or the longer range attractive force (in non-contact mode-
Tapping Mode). The AFM measurements on the metallochelation
liposomes and proteoliposomes were performed using the Tapping
Mode. Each sample was scanned under the soft CSG 10 type of probe.
The tapping mode consisted of oscilating the cantilever at its
resonance frequency (14-28 kHz) and lightly “tapping” the tip on
the surface during scanning.

212 Interactons with human dendridc cells (DC)

2.12.1. DC cultheation

Incomplete, serum-free culture medium (CM) used for the
cultivation of DC @nsisted of X-VIVO 10 (Cambrex, Belgium)
supplemented with -glutamine (Sigma, Germany). Cells were
cultivated at 37 °C in a 5% C0,; atmosphere. Immature monocyte-
derived DCs were generated from buffy coats obtained from the Blood
transfusion station in the Faculty Hospital Brno-Bohunice. At the day
0, the perpheral blood mononuclear cells (PBMC) were isolated by
standard Histopaque 1077 (Sigma) gradient centrifugation. About
4.8 10° PBMC were suspended in 100 ul of (M and allowed to adhere
to 96-wel plates. After 2-h incubation at 37°C, the nonadherent
lymphocytes were removed and the adhere nt monocy tes were grown
for another 5 days in CM with 100 ng/ml of GM-CSF (Gentaur, France)
and 100 ng/ml of IL-4 (Gentaur, France ). The obtained immature DCs
wiere used for further tests.
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2122 DC phagocytosis observed by confocal microscopy

On the day 6, Fluorescein-PE or Liss amine-rhodamine-PE-labelled
metallochelation hposomes, metallochelation liposomes formulited
with C-18-06-norAbuMDFP (MTO3), rHsp@0 proteoliposomes and
rHsp90 vaccination particdes formulated with MTO3 at various mols
levels | final concentration of 10 pg/ml of total lipid) were added tothe
in vitro-derived DCs. After 3 h, the oo lls were washed once in PBS and
stained with FITC or PE conjugated monoclonal antibodies (mAbs)
against characteristic cell surface marker(s) CDBE, CDB3, HLA-DR
{Immunotech, France) for 30 min at laboratory temperature, further
washed in PBS and observed by the confocal scanning microsoope
Leica SP-2 { Leica) using the following paramete s, The excitation laser
was set at 488 nm (power of 208) and the optoaroustic filter at the
emission spectrum of Fluorescein-PE (505-530 nm); the excitation
laser was set at 561 nm [ power of 20%) and the filter at the emission
spectrum of Lissamine-rhodamine-PE (575-620 nm); or the excita-
Hon bser was set at 488 nm ( power of 20%), and the filter set at the
emission s pectium of Phycoerythrine (605-620 nm).

2123 Flow cytometry quantification of phagocyiosts

DCs stained for the above descibed confocal microscopy analysis
were phenotypically anabyzed on FASS Calibur | Becton Dickinson ) using
CalQuest software, For the gquantification of phagooytosis, 0 C18
fluorescence marker was used instead of Lissamine-rhodamine-PE and
Phycoerythrine labelled monodonal antibodies tow ards HLA-DR were
used for DC identification.

2124, Characterisation of immune responses o immunisation with
rHsp90 vaccination nanopartides prepared with C-18-06-norAbuMDP
in Mice

All experiments were performed on 6 to 8-week old female BALB ¢
mice (purchased from Biotest, Czech Republic). All animals were free
of known pathogens at the dme of the experiment. Standard pellet
diet and water were given ad [ibitum. The research was conducted
according to the principles enunciated in the Guide for the Care and
Use of Laboratory Animals issued by the Ceech Sodety for Laboratory
Animal Science. The Ethics Committee of the Faculty of Medicine and
Dentistry, Palacky University in Olomous, Czech Republic, approved
all vaccination experiments.

2125 Immungation and adjuvants

The mice were divided into 8 groups of 5 animals. The mice were
immunised by Ld application of two rHsp90 doses (20 ug per dose,
vacane formulated in appyrogenic PBS (phosphate buffered saline
pH 7.2) in combination with different liposome and adjuvant C-18-
D6-nor-AbuMDP derivative, metallochelation liposome) as indicated
in Table 1 (tota volume of 50 pl per dose). The interval between
priming and booster was 14 days. Freund's complete and incomplete
adjpuwants (FCA, [FA ) were used as adjuvant positive contmols.

2126, rHsp-spedfic antibody response

‘Was quantified by ELISA All assays were pedformed in triplicates
for individual sera. Microplates [ Malge Nunc International, Rochester,
NY) were oated with 1 pe/ml rHsp90. Antibodies from sera collected
from tail vein blood samples were detected with horseradish
peroxidase-labeled goat anti-mouse 1gG+1gM +1ga (1g°) (MP Bio-
medicals, Solon, OH) and developed with O-phenylenediamine plus
Hz0: substrate, The reaction was stopped with 1 M sulphuric add and
the absorbance was read at 490 nm. For antigen-spedfic ELISA, the
results were expressed as the end point titer using Genesis Lite
Software [Version 303, Life Sciences, Basings toke, UK).

2127 Cellular response

Hapd0-spedfic induction of INF-y secretion was quantified by
ELISPOT. The numbers of splenocytes secreting [FN-y were determined
by commerdally availble EUSPOT kits [INFy, L4, Development

Tahle 1
Tmmwni sation scheme and amposition of rHspS0 R ations e sted.

Compositon per ane dose

Varine designation Hsp80  DOGS-NTA-Ni lipasame Adljuvant
rHspl 20pg -
tHzp80 +FCA 20pg FCA 50%
rHsp30 +IFA 20pg - TFA S0
Lip-Ni-rHspa0 20pg 35pg -
Lip-Ni-rHsp0 + MTO3  20pg 35pg M0, 1.75pg
rHsp0 +MTO3 + IFA 20pg - MTD3, 1,75 g
ROA = FCA 50T
IFA - TFA SO
Lip-Ni +MTI3 35pg MO, 1,75 g
MTOS is used a5 the abbreviation of C-16-06 nor-AbuMDP.
rPrirnIng rﬁ.omlﬂng
=
7 2 J {weeths]

Post prime serum sampling is imdicated in gy,
terrninal (post boosth serum sompling rogether with
splenocyies isolatson b indicated in hlack.

Module, RE&D Systems, Minneapolis, MM, UsSA) according to the
manufacturer's protocols. 5= 10° splenocytes from each mouse were
serded in separate wells ( onefor IFN-y and one for IL-4 analysis | Forthe
stimulation, depyrogenated rHsp90 was used at the final concentration
of 15 g per 1 ml RPMI 1640 supplemented with L-glutamine, 20% FCS,
penicilling and streptomycin. The numbers of cytokine-secreting cells
wens counted after three days of stimulation with the use of stereo
microscope (Intrac Micro, Tachlovice, Czech Republic).

2.12.8 Sranshcs

The ELEA and ELEPOT results are expressed as arithmetic means +
standard deviations (D) for each group of mice. Statistical evaluation
was pedormed using an “R project™ package (hitp:/ www.r-project
org). The differences among end point titers wene analyzed by Kruskal—
Wallis nonparametric test. The differences among each group pair were
statistically tested by Memenyi test

3. Results and disasssion
3.1. Preparation, purification and characterisation of rHsp90

The molecular weight of tHsE0 protein induding His tags was
predicted to be 85.8 kDa by ProtParam tool (http:/ fwww.expasy.ch).
The identity of the solated reoombinant Hsp90 was proved by SD5-
PAGE and GPC. The purity determined by densitometry analysis is
=95% The identity of rHsp90 was confirmed by MALDN-TOF M5 and
subsequent database search. The band on the Coomassie Blue-stained
el was identified as C abicans Hsp90 according to UniProtkB,/ Swiss-
Prot database (accession no. P4E598 ). Purified rHsp 90 was found to
exist in monomeric and dimeric (noncovalent dimer) forms by DUS
and GPC (Fig 2} [main peak (V, is 9.6 ml) correlates with rHsp90
monomer (MW B80.7+ 154 kDa; 113 am; Ry, is 565 nm) and the
smaller peak (Vr is 7.6 ml) with a dimer (MW 1537 + 17.6 kDa;
17.2 nm, Ry is 8.6 nm)] (Fig. 2, insert AB), as described previously
[21] The application of GPC was used to further increase purity to
=98% The tendency of the purified monomeric rHsp0 to dimerise
was observed regularly during protein storage in PBS buffer at 4 °C.
Dimers were observed to form from monomer after 3 days of storage
of monomeric rHspa0, as determined by DLS and GPC (data not
shown ). Moreover, we observed consistently that the presence of the
His tag in rHsp90 did not abrogate the ability to form dimers and
oligomers that are typically formed in response to heat shock [2223]
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32 Preparation of proteoliposomes and their phy gcal chamdersation

Monodisperse metallochelation liposomes (size distribution
shown in Fig. 3A) were prepared by lipid Alm hydration then
extrigion through 0.1 um polycarbonate flters. These lposomes
(the size around 110-115nm and polydispersity index PDI<0.1)
allowed for precise DLS measurements to be made following rHs 90
metallochelation, as demonstrated by progressive increases in By
values, Changes in By values post metallochelation were found to
be dependent on the His-tagged rHsp90 to total bpid mol rato
indicating formation of rHs p90 aligomers on the surface of iposomes
(Fig. 34, B). By observing Ry, value changes as a function of time at
fixed protein to lipid ratio (Fig. 30), we observed that metallochela-
Hon was complete typically within 20 min. The physical assodation of
rHspa0 with metallochelation liposomes was further confirmed
independenty by combination of GPC and SDS-PAGE followed by
immunoblat (Fig. 3C).

Incubation of proteoliposomes in bovine serum (90% serum, 37 °C,
3 h) revealed that 30% of rHsp90 in metallochelation with iposomes
was retained at the end of incubation (Fig. 3C) The stability of the
metallochelation bond depends on the character of particular probein
of peptide as well as the loal environmental conditons [24-26]

Further ultrastructural analysis of proteolipos omes was carried out
by TEM. Plain metallocheltion liposomes were characterised with
sharp edges and no surface substructures (Fig. 4A). Monolayer of
rHsp90 was observed dearly at a protein to lipid ratio of 0,025
(Fig. 48). Immunogold staining was used to confirm that rHsp90 is
present on the surface of metallochelation liposomes in a monolaye
(Fig. 40). At higher protein to lipid ratios, as illustrated (Fig. 4C,E), the
existence of oligomeric rtHsp90 structures was demonstrated on the
surface of liposomes and these structures were ako confirmed by AF
microscopy (Fig 4G AFM technique is very sensitive to the surface

b
g 2
B
%
Pl "%

[T

R 08 500
Size (nm)

180

180

1T
‘E‘ 160
= 188
B
@ 1o

i == Z-gvarage slze

== Max wlume slze
120
110+
0.0 [ %) 0.2 03 L]
Maolar His-tag: DOGS-Ni ralio

c Lipossmal fractizn rHape0 froction
Hzp 10 LT -]
o oo [
Hisgp 80+Lig,
samnt oo [ i 5 s |

o L] 10 15 n 25
Tima |mlr||

Fig 3. Elect ol rfHspa0: melallochelationlipid ratioon size ol rHSp@0 protealipaames
and confirmation of protein amplexation by GPC A) The effect af the protein: total
lipid rafaan the size distribution of the protealipasanes_ B) The elfect al the protein:
liposome rafio an the size of the protealiposomes. C) GPC and SD5-PAGE analyses al
rHsp0 bound 1o metallachelstion lipesomes and the stability ol resulting protes-
lipogom e in serum. D) Binding kinetics of fHsp30-protealiparames complex $hudied
by DS [the prokin: otal ipid ratio of 1.5).

structuns and demonstrated extended oligomeric protein strudures
on the surfaces of proteoliposomes in line with our DLS observations
(Ag. 3). The indusion of non-pyrogenic muramyl dipeptide (MDF)
adjuvant analogue, C-18-06-nor-AbuMDP (MTO3) (Fg. 1), into
rHsp90 proteoliposomes was intended to generate prototype
rHsp80 vaccination nanopartickes of the type alluded to in the
introduction and illustrated | Fig. 4F).

23 Thermal stability of rHsp90

The DSC calorimetric profile of rHsp90 revealed two well
separated irreversible sharp endothermic peaks with the maximum
heat absorption at 50 and 62.9 °C (Fig. 58). The irreversibility of the
first heat absorption maximum was proven by a separate expedment:
at first, a heating run from 5 to 55 *C revealed the first heat absorption
maximum at 50 °C. Then, no peak emerged at the cooling. The
subsequent heating up to 90 *C revealed only the second maximum at
G29°C, rHsp90 bound onto the suface of the metallochelating
liposomes showed analogical peaks whose heights were adequate to
the lower concentration of the protein owing to the purification of the
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Fig 4 Sructure ol metallochelation liposomes and rHsp90 proteal iposomes. reveal ed
Iy TEM, TEM immunagold staining and AF microscopy. A) TEM al the metdlochelaion
lipemames; B) TEM af the tHspa0 proeolipasomes ot the kow protein: total lipid ratio of
1:40; ) TEM ol rHsp30 protealipasomes at the pratein: wial lipid ratio of 15, the
armow indicates (M0 aligomers extending fom the proteoliposomal surece; D)
Immunagald faining of fH2 p80 bound anto the proteali posomal surfece st the prolein:
total fipid ratio of 1:40; E) Immunogold staining of rHsp90 bound anto the
provealiposomal surface at the protein: total lipid ratio of 1:5, the rHsp90 aligomers
extending from the protealiposome surfacee are dearly marked; F) schematic drawing
al our prototypical recombinant protein vaccination nanopanticle hased an His-Tag
protein bound Lo 2 metallochel stion lipotame in the presence al C-18-06 nar-AbuMDP
[MTO3 ) adjuvant; G) AF microscapy pidure ol the proteali posome s ot the protein: otal
lipid ratio af 1.5 the rHEp@0 aligamens extending lfom the Iposome surbos ane
inolicated [arrows | Barscale i valid for A-E.

proteoliposomes by GPC. The heat absorption maxima were at 48 and
626 °C.

The themal transiion seems to induce a rapid oligomerisation
and we used the DLS method to confirm this effect of te mperatune.
DLS revealed an increase of the size of the monomeric form during an
increase of temperature, which confirmed the themmal transition
between 50-60 °C accompanied by the formation of oligomeric
structures (Fig. SA) The effedt of temperature on agglomeration of
rHsp90-liposomes was also confirmed by DSC (Fig. 5B). We can
assume that the metallochelating binding of tHsp90 did not change
significantly the structure of the protein as reflected by nearly
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unchanged thermodynamic domains represented by tao separated
peaks (Fg. 58] These data are in a good accordance with those found
for mammalian Hsp90 obtained by the measurement of the effect of
temperature on oligomerisation [22].

24 Interaction of C-18-06-nor-AbuMDP liposomes with human
dendritic cells

Metallochelation liposomes were prepared with and without
Smol % of C-18-06-nor-AbuMDFP (MTO3). In addition, rHsp90
proteoliposomes and rHsp90 vaccinabon nanopartides were pre-
pared with MTO3. MTO3-containing liposomes were recognised by
DCs and internabized by phagocytosis about one order of magnitude
more efficdently than metallochelation or proteoliposomes lacking
MTO3, according to flow oy tometry studies { Fig. 6 . The condusions of
these flow coytometry experiments were confirmed by confocal
fluorescent microscopy (Fig. 6, insert).

Various markers [ 10 C18, luorescein-PE, lyssamine-rhodamine-
PE) were studied albone in metallochelation liposomes to exdude the
possibility of any non-specific effects of fluorescent reporter ligands
on phagocytosis. Thereafter, we observed that only 5 mol MTO3
lipas omees were able toente r DCs purely by phagocytosis ending up in
glant lysosomes (see video in supplementary data). Similar pictures
were obtained with any one out of the three possible Mluorescence
markers mentioned above (results not shown). Recently, the
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Fig- 6. Phagocytosis o [rHspa0 vacd nation nanoparticles studied by low cytometry and
mmfocal micrsanpy . DS were incubated for 3 h with various lipasomal préparations
anel the phagoaymsis of TN0C18 Labellad i posomes was quantified by Mow cymmetry.
Bxk line — nonfluoreseent melallochelstion lipasomes; red line — Did C18 Labelled
melallochelation lipatomes ; green ling - DI0C1 8 labelled metallodvel atian §iposomes
akn rmulated with G18-06-nor-AbuMDP [MTO3). Insert: Confocal Nuarescent
micresmpy picture of DC incubated with meallchelsion lipasomes Tormul sed
with MTO3 and Lsbelled with listamine-thodamine PE [E), the suface of DC was
marked by monoclonal antibody agains HLA-DR (Muore scein labelled = green) The
giant heosames (red structures) @ntxining the phagocytomed liposomes are clearly
vizille inside the Il

maolecular bases for MDP/MDP analogue recognition and subsequent
stimulation of the host immune system hawve been uncovered.
Myeloid immune cells (monooytes, granulogytes, neutrophils, and
also DCs) possess two types of intracellular receptor for MOP/MDP
analogues, namely NOD2 and Cryopyrin (inflammasome-MALP-3
complex )[27-29]. These two receptors recognise MDP/MDP analo-
gues which represent a minimal recognition motfl for bacterial cell
wall peptidog lycans [2829]. Clearly the recognition of MDP by DCs is
crudal for the application of MDP analogues as adjuvants. Although
the immuno-stimulatory effects of MDPs have been described for over
three decades, the process of molecular recognition and binding of
MDP/MOP analogues to NOD2 and cryopyrin receptors remains
unclear. Within the cell, MDP/MDFP analogues trigger intracellular
signalling cascades that culminate in the transeriptional activation af
inflammatory mediators such as the nuclear transcription factor
NE- B.In the case of liposomal formulation of various MDP analogues,
the relevant intracellular pharmakokinetics, molecular recognition
and binding affinity towards NOD2 and Cryopyrin remain to be
demonstrated. Such differences found for various MDP analogues are
responsible for their vanous biological actvities (eg pyrogenicity,
ability to induce innate immune response ete) and therefore could be
utilised for predse tuning of intensity and charader of immune
TESPONSE,

35, Experimental immunisation and immung response

Recombinant protein vacanation partides, such as rHsp90 vacci-
nation partides are in our case constructed from rHsp90 binding to
metallochelation lipasomes that are also formulated withan adjuvant,
namely MDP or lipophilised norAbu-MDP analogue, Such vacdnation
partides are designed to effect direct co-delivery of an adjuvant
together with a selected recombinant antigen in order to induce a
substantial and specific immune response, Here, we chose to test such
aneffed using ex perimental animals that were immunised witheither
rHsp90-vacanation particles or other rHspd90 formulations for
wmparison (Table 1), after which anti-Hsp90 immune mesponses
were measured by ELEA and ELISPOT assays. The administration of
rHsp90 alone was immunogenic as demonstrated by the meanvalue of
rHsp9D-spedfic 1g* end-point titers (IgG, 1gM, and lgA isotypes)
reached after the second vaccination 165,260 (Fig. 7A).

After administration of Hsp90 proteoliposomes that do not
indude adjuvant, final rHsp90 immunogenic effects were effectively
doubled after the second immunisation (1:123.852). On the other
hand, after administration of rHsp90-vacdnation partides, final
rHs a0 immunogenic effects were observed to increase by at least
one order of magnitude after the second immunisation (1904179}
compared with Hsp90 effects alone (Fig. 7A)L In comparison, we
observed that the immunogenic effects generated by combining
rHs 0 with adjuvants such as FCA or IFA, or by combining rHsp90-
protecliposomes with IFA did not exceed the effects induced by
rHspO0vaccination partides (Fig. 7A), hence demonstrating the
potency of MTO3, our selected MDP analogue, as an adjuvant. In
addition, where FCA was used, sedous necosis and inflammation was
found typically in the skin at the site of FCA application (whether or
not coupled with rHsp80 antigen protein). However, immunisations
performed with the MTD3 antigen induced neither necrosis nor
patholegie inflammation.

Furthermore, cellular immune responses were also imvestigated
post immunisation with a variety of rHsp0-vaccination particles
(Ag. 7B). Immunisation with rHspA0vaccination partices formulated
with MDP analogue MTO3 was notable for the clear induction of [FN-
-production, although the simple combination of rHsp30 with FCA
was more potent Mevertheless, these data provide clear proof that
MDP analogue MTO3 i able to bias the specific cellular response
toward Th1 type cytokine production. Parallel ELISPOT analyses of
IL-4 secretion did not shown significant differences among all groups
tested (data not shown). These data are consistent in suggesting that
MDP analogue MTO3 & able to mount an effective adjuvant-mediated
stimulation of both rHspS0-specific cellular response with Thi
cytokine secretion dominancy and elicitation of rHsp90-specific
antibody production. Previously, Candide Hsp90 has been confirmed
to be a protective antigen in murine models of systemic candidiasis
[9.12] Recombinant antibody Mycograb, recognising the epitope
overlapping with QUSKILKVIRK peptide from Candida Hsp90, when
combined with a lipid-formulation of amphotericin B, provided a
significant clinical improvement in outcome for patients with inv asive
candidiasis [30]. The protective power of Hsp90-spedfic antibodies is
probably assodated with their binding to Candida cell wall-localized
Hs 90 leading to alterations in changes in morphotype toward more
resistant hyphal forms [9].

3.6 Safety of the adfuvants and metallochelating Eposome vaccine

Our rHsp90 varcination particle preparations prepared with MDP
analogue MTO3, and rHs p90 proteoliposomes did not exert any toxic
effect in this study. This is in a good accordance with our previous
experience with various animal species like mice, guinea pigs, goats,
calves and pigs, which have been tested in our laboratory [31-34].
According o ow experience, all synthetic lipophilic analogues of
notAbuMDP as well as norAbuGMDP were non-pyrogenic in the
rabbit test (Ledvina M., Turdnek |, Miller AD, Hipler K, Compound
(Adjuvants): PCT appl. WO 2009/11582 A2, 2009, US 12/922 663 ).
From a regulatory point of view induction of antibodies against HisTag
epitope could rase obstacles for application of these antigens for
construction of prophylactic vacdnes. On the other hand antigenicty
of HisTag peptide epitope is relatively week as could be coneluded
from experimentally determined differences bebween HIV-1 p24-
specific antibody titers detected in ELISA panels coated with
recombinant proteins with His-tag and respective recombinant
proteins devoid of His-tag whose were not higher than 15% Here,
for rHspB0 it remains to be experimentally determined

4. Conclusion

Factors such as safety, efficke ncy, price, facility, and promptness of
production of vacdnes are the driving forces in the development of
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Fig 7. Daerminational fhs po0-speadfic antibady md cell respon el idied by HepO0 vacd nation nanapanticle i mmunisation. A) The mide were immunised by acombination ol tHspd0
and adjuvants [ MTOE, FCA or IFA) deliverad intwo i doses in the form oF rHsp80 v ard nation nanapar ficles | preparal with MTOS ) [Lip-M -rHap90 + MTOS L fHspA0 proteali pos onmes
[writhouwd MTOS ) | Lip-K-rHspd) or 2 free soluble recombinant protein (rHsp0 | Serum samples were used for the determinaton of tHspa0-specific antibodies titers. Means and
Standand dev isiorns ane shown. Theénd point liters mexsur al in each group are datistally different 2l p — 005 2 determined by Knskal-Wallis nonparametnic s B) Tendaysaller the
sevand immunisstan, splenacytes were solved and in vitro stimulsted by fHspd0. The production af IFN-y wes mexsured by ELEPOT. The numbers ol 1N-y-producing cells ane
statisticallydifferent ot p= 005, asdetermine by Knskd -Wallis nonparametric test. The dilferences in numbers o lTRN-y-producing el among each groups pair were stafi<f cally tested
by Nemenyi test which reyealed statisticaly significant values (p =0035) for group pairs: (48 pB0 + FCA and Lip-Ni-r Hsp90 a8 weell &5 lor Lip-Ni-rH5p90 +MT03 and Lip-Ni-rHspa

new adjuvants and delivery systems for the construdion of well
defined vaccines. Many studies have shown that liposomes are
applicable as effective adjuvants to induce humoral and cellular
immunity to a number of antigens, Metalloche ation Bposomes
represent a new system for rapid and efficacious binding of
recombinant proteins with His-tags onto their sufaces. In our
opinion, the immunisation effects of prototype recombinant protein
vacanation particles with MOP analogues could be further potenti-
ated by the incorporation of various alternative synthetic immuno-
modulators like CpG oligonudsotides, MPL-A, or lipophilised
analogues of MDP. Here, we have shown that an experimental
recombinant vacone system based on a proteoliposome core
potentiated by a nonpyrogenic adjuvant such as C-18-06-nor-
AbuMDP (MTO3) is able o induce the immune mesponses in the
same order of magnitude as FCA in mice. Owing to the biodegrad-
ability and biocompatibility of liposomes and other cmponents used
for the construction of the above discussed experimenta vaccine, no
side effects were observed in various species. Rurthermore, the
advanced approaches to the investigation of the ultrastrudures of
metallochelation protecliposomes can be considered of importance
for the optimisation of the production and for the efidency of such
vaccdnes,

Supplementary materials related tothis articks can be found online
at doi: 10.101 &/ jeonrel 201 01016
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Lyme dizease caused by spirochete Bamelia burgdarfer sensu lato, iz a tick-born illness. If the infec tion is not
eliminated by the host immune system and/or antibiotics, it may further disseminate and cause severe
chronic complications. The immune response to Borrelia is mediated by phagocytic cells and by Bomelia-
specific complement-activating an tibod jes associated with Th1 cell activation. A new experimental vaccine
was constructed using non-lipidized form of recombinant B. burgdarg@eri 5.5, 0spC protein was anchored by

mﬁ furi OspC met al lochelating bond onto the surface of nanolippsomes cont aining novel nonpyrogenic lipophilized nord-
Metallachel sting Tiposomes buMDP analegues denoted MTOS5 and MTOG. After id. immunization, the experimental vaccines surpassed
MDP Alum with respect to OspC-specific titers of lgii2a, IgG2b isotypes when MTOE was used and 1gG3, Igh iso-
Vacdne types when MT05 was used. Both adjuvants exerted a high adjuvant effect comparahle or better than MDP
nar-Abu-MDP and proved themsehes as nonpymgenic.

i@ 2012 Elevier BV. All rights reserved.
1. Introdudion skin, and joints. The antibiotic therapy of the late stape usually shows

Lyme dismase isan infection caused by a spimochete Borelia burgdorfert
semsy Into wectored by the tick of the genus Baodes At least three species,
namely B burgdorfen sensu siricto, B afelil and B gorina are pathogenic
for human [1]. The initial stage of Lyme disease characterized by non-
specific Mu-like symploms & commonly assodated with skin rash oocur-
ring within few weeks after the tick bites. If the infection is noteliminated
by the host immune system andfor antibiotic treatment, it may further
disseminate and afect the central nervous system and, ramly, heat.
Symptoms of this secondary stage may vary and may disappear after
days or months, The late, persistent infection may develop months o
years after the initial infecton and commonly affects nervous system,
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Olomoue, Hnevatinska 3, 772 00 Glomous, Crech Republic. Tel : + 20585632752
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oo ther apy, Veterinary Re search I nstitube, Hudeova 70, 62000 Brma, Casch Repulbilic.
Tel: + 20533331311
E-moil addresees: rask amik@usbadu (M Bafka), turansk@vrice (| Turinek).
T The first four suthars equally contributed ta this wark.

0168-3659/5 - see fonl matier © 2012 Bievier BV, All rights reserved
daoi: 10,1016/ joonr L 201202017

slow response with uncertan outcome Relatively low effectiveness of
available therapy emphasizes the need for altemative approaches such
as preventive immunization, mainly in the endemic areas [1.2]

The immune response to Borrelia involves non-specific activity of
complement, phagocytic cells, and Borrelia-specific Th1 lymphocy tes-
dependent response leading to production of complement-activating
antibodies, in mouse presented mostly by lgG2a (IgG2b) [3] During
natural infection, nevertheless, Borrelia and tick saliva modulate the
immune response toward non-protective Th2 type response, assod-
ated with production of neutralizing, poorly opsonizing Borrelia-
spedfic antibodies [4]. Borrelia surface antigens OspA and OspC are
among the most promising antigens tested for elicitation of opsoniz-
ing, phagocytosis-facilitating antibodie s, OspC is expressed during the
transfer and the initial stage of infection. In this case, the vaccine-
induced immune memory has enough tme to initiate a production
of opsonizing antibodies preventing Borrelia spreading [5]

Recombinant naturally lipidized OspC antigen & difficult to ex-
press and solate in the quantitiees and purity sufficient to immunize
experimental animals. In contrast, non-lipidized recombinant OspC
that is easy to produce and isolate exhibits poor immunogenicity
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and the eliataton of OspC-spedfic opsonizing antibodies requires
co-application of Thl-response-indudng adjuvants induding immu-
nostimulators, microparticulate carriers, and emulsions or their
cmbination

Liposomes represent almost ideal carrier system for the prepara-
ton of synthetic vacanes due totheir biodegradability and vesatility
for the incorporation of moleciles exhibiing different physico-
chemical properties such as the size of the molecule, hydrophilicity
or hydrophobidty, or the electric charge. Due to the amphipathic
character of liposomes, itis possible to encapsulate simultaneoushy dif-
ferent immunopotentiating compounds: hydmophilized lipo philized
adjuvants (2. g monophos phoryl lipid A, CpGoligonucksotides, murany|
dipeptide and its analogues), soluble or membrane potEin antigens,
and ligands for the targeting of specific receptors on the antigen-
presenting cells. Further, it is possible to coat the liposomes with
mucoadhesive biopolymers and modify the liposome-surface with
charged compounds (eg, ationic lipids) [6]. Several papers report the
implementation of metalloche kting ipids that allow attaching recom-
binant proteins or synthetic peptides with His-Tag anchor (short pep-
tide consisting of 4 to & mokecules of histidine). Both the meversible
character and the high affinity of the metallo-chelating bonds allow
the formation of self-assembling supra-molecular structures that ame
the principal constituents of the experimental vaccines [7-9].

A successful development of a recombinant vaccine is based on
the feasibility to produce a recombinant protein antigen in a large-
scale. Also the availability of an effident and safe adjuvant system
for recombinant antgens is a very important factor because recombi-
nant antigens are generally weak immunogens. In this paper we
demonstrated an exceptionally high vield of the OspC antigen in its
non-lipidized form derived from recombinant 8. burgdorferi ss. OspC
protein (rsplC) expressed in E coli. We also demonstrated that a
novel adjuvant system based on metallochelting liposomes and
lipophilic non-pyrogenic muramyl-dipeptide analogues, norAbuMDP,
induced a high level of OspC-specific antibodies of lgG2a and lgGab
gotypes that are promising effectors of the protective immunity
against Borrelia transmission to a host.

The preparation, characterization and in vvo effect of such a novel
vaccine are meported in this study.

2 Materials and methods
21. General

Ege phosphatidylcholine (EPC, 9% purity), 1,2-dioleoyl-sn-glycero-
-phosphoethanolamine-N-{ issamine rhodamine B sulfonyl) (Lyskho
PE), and 12-dioleoyl-sn-glycero-3-[[N{ S-amino-1-carboxypentyl )
iminodiacetic  acid]sucanyl)(nickel Salt) [(DOGS-NTA-Ni) lipids
were purchased from Avanti Polar Lipids (Birmingham, ALY 33°-
dinctadecyloxacarbocyanine  perchlorate (DI0C;z) was purchased
from Molecular Probes [ Invitrogen, Carlshad, CA). 20 nm membrane
filker Anotop 10 and 0.2 pm Anotop 10 LT were purchased from
Whatman (Maidstone, UK}, All other chemicals, unless specially spec-
ified, were from Sigma (St Louis, MO).

22 Preparation and purification of non-ipidized recombinant OspC

Borrelia burgdorferi 5.5 OspC cDMNA ( GenBank Acc Mo, EFS37426)
lacking the first 54 nuclkeotides (coding for the first 18 amino acids
serving as a lipidization signal) was amplified by the PCR using
downstream  peimer  (CACCATGTGTAATAATTCAGGGAAAGATGLG),
upstream primer (AGGTTTTTTTGGACTITCTGOC) and Phusion DNA
polymerase (Mew England BioLabs, [pswich, MA) and cloned into E
coli expression plasmid vector pET101 (lnvitrogen) allowing expres-
sion of truncated OspC as a fusion protein containing C' terminal His
tag, abbreviated further as rOspC. Protein was purified under native
conditions using the Ni-NTA agarose according to the manufacturer’s

instruction using the modifications of recommended buffers (Qiagen,
Hilden, Germany) as follows: lysis buffer (50 mM Tris; 300 mb MaCl;
10 mM Imidazole; 0.5 mg/ml Hen egg white lysozyme; 0.1% Triton X-
100; protease inhibitors: 0.2 mM PMSF; 04 ug/ml Leupepting 0.5 pg/ml
Aprotinin; pH B0}, wash buffer (50 mM Tris; 300 mM NaCl; 20 mM
Imidazole; protease inhibitors as described above; pH 8.0}, elution
buffer (50 mM Tris; 300mM NaCl: 500 mM Imidazole: pH 80). The
purified protein was subsequently dialyzed against storage buffer
{150 mM Na(l, 50mM Tris, pH 75).

Endoboxin was remowied by successivie two-phase separation with
Triton X-114 as described elsewhere [10]. The entire procedure was
repeated until the endotoxin level was below 025 EU per 1 mg of
protein, measumed by the gel-dot assay using Limulus Amebooyte
Lysate (Assodates of Cape Cod, USA).

2.3, Characterzation of rdspC by SD5-PAGE and MALDN-TOF M5

To determine a purity, rOspC préparation was separated on 10%
SD5-PAGE and stained with Coomassie Brilliant Blue (CBB) R-250.
Protein identity was confirmed by MALDI-TOF mass spectrometry as
deseribed elsewhere [11,12] Protein identification from the obtaned
mass spectra was achieved using the program Mascoot Semver 2.2 (Ma-
trix Sdence, London, UK); searches were performed against a nonre-
dundant protein database (NCBlar: downloaded from frps/ frpnchi.
nih.gov/blast/db/FASTA in January 2010). As variables, oxidation of
methionine and carbamidomethy lation of cysteine phis one misdea-
vage were chosen for all searches performed without taxonomic re-
striction; a mass tolerance of 100 ppm was allowed.

2 4 Characterization of mspC by differential sconning celorimery [ D8C)

DSC measurement was performed using a CSC 6100 Mano-
Differential Scanning Calorimeter I (Setaram, France) with cell vol-
ume of 0.3 ml Prior to injection, the protein sample (in PES buffer,
pH of 733, 053 mg/ml) was extensively degassed. The scan ran
from 5 to 80 °C at the scan rate of 1°C per min.

25 Preparation of proteol posormes and thetr chamc terization by dynamic
light scattering

Liposomes were prepared by a method based on a hydration of a
lipid film followed by extrusion through 0.2 pm polycarbonate flters
similarly to the procedure described previously [13,14]. A manually
operated device MiniExtruder (Avanti Polar Lipids) was used for
the extrusion of small volumes of liposomes (up o 1 ml). Large vol-
umes of liposomes were extruded by means of a high-pressure cell
( Millipore, Billerica, MAJ linked up to a FPLC nstrument (Pharmada,
Uppsala, Sweden) [13 ] The solution of rOspC in PES was added to the
prepared EPG/POPG/DOGS-NTA-Ni liposomes ( EPC POPG: DOGS-NTA-
Mi of 76:19:5 mol%; DOGS-NTA-NI lipid: rOspC molar ratio of 11:1;
74 mg total lipid:1 mg rOspC). The mixture was stirred for 20 min.
The hydrodynamic diameters of the lposomes and proteoliposomes
were detemmined by dynamic light scattering (DLS ) on an instrument
MNanoSizer NS (Malvern, UK} at 25 °C. A silica cuvette of 45-ul volume
[ Hellma, Mullheim, Germany) was used The release of the bound
rspC from the liposomes was accomplished by the addition of
EDTA (in a final concenteation af 1 m).

2.6 Analyses of rOspC proteoliposormes by gel permeation chroma tography
and rnrmunsbloiting

(uantification of rlepC attached to the DOGS-NTA-Ni liposomes
was carried out by gel permeation chromatography (GPC). The frac-
tion of non-bound protein was separated from the iposomal one
using the FPLC system. The separation conditions were as follows:
column, Superose 6 (prep grade) filled in Tricorn 5200 whimn
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(Pharmacia, GE Healthcare); flow rate, 0.2 ml/min; mobile phase, PBS
buffer; imected volumes, 25 ul; detection wavelength, 280 nm. Elu-
ton fractons of 025 ml were collected with a fraction collector
FRAC-100 (Pharmacia). Analyses of rOspC in the fracions eluted
from the Superose 6 column were carried out by the immunoblotting
of S05-PAGE separated fractions on the PYDF membrane Hy bond-P
[Amersham Biosdences, Bucking hamshire, UK).

27 Transmission electron microscopy (TEM )

The liposome structure was determined using FEFPhilips Morgagni
2085 transmission electron microscope | FEl Inc, Brno, Czech Repub-
lic). All samples were negatively stained by 2% (w/w) ammonium
molybdate (pH 6.8).

28, Immunogold labeling of OspC protealposomes

Non-bound rOspC was separated from the proteoliposomes by gel
permeation chromatography using Superose 6 column. The fraction
of proteoliposomes was concentrated in a centrifugation tube
(30 kDa cut off) and incubated with polydonal rOspC antbody for
Th, 37 °C. 10-nm colloidal gold protein A conjugate was added.
After 12-h incubation, proteoliposomes were observed by electron
MICTOSCO .

29_Synthedc nor-AbuMOP analopues

For the preparation of normuramyl glycopeptides that are modi-
fied on carboxy terminus of the peptide part of the molecule by
bulky acyl substituents (Fig. 1), the solid phase synthesis was
employed. The syntheses and confirmation of the structures are de-
scribed by Ledvina and co-workers | Ledvina M., Turdnek |, Miller
AD, Hipler K., Compound (Aduvants): PCT appl, WO 2009/11582
A2, 2008), Based on preliminary experiments, the derivatives MTOS
and MTO6 were selected for this study from the series of lipophilic
nor-AbuMDP derivatives modified by various lipophilic functions at
sugar or peptide part of the molecule.

210 Experimental animals

All experiments were performed on 6 to B-week old female BALBfc
mice [purchased from Biotest, Czech Republic). All animals wene free
of known pathogens at the time of the experiment. Standard pellet
diet and water were given ad libitumn, The research was conducted
according to the prindples enundated in the Guide for the Care and
Use of Laboratory Animals issued by the Czech Society for Laboratory
Animal Science The vaccination experiments were approved by the
Ethics Committee of the Famlty of Medicine and Dentistry, Palacky
University Olomouc, Crech Republic

211. Berlin test for toxdaty of various vaccine formuladons

The potential toxic effects of liposomal crrer and adjuvants were
tested on the mice Balbfc (20-22 g ). Doses containing 200, 100, 50,
and 10w (10, 5, 25, and 05 mgkg) of particular MOP analogues
were administered s.c The Berlin test was used as a method for the
evaluation of toxic effects. Ty pical symptoms of toxicity were scored
for the individual mouse immediately after the application of the
drugs or within the following ten days. The site of application was
monitored daily to notice any possible adverse effect like swelling,
necrosis, uleeration or changes in hair quality.

212 Test of pyrogenicity

Standard pyrogenidty test on rabbits was used to prove safety of
liposomal adjuvants. The test was cared out in the authorized
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The caombination ol s uwiural madifications both in the sxcharide and peplide maiety
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pymogenicity. li pidization of norAbuMDP by hyd raphabic ligands like sbearay] ar B30
imiproves, incarparation inta lipid membranes of lposames_

laboratory MEST Plus s.c.o. (Bilé Vehynice 10,533 13 Vipaou Pieloude,
Czech Republic) acconding to the Caech Pharmacoposia 2005 based on
PhEur. edition 4 Rabbits (Mew Zealand albino, 4-6 kg, 3 animals per
goup) were used for the testing. Liposomal preparations of a tested
compound were applied by s.c route [ 100nmolkg of an active cm-
pound). Empty iposomes were used as a negative control and a iposo-
mal a well as free form of muramyl dipeptide { MDP) (25 1g/keg and
50.7 nmol/kg, respectivay) served as a positive control. The temperature
was monitored after 1,2, 3, 4,6, and 24 h and a skin reaction at the appli-
cation site was evaluated up to 14days post application. A prepamtion
was evaluated as nonpyrogenic, if the sum of + ATy z,< 1.1 *C calculated
for 3 rabbits per group. AT mex EpEESents a maximum ncease of mea-
sured temperature during the observation period for each animal.

212, Immunization of mice

Al mice were immunized by id. application of the r0spC formula-
tion by repeated (priming, one boasting) application of the same for-
mulation per group as indicated in Table 1 and Fig. 2.

2.14. Adjuvants

Freund's Complete Adjuvant (FCA) and aluminum hydroxide
[ Bioveta, Manovice na Hané, Czech Republic) were used as positive
controls. The antigen formulation was prepared according to manu-
facturer's instructions. The FCA formulation was prepared by mixing
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Table 1
Doses and vacine formulations.

Groups af 5 mice Composition per ane dose [S0ul)

mEpl  AKH Liposome (towl lipid ug)  Adjuvant
W Mg - - -
Lip-MNa-r0<pC W - 148 pg -
rOspC+ AIDH Wy 1254 - -
mspl+ FCA Awe - - 254
Lip-Ma -r0spd + MDP Wg =~ 148 ug 49ug
Lip-Mi-r0spC+MTOS Mg = 148 pg B5pg
Lip-Mi-rOspC+MTO6 g = 148 pg 109 pug

Cantral -

the antigen with FCA (5050 v ), the Alum formulation was prepared
by mixing the antigen with Alum (75,25 v/v). MDP, MTOS and MT 06
were added in equimolar amounts, 9.3 nmol per dose. The liposomal
formulations contained EPC/POPG/DOGS-NTA-Ni (76/19/5 mol %) or
EPC/POPG/DOGS-NTA-NIi/MDP or MTOS06 adjuvants (71/19/5/
5mol ). The doses of antigen are summarized in Table 1.

215 Antibody ttres — estimation by ELEA

All assays were performed in triplicates. Microplates (Nalge Mune
International, Rochester, NY) were coated with 1 pg/ml rOspC Anti-
bodies in the sera collected from tail vein blood samples were
detected with a horseradish peroxidase-bbelled goat anti-mouse
lgG 4 lgM +1gA (lg total), poat anti-mouse [gG1 (MP Biomedicals,
Solon, OH), goat anti-mouse |[gG2a (Bethyl laboratories, Montgomery,
TX), rabbit anti-mouse lgG2h (MP Biomedicals), or goat anti-mouse
lgG:3 (Bethyl Labormtories) and developed with O-pheny kenediamine
plus H, 0y substrate. The reaction was stopped by 1 M sulphuric acid
and the absorbance was read at 490 nm. For antigen-specific ELISA,
the results were expressed as the end point ttre using Genesis Lite
Saftware (Version 3.03, Life Scences, Basingstoke, UK).

3. Results and disoussion

11 Femowval of the [ipidiza Gon signal from OspC leads to a high yield and
purity of rOspC preparation

Ospl is one of the most promising protective antigens. Neverthe-
less, the full-length OspC is difficult to prepare ina high yield and pu-
rity as a recombinant protein. In our experiments, the removal of N”
terminal lipidization signal was associated with an increase of the
yield and purity of the recombinant protein, However, as demonstrat-
ed also for other Borrelia lipoproteins, it results in a decrease in
immunogenicity [ 15-18]. The rOspC was expressed in E coli and iso-
lated under native conditions using N-NTA affinity chromatography.
After 4 cycles of Triton X114 phase extraction of the endotoxin, its
wntent was lower than 2.5 EU/mg rOspC. The yield of purified
rispC was determined to be 28 mg per 1L of the bacterial culture.
The purity of rOspC preparation was determined to be 93% by densi-
tometry after SDS-PAGE (Fig. 3).

Primin Boostin

+— a ; g X

0 1 2 3 [weeks]
Serum: T—- |

Fig. 2 Vaccination hedule Time schedule wed fr vacdnation al experimental mic.
Serum samiples were collected befare the first immunization and subsequently at the
indicated time points. Dases are shown in Table 1.
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Fig 1 SD5-PACE amalysis af recambinant OspC probeing. Non-Tipidized His-Tagged
0pC [D4pC) and Rull-lengith lipidiced recombinant O5pC (lipidizd Ospl) wene sepa-
rated by SDE-PAGE. The purity of the isolsted nspC was estimated by com parison af
tthe band arrespanding tordspC protein with all bands in a respective separation line.

The identity of r0spC was confirmed by MALDI-TOF M5 and subse-
quent database search. The band on the Coomassie-Blue-stained gel
(Fg. 3) was identified as B. burgdorferii OspC. The sample could
most likely be assigned to the accession number gi|21262258 in the
NCBInr database (Swiss-Prot accession number Q932W2). The pa-
rameters of the identification were as follows: 12 peptides identified,
sequence coverage was 71% and probability-based MOWSE score was
146. The ex pectation number was 2 6¢ —08 confirming unambiguous
identification. As expected, no lipidizaton of the protein was regis-
tered. Further, we compared the purity and yield of the above de-
scribed rOspC with fulklength recombinant OspC (lipidized Ospd)
expressed under the same growing conditions as published before
[19]. The yield of fulllength recombinant OspC was 4 mg per 1L of
a culture and the purity reached 21% of total protein | Fig. 3). The re-
moval of the lipidization signal substantially increases both the yield
and purity of the solated rOspC protein.

32 Charecerization of 0spC by differentiol scanning calorimetry | DSC)
and DS

DSC measurement of the calorimetric profile revealed an irmevers-
ibke sharp endothermic peak with the maximum heat absorption at
46.2 °C. The low T, of rOspC indicates that the protein is relatively
heat-lbile. The size of the protein was determined to be 3.7 nm by
DLS (hydrodynamic radius Ry of 185 nm) (Fig. 4). That value isin a
good accordance with the projection of the protein observed by
TEM (Fig. 5A).

3.3 Structure and stability of metalochelaring protesliposormes

Further, the r0s pC was inked to metallochelating liposomes under
condition described in Materials and methods. Binding of 10spC onto
the surface of liposomes was proved by an increase of By, as assayed
by DLS. In comparison with plain iposomes, the By, of rOspC metallo-
chelating liposomes was about 2.75nm higher (FAg. 4). This data is in
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agood agreement with 2B, of OspC (3.7 nm). DLS proved itsell a useful
technigue For the study of protein binding onto the metallochelating li-
posomes in the aqueous milieu, 12 in the native state. Based on their
size increase, the prowoliposomes were well distinguished from the
plin liposomes, although the difference was only 5.5 nm. Considering
the case of a homogenows coating of the liposomes by rOspC the
theoretical size increase would be about 74 nm. The lower increase
observed (5.5 nm) indicates that the coating of the liposomal suface
by the protein is incomplete and this s in a good accordance with the
structume reveaked by TEM [compare Fgs. 4 and 5).
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nabl atting. r05pC CPC elution profile & @imel ded with immunoblofing xSy,
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As determined by TEM, the binding of individual molecules of
rOspC protein onto the liposomal surface is clearly visible on the
rim of the lposome and the immunogold staining confirmed the
identity of rlspC molecules as well as the preservation of the epi-
topes recognized by the polyclonal immuno-gold-labelled antibodies
(Fig. 5A). Moreover, the TEM micrograph revealed an interesting or-
gantzation of the bound rOspC into bead-like structures. This observa-
tion suggests that the conception of the proteoliposomal structures
with randomly distributed protein molecules on the liposomal sur-
face is just a simplificaton, It seems that different patterns of surface
protein distribution could be observed, according to the nature of the
protein and resulting protein-liposome and protein-protein interac-
tions, In fact, using TEM and atomic force micmoscopy, we observed
that some proteins can form hig her structures ke 20 aystal domains
on the lipssomal surface, as found for HIV-1 derived recombinant
gpl20, or hair-like structumes formed by recombinant HSP9O [7.20].

Ospd is an important factor of the virulence of Borelia burgdorfen.
It & expressed during and soon after invading the host, so it could be
of interest to study whether these bead-like strudtures of OspC are
also formed on bacteria surface during the invasion of the host and
whether they are of biological relevance.

Binding of rspC onto metallochelating iposomes was confirmed
by GPC used as an independent method. The liposomal fraction was
separated from free protein and s pC was assayed using SDS PAGE
followed by immunoblotting. The vast maprity of rdspC was shown
to be bound onto liposomes and was only slightly ripped from their
surface by shearing forces taking place during passing through the
GPCeolumn (Fig. 58). The taling character of the rOspC elution pro-
file supports this explanation. The stability of the metallochelating
bond in biological fluids was determined by the exposition of r0spC
lippsomes to human serum. After a 1-h incubation at 37 °C, more
than 60% of rOspC was assodated with liposomes. Therefore, the
half-life of rOspC proteoliposomes in serum was estimated to be at
least 1 b Anincreased stability of suface-exposed antigens on the -
posomes can be achieved by chemical binding onto the outer liposo-
mal suface that is appropriately functionalized. With respect o a
potential application for the construction of vaccines, the guestion
of in vitro and espedally in vive stability is of great impotance. The
stability of metallochelating bond depends on the character of the at-
tached antigen, metal ions used, physico-chermical character of the
metallochelating lipids, and ther surface density on the particles.
For example, it was shown that Ni-NTAS-DTDA liposomes with
single-chain Fv fragments (antd (1 1¢) bound onto the liposomal

surface were able to target dendritic cells in vive, The application of
the three-functional chelating lipid MiENTAS-DTDA probably endows
the metallochelating bond with a higher in vive stability [21] but this
improved stability does not result in a higher immunogenity [22].
There are only few references reporting the metallochelating bond
implemented in the construction of supramolecular structures as vac-
cine carriers [7-923].

34 Immunizenon eperiments

rOspC proteoliposomes were modified by addition of several adju-
vants and used for immunization of experimental mice as detailed in
Table 1 and Fg. 2. Immunization with rOspC itself did not elicit de-
tectable OspC-spedfic antibodies of leG, IgM, and lgh isotypes (g
total) (Fig. GA) Similady, immunization with rOspC proteoliposomes
{ Lip-Mi-rOspC) induced only a negligible increase of OspC-specific
total lg after the second immunization (Fig. GA ). |n contrast, immuni-
zation with rOspC plus adjuvants FCA or AIOH, or immunization
with rOspC proteoliposomes (Lip-Ni-rOspl) plus MDP or notAbu-
MDP-Lys derivates MTO5 or MTO6 (see Fg 1) elidted strong
OspC-specific antibody responses (Fig. 6A) The contributions of
particular lgG isotypes for the mmune response showed differences
among various adjuvants used (Fig. 68) (FCA was no tested for the
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Fig. 6. ELISA analyses ol spedfic antibody tiresin sera al im municed mice. Mice [3 per group) wene immunised by id application al various lipasome-ad juvant formulstion of
s pC scmrding to the time schedule indicated in Fig. 1. Poaled sera from each group were used for ELISA analysis of the OspCspecific antbodies titres. Naive sera were abtined
before immunization. ELSA plates were coxted with 100 d of recvmbinant Ospd (1 pg'ml), incubated with serially diluted pooled sera obtained st the time ol booster [leh column
in the pair ) and 14 days later (rfight anlumn in the pair ) and developed with antimawse g0 +1gM +1gA (I o1al) A. To determine the OspC-specilic Ig isolype litres, anly the séra
abtained 14 days after booster were wsad, and develaped in ELISA under the same 12 mnditions with secondary antibodies anti-mouse 1gC1, anti -mouse 19022, anti- mouse 1g02h,
anti- mouse Ig 3. or anti-mouste M B, and for both A and B after adition ol OPD plus Hz20o the alsarbance was read 20490 nm on ELIS Areader. The resulls aree xprested xi the end
pavint titres wing Genesit Lite Software [Version 3.03, Lik Sdences, Ringstake, UK) +/- 5D. * p=>005; ** p=>001; =" p=>0001.

IgG isotype mesponse). Although AIOH adjuvant induced strong
OspC-specific antibody responses in total immunoglobulin level
(Ig total) and 1gG1 isotype, the response in complement-activating
IgG isotypes (lgG2a and 1gG2b) was only modest ln comparison
with AIOH, the synthetic adjuvant MTO0E when combined with
ridspC proteoliposomes induced a strong OspC-specific response in
Botypes lgG2a and a lower one in 1gG2b (Fig. 6B). The application
of another synthetic ad juvant MTO5 was associated with dominancy
of OspC-speafic lgG3 and lgM isotypes (Fig. 68). Furthermore, we
ompared responses o synthetic norAbuMDP adjuvants with the
response to rlspl proteoliposomes plus MDP. The latter one elicits
the strongest OspC-spedfic antibody response in 1gG2b and a litte
bit lower one in lgG2a isotypes (Fig 6B

Borrdiacidal imrmunoglobuling act both in complement-dependent
and complement-independent manne, In mice complanent-acivating
antibodies are of 1gG2a and lgt2bisotypes. The availability of an immu-
nization system which could simply change the sotype of the elidted
antigen-spealic immunoglobulin provides an advantage for futher vac-
ane development. Here, we reported that the combination of rOspC pro-
teoliposomes with MTO5 or MIDE aduvants induced damatic changes
in OspC-spediic antibodies of isotypes — 1gG2a and 1gG2b dominating
after MIOG6 adjuvant application whereas IgM dominated after MI05
application. The observed capacity of noved MTOS5 and MTD6 adjuvants

in combination with rOspC proteoliposomes to change the sotype of
OspC-specific antibodies is in contrast to the immunization experiments
reported by other groups. They observed an induction of OspC-spedfic
antibodies predominantly of lgM or lgG1 isolypes [21.23,24,26].

3.5 MDOF analogpues as aduvanis

Some lipophilic derivatives of MDP like B30-MDP and MDP-Lys
(L18) were synthesized and tested as adjuvants for recombinant hep-
atitis B surface antigen [27] or influenza surface antigens hemaggluti-
nin and neuraminidase [28). We used new synthetic nonpyrogenic
lipophilic analogues of norAbuMDP modified at a peptide part by
two different hyd rophobic ligands (Fig. 1) For the first ime, these de-
fined synthetic molecules were used in combination with metalloche-
lating liposomes to construct an experimental recombinant vaceine,
The important finding was that both MTD6 and MT05 adjuvants
exerted a high adjuvant effect comparable or better than MDP but
proved itsell as nonpyrogenic (rabbit pyrogenicty test) and safe
While alum induced a stronger antibody response in lgGl subtype,
both MTOG derivative and liposome-MDP induced a stronger immune
response in both 1gG2 subtypes. Interestingly, in comparison with
MTOE, the analogue MTO5 induced a stronger response in lgGl and
lgGG3 subdasses and lgM subtype. This interesting fAinding points out
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the effect of lipophilic residues, which could not be supposed as the
only accessory part of the molecule but can significantly affect the
quality of the immune response. The position (peptide or sugar
part) and the character [ hydrophobicty and bulkiness ) of the lipo-
philic function can affect the interaction with appropriate receptors
as well as the metabolic degradation of the molecule. This aspect
has not been deseribed in the literature yet and is of interest for our
understanding of the mechanism of action.

26, Boreliosts and Ospl antigen

It was reported that the immunization of mice with non-lipidized
DspC in strong adjuvants [ FCA, TiterMax, or Alum) could induce in-
tense OspC-spedfic antbody responses [24,25 29]. Here we demon-
strated that a similady strong response could be elicited by the
immunization of experimental mice with rOspC proteoliposomes
with entrapped lipophilic derivatives of notAbuMDP. Furthermore,
MTOG induces OspC-specific antibodies isotypes associated with
compleme nt-dependent bactericidal activity (1gG2a, 1gG2b) whereas
MTDS induces preferentally OspC-spedfic lgM isoty pe, described ear-
lier as bomeliacidal mouse immunoglobulins [26] Recently, immuni-
zations of experimental mice with chimeric fusogens consisting of
surface-exposed variable A, B, D, and K or A, B, C, DLE, I K. and N
types of OspC fragments from 130 to 201 aa regions of B. burgdoifer,
B gorinit, and B. afeii plus conserved C terminal region were pub-
lished [242529-31] The selected epitopes represent highly diver-
gent immunogenic OspC regions which are recognized during the
infection with respective Borrelia types [2532]. It would be interest-
ing to test, whether the immunization with aralogous chimeric anti-
gens formulated in proteoliposomes with appropriate adjuvants
could eliat OspC-specific isotypes as described in the present study.

3.7. Metalochelating Eposomes as carriers for an antigen

Both hydrophobic and hydrophilic protein or peptide antigens can
be associated with hposomes. Generally, antigens can be associated
with liposomes in two ways and it is known that the encapsulated
and the surface-linked liposomal antigens induce distinet humoral
[33] and cellFmediated immunity [34]. The entrapment of an antigen
into the aqueous space of a liposome protects the protein or peptide
antigen against proteolytic degradation and decreases antigen clear-
ance. On the other hand, liposomal membrane represents a barrier
restricting the interaction of the antigen with and its recognition by
B-cells, Especially, the stable multilamellar liposomes were found to
be low immunogenic [35] and the antibody response reached is low
or absent when the iposomes are made of lipids with a high transi-
Hon temperature, in other words composed of saturated phospho-
lipids [36]. These liposomes are very stable in body fluids as well a
in digestive tract and prevent a release of the entrapped antigen.
Also the interaction of the encapsulated antigens with B-cells is limit-
ed. The fluidity of liposomes was found to be an important parameter
also for the immune response towards a surface-linked antigen.
Again, more fluidic liposomes composed of unsaturated phospho-
lipids were more efficiently phagocytosed by APC and induced a
one-orde-of-magnitude higher immune response than rigid lipo-
somes composed of saturated phospholipids [37]. The development
of an effective varcine reguires a preserved native conformation of
OspC antigen. Therefore, the mild conditions for binding the protein
onto liposomes by metallochelation are a suitable approach to fulfill
this requirement. Further, it was shown that the protecivity of re-
combinant OspC solated under native condiions differs from that
one obtained when denaturing conditions are applied. The immuni-
zation with overheated or chemically denatured OspC elicited OspC-
specific antibodies but the animals were not protected against tick-
transrutted Borrel@a infection. In the cse of native recombinant
OspC, both N and € termini were identified to be invalved in the

indudtion of protective borreliacidal antibodies [29]. During the infec-
tion, human produces a high concentration of borreliaddal antibodies
spedfic to the conserved C' terminal region of OspC [38].

3.8 Berdin test for tosdcity of various vaccine formulations i mice

Balbyc mice untreated and treated with empty liposomes were
used as controls. Mo typical sings of toxicity according to the Berlin
test of general toxicity, e, motoric disorders, respiratory problems,
apathy, horrent fur, behavioural changes, anorexia and loss of body
mass, were observed immediately after the application or during
the post-vaccination period on either mice. Mo morphologial
changes of inner organs were observed after dissection and micro-
sopic examination. The safety data is in good accordance with the
data published by us ako for the experimental metallochelating
liposome-based rHSPI0 vaccine [7].

29 Pyrogenicity tests on mbbirs

In contrast to MDF, both tested derivatives MT0S and MTDG
passed the test and were proved to be non-pyrogenic (Table 2).

Recenty, the mokecular bases of MDP action on the immune sys-
tem were uncovered shghtly. Two intracellular receptors of MDP
that belong to NOD family were determined. NOD2 is a general intra-
cellular sensor of Gram-posiive and Gram-negative bactena and
plays an essental role in intestinal mucosal immunity, [39,40]. This
receptor recognizes MDP as the minimal motf in all peptidoglycans.
MOD2 is expressed in nyeloid lineage of immune cells like mono-
cytes, granulocytes, neutrophils, and also in dendritic cells. The ex-
pression in dendritic cells & of importance with respect to the
application of MDP analogues as adjuvants. Another recently reported
sensor of MDP s cryopyrin ( also known as CIAST and NALP3 ), which
i5 a member of the NOD-LRR family [41]. Gyopyrin is a part of the
inflammasome complex that is responsible for the processing of
caspase-1 toits active form. Caspase-1 cleaves the precursors of inter-
leukin IL-18 and IL-18, thereby activating these proinflammatory cy-
tokines and promoting their secreton 1L-18 & known as a strong
endogenous pyrogen induced by MDP. We showed that nocAbuMDP
analogues were not pyrogenic ( Table 2], even if a high concentration,
much higher than the concentrations used for vacination was ap-
plied. We supposed that the modification introduced into the struc-
ture of MDP to get norAbuMDP analogues had not changed their
affinity to MOD2 but had substantially decreased the affinity to cryo-
pyrin. This hypothesis is in accordance with our data on pyrogenicity
( Table 2} and data published for murabutide as another nonpyrogenic
derivative of MDF [42].

4. Conclusions

The development of a recombinant vaccine against Lyme disease
i% a difficult task. We have shown that the preparation of delipidized
rOspC can significantly improve a yield of this antigen, which is a cru-
cial step for the preparation in the industrial scale.

Recombinant rOspC with His-Tag is easy to purify by metalloche-
lating chromatography and the His-Tag could be used also for a
non-covalent coupling of rdspC antigen to the metallochelating lipo-
somes, Again, thisstep is applicable to a large-scale preparation of the
vaccine in the future.

Table 2
Pyragenidty ol MOP and morAbuMDP malogues.

Testad com pounds

Liposomes Fres MOP MTS MT06
AT, "C 02 27 23 as 04

Lipaganmal MDP
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In general, recombinant antigens are weak immunogens, hence,
some adjuvant & necessary to induce a strong and directed immune
response. In case of rOspC, the Thl response provided by lgG2 anti-
bodies is required. Monpyrogenic lipophilic derivatives of norAbu-
MDP have been shown to be potent adjuvants for weak antigens
like rspC and are suitable adjuvant components for the construction
of vacdnes based on a liposomal platform. Adjuvant potency of these
analogues & comparable to that of MDP but these analogues lack side
effects like strong pyrogeniaty and Mu-like syndromes related to MDP
o other MDP-based derivatives. The Thl response induced by the
tested derivatives is comparable to that of MDP, however, it is higher
than that of AIOH adjuvants. The most important observation was
that in all the vacdnated animals, the metallochelating liposome-
based vaccines did not induce any side effects.

Altogether, the metalochelating liposomes in combination with
lipophilic norAbuMDP dedvatives mepresent a novel platform for the
construction of synthetic recombinant vacones.
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ABSTRACT

Purpose The aim of this work was to demonstrate an
immuncstimulatory and adjuvant effect of new apyrogenic lipo-
philic derivatves of norAbuMDP and norAbuGMODP formulated
in nanoliposomes.

Methods Manoliposomes and metallochelating nanoliposomes
were prepared by lipid film hydration and extrision methods. The
structure of the liposomal formulation was studied by electron
microscopy, AF micmsmopy, and dynamic light scattering. Suble-
thal and lethal y-irradiation mice models were used to demon-
strate stirmulation of innate immune system. Recombinarnt HspS0
antigen (Candida albicans) bound onto metaliochelating
nanoliposomes was used for immunsation of mice to demon-
strate acjuvant activities of tested compounds.

Results Safety and simulaton of nnate and adaptive immunity
were demonstrated on rbbits and mice. The lposomal formulation
of norAbuMDP/GMDP was apyrogenic in rabbit test and lacking
ary sde effect in vio. Recovery of bone mamow after sublethal y-

Eledronic supplementary material Tre orlne verson of ths arice
(daiz 10, 100751 109501 4-1 51 &) contins supplementany maena, which &
avalable to authorized wsers.

iradiation as well as ncreased survival of mice after lethal iradiation
was dermanstrated. Enhancerment of specific immune response was
demonstrated for some derivatives incorporated in metallochelating
nanclposonmes with recombinant Hsp0 protein antigen.
Condusions |posomal formulations of new lipophilic derivatives
of norAbuMDP/GMDP proved themselves as promising adju-
vant for recombinant vaccines as well as immunomodulators
for stimulation of innate immunity and bone-marrow recovery
after chemavradio therapy of cancer.
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Immunostimulation activites of norAbuMDPGMDP Molecular Adjuvants
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DiLs Drynamic light scattering

DOGS-NTA-MNI |, 2-Dicleayl-sn-Glycero-3{[N
(5-Amino- | -Carbosypentyl) iminodiscetic
Acid] Succiryl] (Micked Salt)

EM Electron microscopy

EPC Epg phesphatidylchaline

GM-CHZ Granuacyte-monocyte colony-forming cels

E-DAP y-D-glutamyl-meso-diaminopimelic add

MOP Murarryl dpeptide

MTP-PE Murarryl tripeptide
phosphatidyl ethano larmine

MTOI —MTOB  Lipophilic derivatives based on
norAbuMDP and norAbuGMDP

MNALP3 NACHT LRR and YD domains-
containing proten 3

NCD nuckaotide-binding oligormearzation domain

norAbuMDP MarMurhbe- L Abu-D-Gin

norAuGMOP  NorAbu-glucosaminylmuramyl dipeptide

POPG | -palmitoyl-2-oleoyl-sn-ghyeero-3-
phospho-{ | -rac-ghycerol) (sodium sait)

rHsp20 Recombinant Heat shodk protein 90

SEC Size exclusion chromatography

TLR Tolldike receptor

INTRODUCTION

The immunostimulatory or adjuvant-bke actvity of the pep-
tidoglycan component of bacteral ol walls has been known
for a long tme. The minimal soructirl slement of peptdo-
glycan with adjuvant and immunomoduolatory activity is
muramyl dipeptide (MDP [1]. Regrettably, a broader us of
MIDPs in medicine has been hmited by some und esimble sde
reactions including Fever, nausa, hyper- or hypotension,
thrombocytobyas, local necrosis, and haemomhages, develop-
ment of granuloma at the ijection site, and induction of
auwtoimmune diseases [2, 3]. More than one thousand
MDFP dernvatives have been synthesized in the search for
powerful stimulamts of innate immunity (aguinst cancer,
bacterial and viral infections [4-6]) and of adpreants
enhancng specific antibody responses plus specific cell-
mediated immunity (CMI [2, 7-9].

In spite of the enommous effort of many sbentss and the
phamaceutical ndustry, only one denvative has recently
reached the stage of cimcal apphabon. However, the ade
effects were not suppressed. Mifarurtide (liposomal muramyl
tripeptide phosphatdylethanolamine, MTP-PE) is a non-
specific immunomodulator, which can enhance the effects of
the standard chemotherapy of osteomircoma patents, but is
not free of severe side effects [10, 11]. On the other hand, new
lipophilic analogues based on norduorNAc-L-Abu-D-i(G In
(morAbuMIP) [12, 13] have been synthesized (Fg. 1), and
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compared with MDP, these analogues appear to exhibit
immunostimulatory activiies with suppressed pyrogemity.
With respect to intended application of these analogues, we
recently selected liposomes as a platonm delivery techniology
for the construction of immumomodulatory prepamatons and
liposome-hased vaccnes [14-16].

In this work, we now summarize our long-term effort to
design and synthesse effective and safe synthetic pophilic
norAbu-MDP and nocAbu-ghicosami mydmuranyl dipepade
(GMDP) based immumomodulators for formulaton into two
types of liposomes for the construction of recombinant vac-
cnes amd preparations applicable to simulate inmate

irmmumity.

MATERIALS AND METHODS
General

Egg phosphatidylcholine (purity of 99%), 1,2-Dioleoyl-
sn-Glycero-3-[[N (5-Amineo-1-Carboxypentyl)
iminodifcetic Acid] Succinyl] (Nickel Salt) (DOGS-
NTA-Ni) lipids were purchased from Awvanti Polar
Lipids (Birmingham, AL). Membrane filter Anotop 10
jpore sme of 20 nm) and Anctop 100 LOC (pore sze of
0.2 pm) were purchased from Whamman [Maidstone,
UK. All other chemicals were from Sigma (5t Louis,
MCY, unless else specfied.

Characterization of Lipesemes by Transmission
and Seanning Electron Microscopy

The structure of the liposomes was determined vang Phalips
Morgagm transmission electron microscope (EM Philips
208 5, MORGAGNI software, FEI, CZ). All samples were
negatively stained with % (w/w) ammonium molybdate
(pH 6.8). Scamming electron microscopy was performed on
Hitachi SUT 8010 (Hitach, Japan). Samples were coated by
Pt/Pd in the Cresangton sputter coater 208HR (Cressngron
Scenthic Ingruments Lid, UK) and observed at the magnifi-
cation of 600 000, 15 kV.

Atomic Force Microscopy (AFM)

The topography of the lippsomes and protecliposomes was
nvestgated by atomic force mcroscopy . The AFM measure-
ments were pedformed with NTEGRA Poma NT MDT
system (Ireland) under ambient conditions, The tp-sample
surface interaction monitored the van der Waals force be-
tween the op and the surface; this may be either the short-
range repulsive force in the contact mode) or the longer-range
attractive foree (in the non-contad appng mode). The AFM

measurements of the metallochelation liposomes and
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proteoliposomes were performed using the tapping mode.
Each mample was scarmed under the soft C5G 10 type of
probe. The tapping mode consisted of oscillatng the cantile-
verat its resonanoe frequency (1428 kHe) and hght “tapping™
the tip on the surface durng scanning,

Syntheses and Characterization of MDP Analogues

The syntheses of lipophilic demvatves based on nor-AbuMDEP
and nor-AbuGMDP coded as MT01 - MTOB) and the
confirmaton of their structures are described in patent coop-
eration treaty (POT) by Ledvina and co-workers (Ledvina M,
Turanek J, Miller A, Hipler K. US865304% B2, EP
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MTOR

2271661 B3) (Supp. info section D). The stroctural formulae

are presented in Fig. 1.
Recombinant Antigen rHsp%0

Recombinant (r) HspS antigen was prepared nang cDNA
fromm a climical isolate of O albicans as reported elsewhere [17].
cDNA was used for the construction of prokaryote expression
vector allowing the expression of tHsp®0 both (- and N'-
terminally fused with His-tag in E cofi. Endotoxin was re-
moved by successive two-phase separation with Triton
X-114 as descobed elewhere [18]). The entire procedure
was repeated unbl the endotman level was helow 0.25 EU
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per 1 myg of protein (measured by Limulus amebocyte lysate
according to FDA guidelines). Punty of the protem was above
95% (SDS PAGE),

Preparation and Characterization of Liposomes

Liposomes were prepared by the method based on hyd ration
of a lipid film followed by extrusion through 0.2 and 0.1 gm
polycarbonate filters in an analogous way to that described
previously [19]. The hand-operated device Mini-Extroder
(Avant Polar Lipids) was used for the extrusion of small
volumes of Eposomes (up to 1 mll Large volumes of the
liposomes were extruded by means of a high-pressure cell
Millipore, Billerica, MA) linked with FPLOC instrument
(Pharmadia, Uppsala, Sweden). Lippsomes with imrmuno-
modulators were composed of EPC/POPGAmmumomodue-
lator at the moar ratio of 76195 mol%.

Metallochelating nanoliposs me-hased tH=p®0 vaccine was
prepared and charactenzed as recemtly descobed by our
group [16, 20].

Characterization of Micelles and Liposomes by DLS,
AFM and EM

The size distrbubon, seta-potental and stuchres of vanous
liposomal preparatons were analysed by dynamic lighst scat-
tering (DLS), Atomic force microscopy (AFM) and electron
microscopy (EM) (supplementary matenal, sechon A, B

Test of Pyrogenity and Side Effects

Standard pyrogenity test on rabbits was used o prove the
safety of ipoamal adjvants. The test was camried out in the
awthorized laboratory ITEST Phs sr.o. (Bile Vohymice 10,
333 13 Vipno u Preloute, Czech Republic) according to the
Czech Pharmacopoeia 2005, Detalk are described in the part
C of supporting information.

Stimulation of Hemopoiesis in Vive in Sublethally
Irradiated Mice

Administration of Tested Compounds Prior to Sub-Lethal
Irradiation

ICR mice (female, age of 3 months, 34 per group) were
simulated by e admimstranon of a tested prepamatons (va-
ume of 200 i1, 100 mmol per dose) 24 h poor o sublethal -
irradiation (6 Gy, ey y-ray source Chisostat (Chirana Lud.,
Czech Bepublc) at the dose of 0 285 Gy/min) After 13 days,
the mice were mcrificed and the recovery of grmnulocyte-
monocyte colony-formmyg cells (GM-CHFC) m femur was
assayed by counting of colomies (CFC) grown up afier cultiva-
tion in mediom [21].
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Administration of Tested Compounds after Sub-lethal [rradiation

The tested preparations (volume of 200 ul, 100 mmol per dose)
were administered 24 hoafter the sublethal yarmadiaton § Gy)
and the effect was evaluated according to the same expenmen-
tal protocol as descobed above, The statistical sigmificance of the
change of hemopoietic parameters was calculated by one-way
analyas of variance. The Newman-Keuls test for the mmpan-
son of all pairs of oolumns and the Dunnett test for the com-
parson of all columns with the comntrol colurmn were used m the

MNon-irradiated mice served as a control for normal GM-
CFC count in femuor. PBS and plain kpossmes were used as
controls for spontaneos remvery. Liposomal MDP was used
as areference standard.

Protection of Mice Against y-Irradiationdnduced Death

Partcular preparatons (volume of 2000 11, 100 mmol per dose)
were applied to ICK mice (female, the age of 3 months, 10
mice per group) by s route 24 h prior o imadiagon (radis-
aon dose of 10 Gy). PBS and plan liposomes served as
negative controls, free and liposomal moramyl dipeptide
(MDP) served as positve controls. The methodologioal detals
of the model were published by Turanek and Kasna [21, 22].

Immunization and Adjuvants

Mice were divided into & groups, each of 5 animals, and
irmmumized by two (priming, booster) 14, applications of fHsp0
20 pg per dose, vaoines fommulated in apyrogenic PES (phos-
phate buffered saline, pH 7.2) incorporated m metalloche laton
Iiposomes with different MT adjinants) as indicated m Tahle L
The volume of each dose was 50 ul, the mterval between
priming and booster was 14 days Complete Freund's adjovant
{CFA) and alummium hydrosade (Biovets, hranovice na Hane,
Crech Republic) were used as adjinant controls.

The animal expenments were approved by The Ethics
Committees (Vetermary Research Institute, Bmo and Palacky
Universty, (Momouc) and were done according o the princ-
ples emmiciated inthe Guide for the Care and Us of Labora-
tory Animals (Czech Society for Laboratory Animal Science).

rHsp90-Specic Antibody Response

rHspH-gpedfic serum antibody levels were determined by
ELISA. Sera were collected from the expenmental mice
1 day hefore boosting (post prime ) and 14 days afier boosting
(post boost) by taikvein incsion. For individual sera, all assays
were performed in tnplicates. 96-well microplates (Nalge
Nunc Intemational, Rochester, NY) were coated with 100 ul
of 1 ug/ml rHsp30. Bound antihodies were detected with
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Table | Composifion of rHsp?0 Immunizaton Protocoks Tested in this

Expearimant
Gmoups of 5 mice Compostion per ane dose (30 ul)

HpP0 AKDH Liposome CrA MDP

W ) ol ipid g () deriva g
PHS (oontmd) - - - - -
rHp A0 0 - - - -
Lip-h-rHsp0 0 - 35 - -
rH A0 AKCH rin} 125 - - -
A0 CFRA 0 - - 5 -
Lip-herHsp?0 MTOI 20 - 35 - o
Lip-MErHsp20 MTOZ 20 - 35 - 205
Lip-herHp@0 MTOE 20 - 35 - 1.69
LipMErHspR0 MTO4 20 - 35 - 14
Lip-MErHsp20 MTOS 20 - 35 - 1.98
Lip-MerHsp?0 MT0e 20 - 35 - 154
LipMe-rHspR0 MTOF 20 - 35 - 141
Lip-hEHsp?0 MOP 20 - 35 - 1.6

The dose of MDF dervaives is equivalent to 2.2 nmal per mouse

CFAand AIDH (Bovei, hanovice na Hand, Crech Repuibic) were used as
pesitve controk. The antigen fomulation was prepaned agoeding to manu-
factures’s natruckors. The FCA formulaion wes prepared by mising the
antigen weth CFA (50/50 wi), the Alum formulation was prepared by moéng
the antigen with Alum (73/25 wh). MOF MTOI to MTO7 were added in
equimalar amounts, 9.3 nmol per dose. The Bposomal formulations
contaned EPCPOPGDOGE-NTAMN (7&/19% ma) or EPCPOPGS
DOGENTAMNMDP or MTOI to MTO7 adunants (7171950 mof)

horsradish perocddase-labelled goat anti-mouse LgG+ Ighd +
IgA (I total*) (MP Biomedicak, Solon, OH), goat anti-mouse
Ig(sl MP Biomedicals, Solon, OH), goat ant-mouse Ig(2a
(Bethyl laboratones, Montgomery, 1TX), mbbit anti-mowse
g2t (MP Biomedicals), or goat antianouse IgG3 Bethyl
lahoratories), (MP Biomedicals, Solon, OH) and developed
with O-phenylenediamine plus Hy(ly subsmate. The reaction
was gopped with | M ailphun c acdd and the absorbance was
read at 490 nm. For antigen-specific ELISA, the results were
expresed @ mean end-point titre plus S using Gend Sofi-
ware [release 2, BioT ek Instruments, Vermont, USA).

RESULTS

Test of Pyrogenity and Safety of norAbuMDP/GMDP
and its Lipohilic Analogues

Intravenous Administration

The pyrogenity of free analogues was tested. In comparison to
MDP, norAbuMDP exerted a suppresed pyrogemcty owing
to the structural changes in the maecule Table I However,
at higher doses (200 and 1,000 nmol per kg, this compound
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was proved to be pyrogenic similardy o MDP, Contrary to
norAbuMDP, norAbuGMDP as well as the hpophihic ana-
logues of both parent compounds were completely non-pyro-
gemic, even at higher doses (Tahle IT).

Subcutaneous Administration

Pyrogenity of hposomal formmuktgons of MDEP and hpophilic
dernatives was tested. A standard pyrogenity test (modified
for 5. application) was performed with rabhits It showed that
hoth free and hiposomal MDFP were pymogenic. Sum + AT, .,
(3 rabbats per group) was 2.7°0C and 290, respecovely.
Sum+ AT ., for plain lippssmes was 0.2°C. Both liposomal
and free nor AbuMDP, nocAbuGMIDP as well as their lipo-
philic denvatives MT were within the range of sum+ AT ., of
0.4 = 0.6°C. Hence, these analogues were clasified as non-
pyrogemic (Table II). Pyrogemity data obtamed after to. and
5. applicaton of the tested compounds are i a good accor-
dance. No adverse or toxic effects were observed for
norAbuMDP, norAbuwGMDP and their lipophilic demvatives
MT in mbbits during a two-week period.

Recovery of Hemopoiess (GM-CFS in fermur)
in Sublethally Irradiated Mice (6 Gy)

Lipaphilic MDP Analegues Administered 24 h Prier to Irradiation

Compared with controk at the 15th day, all the tested com-
pounds improved the recovery of hemopoiesis. MT02 im-
proved the recovery process only slighdy, MT04 reaslted in
nearly 75% of normal level and MT05, MT06, M'T07, and
M108 mduced recovery to nommal level comparable to the
level of nonarraduated control. The effect was mmparable to
liposomal MDP Fig 2a) In contrast, free MDP affected the
recovery only neghgibly (remulis not shoze).

Lipaphilic MDP Analogues Administered 24 h After Irradiation

Compared with controk at the 15th day, all the tested com-
pounds improved the recovery of hemopoiess. MT02 and
MT07 surpased lposomal MIFP and induced recovery to
normal level (comparable with non-irmdiated controls, G
p<0.01), MTO4, MT05, MT06, and MT08 resslted in about
50 = 60% of normal level. The effect was comparahle to
liposomal MDP (Fig. 2h).

Survival Curves of Lethally Irradiated mice Stimul ted
by Various Lipesomal Preparations of Lipophilic
Analogues of MDP

As for subdethal irradiaton applied afier priming the mice
with the test amalogues or controls, the hest pedormance was
found with analogue MT05, followed by the pedormance ofa
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“middle field” of other analogues. Oherall protedive effects
were found in the case of MT01, MT02, MT05, MT06,
MI07, and Eposomal MDP (30-60% sunavors). However,
neither analogue MT04 nor free MIDP showed any protective
effects (Fig. 3).

Structure of rHsp?0 Metallochelating Liposomes

Structures of metallochelatng Eposomes and protedipossmes
were studied by means of size exchsion chromatography
(BEC), tamsmision electron microscopy (TEM) and AFM
mucroaopy. All these methods clearly showed the molecules
of rHsp 90 bound onto the surface of ipossmes Fig, 4) leading
to an increase inthe hydrodynamic rada of the liposomes as
confirmed by dynamic ight scattering (el nof sheen)

Induction of Adaptive Immunity
Imrune Response

Candida rHsp30 with varous lipophilic analogues of
norAbuMDP and norAlwGMIDP formulated into liposmes
was tested for immunogemcity after intradermal admimstra-
gon i mice. End-point gters of Hep30-specfic antibodies (Lg
total) were measured by ELISA (Fig. 5a). As a posive control,
non-liposomal formmkatons of tHsp®0 with Alum (aluminimm
ydroodde) or complete Freund'’s adjuvant (CFA) were tested
in separate groups of mice. Also rHspH was tested without
adjwvant present either as soluble protein or in the form of a
protecliposome (Lip-Ni-rHp®0) The hghest lg tires were
ohtamed afier the second immunization (post boost) with
rHsp®0 plus Alum or CFA. Both approaches elicited detect-
able antibodies even after the first immumization post prime).
Among the tested MDP analogues, the strongest HspB0-
specific antbody response was detected for MT03, and a
rather lesser response for MT07, MTO6, and MT05, The
effect of other MDP analogues was comparahle to rfHsp
or Lip-Ni-tHsp®). These compounds, especally MT0D2,
MI104 and MT0DI, even showed some suppression of the
elicited spedfic respons. In the group of mice mmunized
with Lip-MNi-rHsp 90 plus MDP, only moderate Hsp®0-gpechc
antibody responses were elicited. It should be enphasized that
no side effects were recorded post administration of
norAbuMDP, norAbuGMDP, or analogues (MTO1 -
MI107) formmulated into rHspH protediposomes, In contras,
serious local inflammaton, mduration, ulceration and/
or necrosis was found typically in animal skin at sites of
CFA applicatons (whether or not co-administered with
rHsp®) antigen protein, data not shown) while admin-
israton of rH=pS0 plus MDP adjuvant led to local imitation
in mice.

Furthermore, the effect of parimlar MDEP analogees on
the magmitude of rHsp®0-specific Ig(s imtype tters (gl
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Fig. 2 Recovery of hemaopoiess a
{GM-OFC in femur) in sublethally
imadiated mice (& Gy). KR mice
(fermnale, zpe of 3 manths) were
stmulated by s.c. appication of the
lposomal dervatves MTOM

(200 g4, 100 nmol per dose) 24 b
before (Fig. 1A) or after (Fg. 2 B)
sublethal y-imadiation (6 Gy). The
mice wene saorived at the | 3th day
diter the Imadation and the
recovery of GMECRC infermur was
assayed by counting of colonies
(CFC) fommed dfer e astvationin
used =5 a control for nomal G-
CRC count in femar. PES and
emply Bposomes weare wsed as

controls fior sponEnecUs recoveny:
Liposomal MDP was the pogtve
reference standand.
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Ig(32a, Igls2b and Ig(:3) was measured by ELISA to asess
the Thl/ThZ-type polanzation (Fig. 5h). For each of the
tested nor AbuMDP and norAbuGMDEP analogues, substan-
tially different Hep30specific antibody tters in lg(i2a and
IgGZb (Thl) merus Ip( 1 (Th) isotypes or g3 mtype were
detected. Data illustrate that some MDP analogues were
optimal in ehcitng Thl-type rHspS0spedfic immune re-
sponses and others in elidting ThZ4ype responses. It should

he emphagzed that LipNicHsp®0 formulated with MDFP
amalogues MT03, MT0O7 and to a lesser extent MTD6G,
MT05, and MT02 exhibited the capacity to elicit substantial
rHspH-=specfic tters in lg(i2a and lp(i h sotypes indicating
Thl polanzation of the specific immumne response, CFA with
rHspH) ehoted lgli2a and Igl2h antbodies even more ef-
fectively, however, due to its unacceptable adverse effects it
was removed from companson, On the other hand, Alum as

Fig. 3 Suvial curves ofimadiated 1ae —
mice simuiated by vanous an =4 1
Iposoma prepaatons of ipophific —]
analogues of MDE The mice of ICR a0 = -= conirol PES
stran, female, the age of 3 monfs. "% '_"_n—__i —— Bf‘hp‘lyr pasomes
The preparatons were appiied s — %o == lip. W70
24 h balore y-iradation (10 Gy} 2 an ,_p—l:l I — lip.MTO2
E - : -0 lip. MT03
ol 1_ =—[—T—a—a—c —— lip. MTO4
E an - - = lip.MTOS
- T = lip.MT0E
* w I I—-—-—- = lip.MTO7
] = free MDP
= i MOP
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Fig. 4 Sruchure of
meetaliochebting Bposomes. and
protealiposomes revesled by TEM,
SEMand ARM. (al ) Schematc
presentafion of a metalinchdating
posome with metaliocheatng
pics ard inmeporaed ipidzed
nardbuMDP malecuies. (@) TEM
photograph of a matallochalating
posome with metaliocheating
picks ard inmeporaed ipidzed
norAbuMDP malecuies. (a3) 584
phatogaph of a metalodhdating
Dosome with matalincheating
pics ard inmeporaed ipdzed
nordbulMOP molecuies. (a4 ) AR
phaotogaph of a matalocdheatng
posnme with metalincheiating
pids ard inmeporaed ipdzed
noAbulMOP molecues. )
Schematic presentation of a
metlochelting Eposome (@l ) wih
rHzpP0 bound via metdiochelaing
bond. (b2) TEM phatagraph of a
meslocheiting Bposnme with
rHap?0 bound via metdiodeiating
bond. (b3) SEM phoograph ofa
meteiochelting Bposome with
rHsp%0 bound va metdiodhelaing
bond. (b)) AFM phatogranh of
metliochelting Bposome with
rH?0 bound via metdiodelatng
bond. The amows mark fe
maienies of Bposoma
surce-bownd fHsp0.
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the only diniaally applicable adjuvant was ineffectve neliciting
both Ig(:2a and Lg(:2h sotypes. For elicting IeG], the most
effective immumization was Lip-MN-rHp®0 with MT03 and
MT07 and to a lesser extent MT05 and MTD6. Furthermore,
Ig(53 rHpH-spedhic tters were effecovely ehicted by Lip-MNi
Hp 90 formulated with MT035, MT05, MT06, and MTO7
and o a Jesser extent with MT04, The IgG3 tters obtaned
were comparable with those detected for rHsp30 plus Ahmm.

ﬂ Springer

mmunized by intadema adminsbraiion of vanouws formulaions of -0 as
mclicated in Tbie | PES was adminstered 10 the negative contol graup. The
rHsp?0 represents free soluble rHsp?0; Lip-ME-rHsp?0 represents
metalindhelting iposomes with bound riHspR0; rHR0 AIDH represents fee
sofuble g0 with Allm; iHsR0 CRA represents free solubie ri-kpP0 in 509%
Complate Freund's adpvart; Lip-MNerHsp®0 MO, Lip-MNerHsp®0 MTOZ, Lip-
MErHep?0 MTO3, Lp-hewHsp?0 MTO4, Lip-ha-Hsp20 MTOS, Lip-ha-
rHsp?0 MTO6, and Lip-Mi-rHsp?0 MTO7 represent metallochelating
posomes with rHp?0 and a respedive pophiic nor-AbuMDP or nos~
AbuGMDFP analogues of MDP; Lip-Mi-rHsp?0 MDFP represents
rrtliocheltng Bposones with rHspS0 and free MDE HeP0-pedic G+
kg +ligh antibody (i totl) tires were mesured | day before e second
mmunizaiion (post pime) and |4 days afier te second immunizaion (post
bocst) by BLISA in mipiates. The resus ae eqresed as fe maan and-pont
fire and 30 for eath expeimental group. (b) Bact of MDF andiogues on
HenR0-spedfic mowse G Bolypss after mmunizaton. Bxparmental mice (5
per group) were immunized by ntradermal admenstration of vanows
formulatons of iH?0 = indeaed in Bbe | PES wa adminstered to the
regatve contol growp, The iHspS0 represents free sohuible rHspR0; Lip-hE-
rHpP0 represents metalochelaing liposomes with bound  AH0; rHpS0
AOH represents free soluble rHgpP0 with Aim; rHsp?0 CFA represents fee
sohublerHp?0 in 50% Compiee Fraund's adiuant, Lip-hi-Hs?0 MTO1, L
MerHep?0 MTO2, Lp-herHsp?0 MTO3, Lp-he-Hsp?0 MTO04, Lip-ha-
rHgp?0 MTO5, LipherHsp®0 MT06, and LipMNerHsp®0 MITOT represent
meslochelating Bpcsomes with rHspP0 and 2 respective Bpophilic nor-
AUMDP or no-fouGMDP andogue of MDP The HspP0-spedic g5,
lpGla, lpGib, and Q3 antbody fres were magsuned |4 days ater e
second memunizaton (post boosting) by ELSA. The resus ae eqesed &
e mean end-point tires and 50 o each aspesmentd group.

Moreover, no toode effecs scored by the test of general
toxicity (Berin test: including motonic deorder, respiratony
problems, apathy, horrent fur, behavioral changes and loss of
houcly muass) were recorded m mice treated with the experimental
vaocines contaming norAbuMDEP or norAbuGMDEP lipophic
dervatves, The test was complemented by dissection of the
euthanzed ammals and mspection of their organs
(weighing, rmeroscopic observation of morphological changes)
(remulits mot shaon)

DISCUSSION

Several MDP analogues and related compounds such as
stearoyl-MDP derivatives, MTP-PE, FE565, FK156, and
RPM0639, murabutde and MDP (thr) have been reported to
stimulate the host innate immune system against bactenal
infections in experimental models [23, 24].

MDP-Lys (L18) (Romurtide) appeared on the market in
Japan, and was widely apphed to cancer patients, previoushy
reated by radiaton thempy, in order to regore white blood
cells The most commaon side effect of Romurode admimsta-
tion was fever that was controlled by antpyretics. Cther
side effects, such as local reactions at the injection site, were
tramsent [25, 26].
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Another MDP analogue (MTP-PE, Mifamurtide) was ap-
proved for combined chemotherapy and immunotherapy of
osteosarooma. As shown in chnical trials, adminstration of
MTP-PE was asnciated with hypersenstiaty reactions along
with pleural and pencardial effusions, seizures, and muscle
spasms. Severe hearmg loss occured m 12% of the
Mifamurtde-treated patients semws 7% of other patients
expenencing a pure chemothermapy regime [11]. The side
effects mentioned above are tolerable for treatment of cancer
but not for the applicaion as adjivants in prophylactic vac-
cines, This is the reason why no MDP analogue has been
approved as an adjuvant yet.

Pharmaceutical Formulation of Lipophilic Analogues

The main goal in preparing various MDP-hased therapeotic
liposome formulations was o target adpnants © enter rele-
vant immune cells like denddtic cells or macrophages and
combine with intracellular receptors, The lipophilic modifica-
tion of MDFP and its analogues represents a common ap-
proach for the improvement of their pharmamkdnetica O
the other hand, the addibon of a hpophibc maety to hydmo-
philic ghycopeptide core results in the creation of a surfactant-
like molecular structure. Therefore, the formation of micelles
and surfactamt-related cytotoxacity must be mken i account.

All synthesized compounds of M1 -series are able o form
micelles (supplementary matenal Fg 15) Stearoy] denvatives
form small well-defined micelles of the gze of about 6=100m,
while branched B30-modified faty-acid analogues formed
larger structures with a himodal size disnbuton. Owing to
the large lipophilic moiety, no sign of @ o todcty or
haemolitic actmvity (rabbit red blood cell hasmolyoc test)
was observed when mouse and human dendrtic cells or
peripheral blood monocytes, 1T and B hmphocytes were test-
ed (data ot sheon).

Lipid micelles are memstable structures and ther interac-
tion with biclogical milieu and cell can hardly be predicted.
Therefore, we focused on the application of mulifuncional
liposomes, that represent a well established, much more stable
platdorm for the formulaton and inclhigon of hydrophobic or
hydrophilic drugs and fior the constructon of vaccnes [ 20, 27,
28] which we further modified to reach adjuvant-antigen
multfimctonality. No haemolitic actvities of lposomal for-
mulations were ohserved i pire in absenoe or presence of
rabhbit sera.

Stimulation of Innate and Adaptive Immunity,
Mechanism (s) of Action

The mechanism 5] of action of MDP and its analogues are not
fully understood. Therefore, i s immunoclogiol models are
the best endpoint for demonstraton of mmumostmuoktory and
adpvant aatwities of tested complex preparbons
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We tested senes of hpophabe norAle-MDP and norAbo-
GMDP analogues formulated into lposomes for the restora-
gon of haemopoiess in sublethally and lethally y-irradiaed
mice. These models address several apects of stmulation of
innate immmumnity at the level of haemopoiesis, somuliton of
immune cells (e.g. macrophages) and tssue regenerabon,
Therefore this in twe model represents perfect end point for
trsting of such a complex event as is stmuolation of innate
imumity. The capability of the tested analogees to stmulate
regeneration of hone marrow was demonstrated by determ-
mation of GM-CFC regrneration 13 days afier sublethal -
irmadiation of mice. Most of the tested denvatives sioulated
GM-CFC regeneraton to a level equivalent with non -
irradiated control mice. The effect was comparable to or
hetter than that obmined with hposome formulated MDP
Fg. 2). Control y-irmadiated non-treated mice exhibited signs
of a deep bone-marrow haematopoietc depression. Interest-
ingly, some analogues differed in their ability to stmukte the
regeneraton of bone marrow after y4rradiation dependent
on the time schedule of administration (pre- or post-y-
irradiation regime). In the post iradiation regime the highes
efbcacy was extubated by formulabons contammng MT-02 and
MT-07. This could be of interest with respect to possible
combination with dregs cansng leukopenia (e, cytostatics)
or in the case of radiation therapy, or even post-irmadiation
therapy of acddentally rradiated persons,

The wm oo model of lethally yarradiated mice proves the
potental of MDP analogues to induce complex protective and
regeneratve mechanisms mcluding effectve and longlasting
acivation of macrophages that prevent spread of septicema
from injured mtesines in the eary days post-iradition. New
fndings about the expression of vanous pepodoglycan struc-
tural unit receptors ke NOD-1 and NOD-2 i several cell
types suggest that the activaton of ¥6 T-lymphocytes could be
ome of the mechanisms responsible for protection of intestinal
mucos [29). Recnitment and differentaton of mesendy-
mal stem cells [30] and actvation of hepatocytes [31] are
other events leading o protection and regeneration of
injured intestine mucosa and induction of innate mmu-
mity. Together with the restoraton of haemopoiess, these
processes are reqponsible for the inoreased suraval of lethally
irradiated mice pretreated with immmumomoedulators i lipo-
some formulations [21].

Om the other hand, unlike lposomal formulations, free
hydrophiic MDP molecules are not effective in v at tested
doses (Fig. 3). This is because of several factors including
pharmaco-kinetic effects such as short-halflife effects owing
to rapid clearance, diletion, lack of sigmi ficant occurence at the
site of interest, serum protein binding and eneymatic degra-
dation. These unfavourable factors can be kmited by appro-
priate means such as formulaton with bposomes. After se.
application, liposomes can penetrate through the extracellular
matrix and can reach lymph nodes via hmphatc vessels [32].
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Crwing to the small size, lipossmes are not completely retained
in lymph nodes. Instead, they spread via the blocdstream and
thereby reach the hone-mormow tesue. Afier passing through
endothelial cell fenestrations, several cell populatons could be
targeted [37].

At the cellular and molecular level, the first evidence of the
existence of a specfic intracellular receptor for MDEP was
reported in 1989 by Tenu and colleagues [33]. Recent studies
reveal NODL, NOD2, and cryopynim (NALPS) as possible
intracelhlar receptors for peptidoglyc an- PGN-) dedved units
such as MDP (NOD2, NALPS) and D-y-gutamyl-mers-DAP
(E-DAF), which can either be generated by a degradaton of
PGN in lysosomes or secreted by bactera during replication
[34, 35].

The mechamisms by which MDP or its analoges are able to
cross the host's cell memb rane to stmulate NOD and NOD2
remain incompletely understood. The same holds ree for
mechamizms responsible for the ransport of peptdoglycan
fragmets like MDP from phagosome into the cytoplasm. Both
NOD and NOD2 are highly expressed in an tigen presenting
cells (APCs) such as monooytes, macrophages, and dendritic
cells [36, 37]. Several recent studies identfied NOD2 expres
sion also n other haematopoietc ines like B-hmp hooytes [348]
or T-cells [39]. In addition, NOIDI1 is expressed i many
epithelial cell subsets, whereas NOD2 seems to be more
rednicted to spedalized cell fypes such as Paneth cells in the
small intestine. NOD2 expression is potently induced by TLE
lignnds mncluding LIPS and by inflammatory me diators such as
THNF-o, IFN-y, and IL-17 in other non-hasmatopoietc ts-
sues, Nevertheless it is not known whether the intracellular
receptors for MDP can directly interact alsy with lipophilic
analogues or if the lipophilic moiety has o be deaved -off frst.
In the latter case, the character of the lipophiic moiety and its
chemical hnkage to the glycopeptides affects the ological
actvity by changmg the pharmacokinetics at the tssue and
intracelilar level (Fig. 6). Ohr data support these consider-
ations and thes agpects are of intereat for fiture research,

Immunegenicity of rHsp%0 Mounted
by Metallochelation to Liposomes in the Presence
and Absence of norAbuMDP/GMPD Analogues

It iz supposed that the activation of inflammasome is the
basis for the potent adjuvant effect of MDP and its
amalogues [4#0]. The mountng of recombinant antigen
proteins (such as rHsp®) on liposomes by memallochelation
represent an interesing new sysem for the formulation of
weak recombmant antigens with a His-Tag anchor [15,
16]. In the present work we tested the adjuvant effect of
lipophilic MDP dervatives during immungzaton with re-
combinant Candide Hsp®™ antigen that is a target for
spedhic antibodies during systemic candidiasis [17, 41].
The lg(i2a and lgi2h antbody response asocated with
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Thl dominance was eboted by the immunmzaton with
metallochelating rHsp30 liposomes containimg MI03,
MI07, or MT06 adjpvants. Such antibodies mn act by
opsomizaton, nerralmbion of extracellular virlenoe fac-
tors, inhibiton of the Condidn adberence to host tsswes,
inhibition of the yeast- to-myceliom transigon, and by

direct fungicidal activity [41].
Safety of norAbuMDP and norAbuGMDP Analegues

The main achievement of our approach based on sroctural
changes in MDP (Fig. 1) was suppression of pyrogenity
(Table 1) and suppression of related flu like syndromes.
Moreover, no side effects on rabbits (includmg skin lesions at
the site of application) were observed dunng a 1-month period
after the application. NorAbuMDP and especially
norAbuGMDE analogues were shown apyrogenic at doses
far in excess of those approprate for a chinicl application
(e o adjvants m vacones)

In this study, none of the tested analogue exhibited any
toxic effects. This is in a good accordance with our presvious
experience with varous amimal species like mice, guinea pigs,
goats, calves and pigs, which have been tesed m our labora-
tory [21, $3-44].

At present, in addition to the immunostimulatory effect
of MT0G, MTO7 and to a lesser extent MT06, leading to
dominance in Thl responses spedfic to € albicaes rH=p@0,
liposomal formulations of MT05 and MT06 are in testng
as adjinams for veternnary recombmant vacomes, No ade
effects have so far been observed after se or m. applica-
ton of experimental recombinant vaccne against boreliosis
in dog puppies or cats (unpublished data). Thes resulis
are promising for the intended application in human

VACCITHES,
Potential Toxicity of Nickel

Toodcity of nideel is broadly discussed topic. With respect to
metallochelating iposomes, it should be stresed, that the
problem is quite different form tooacity on mhaled micke] ooade
manoparticles, which are accumulated in lungs of workers in
metall ndustry and this form of nickel 15 responsible for
chronic inflamaton and g cancer,

For the general populaton, the predominant route of expo-
sure to mickel is through food intake. Nickel intake nthe United
States ramges between 69 and 162 g/ day for adults (> 18 years
of age) (http:/ Frais.oml. gov/ toos profiles’ mickel_and _mickel
compounds_f V1 html) The estimated dose of nickel in
vaine represents only 1-5% of daly income,

In hposomes, M+ 2 is complexed in the metalloch ebatng
ligand in metalochelating lipids. This complex s extremby
stable, therefore leakage of Ni ions is very slow (basc charac-
teristic generally known from metalloa fimity chroma trography)
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Fig. & Schematc struchuire of nodbuMDP/GMDP rencliiposomes and thar phammacckanetc mafweys. (a) Schamatic presentaion of nanoiiposame with
varions MT desivatives incomorsied into blayer. Various modfications of the. nosdbuM DP/GMOP molecule by Bpidc residues aflect the esposition of sugar- and
pepide-maisties on e iposomal surface. Depending an the concentration of particulsr analopues o their miture in fe bilayer, new molecular pattems can be
formed on the iposomal suriace. These moleauliar patterns @n be recognized by cel-membrane recepions. (b) Schematic presentafion of phammacckanetc
pathweys of iposanal and Fee MDOPanalogues atcelular and intacellilar levels . A free hydrophillic drug (e 7., MDP)hes dificuiies to cross the cell memibrane and
thus, it is difiouit to reach an efident ntracelilar concentration it vivo. The hydrophabized arslogues of MOP form micelies whose pafways ane dicut 1o be
prediced owing to the complexity of e interaciions with the component of bickogcal miliau. Direct interacion with the call memibrane and penstration into
oytoplasm & supposed to oooow. The iposomal formulation of both hydmophiic and ipophiic dervaives of MDF s relatively stable in biological millew and
endacytored by dendrific cels. In comparison to the free drug, Iposomal formulaions. sgnificartly incresse: the infaeliulr concentration of MDP analogues.
Lysczamal and cynpasmaic enzymes deave the ester- bond-inking pheapentide part 1 2 hydrophabic residue. The imparance of this pafway has not been
recognized and fuly undersinod yet Nevertheless, it 5 reasonable o suppose that variows dervaiives will difier inthar sengifvity to the enzymatc hydmbess.
Maoranver, e medansm of MDPbsed actvaton of NOD and MALPS recan s hias not been predsely desonbed and it is a hat isue. A question of aspadal
relevane i, whether the hydmophaobic resdue of some dervatives has to be deaved of b rdease the active glycopeptide malecuie. The complessty of these
processes is reflecied in e variances in the eflerts of particular analogues having the same gyeopepide core but diferent position and stnuchure of e

and local long hsting increase of free Ni+2 is not the case,
Moreover snluble mickel ions are not accumulated inthe hody,
clearenoe is rapid and at least in animals nickel s essencal
element. We have not seen any adwverese effect on
metallochelating liposomes containing mckel applied
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into several ammal speces. Our data are o very good
accordance with the data from a Phase [ Open-label
Study of the Safety and Immunogenicity of Escalating
Doses of Lipovaxin-MM (NCT01052142) (http://
clinmicaltrials. gov /fct2/show/NCT0O1052142 term=
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NCT01052142&rank=1) regarding testing of anticancer
vaccne based on metallochelatng liposomal pladorm.

COMNCLUSIONS

Mew lipophilic derivatives of norAbuMDP/GMDP
proved themselves as promising molecular adjuvants
for recombinant vaccnes as well as immunomodulators
for the stimulation of innate immunity and bone-
marrow recovery after chemo/radio therapy of cancer.
Mo side effects like pyrogenicity or local irntation (eg.
necrosis or ulceration) were observed in mice and rab-
hits. Liposome-hased formulations were demonsrated o
be an effective and safe applicaion form for the tested
lipophilic compounds.

At present chinical evaluation of a kpossmal recombinant
vacone against Lyme boreliosis adjuvanted with hpophilic
dernatves of norAbuMDP/GMDP 13 mmning in dogs and
cats. Safety and induction of immune respons has been
demonstrated and data is in a good agreement with that
published in this paper.
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Abstract

Lyme disease, Borrelia burgdorfen-caused infection, if not recognized and appropriately
treated by antibiotics, may lead to chronic complications, thus stressing the need for protec-
tive vaccine development. The immune protection is mediated by phagocytic cells and by
Borelia-specific complement-activating antibodies, associated with the Th1 immune
response. Surface antigen OspC is involved in Borrelia spreading through the host body.
Previously we reported that recombinant histidine tagged (His-tag) OspC (rOspC) could be
attached onto liposome surfaces by metallochelation. Here we report that levels of OspC-
specific antibodies vary substantially depending upon whether rOspC possesses an N'or
C'terminal His-tag. This is the case in mice immunized: (a) with rOspC protecliposomes
containing adjuvants MPLA or non-pyrogenic MDF analogue MTOE; (b) with free rOspC
and Montanide PET GEL A; (c) with free rOspC and alum; or (d) with adjuvant-free rOspC.
Stronger responses are noted with all N'-terminal His-tag rOspC formulations. OspC-spe-
cific Thi-type antibodies predominate post-immunization with rOspC proteciiposomes for-
mulated with MPLA or MTO6 adjuvants. Further analyses confirned that the structural
features of soluble N’ and C'terminal His-tag rOspC and respective rOspC proteoliposomes
are similar including their thermal stabilities at physiological temperatures. On the other
hand, achange in the position of the rOspC His-tag from N'to C' terminal appears to affect
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substantially the immunogenicity of rOspC amuably due to steric hindrance of OspC epi-
topes by the C'terminal His-tag tseff and not due to differences in overall conformations
induced by changes in the His-tag position in rOspC variants.

Introduction

Spirochete Borrelia burgdorferi s. 1. is the causative agent of Lyme disease. Although at least
nine Borrelia species are currently considered potentially pathogenic [1] B. afzelii, B. garinii,
and B. burgdorferi s. s. still predominates in Europe and B. burgdorferi s. s. in the USA. I
untreated by antibiotic therapy in time, Lyme disease can develop into a chronic phase of infec-
tion with long-lasting neural, cardiovascular, cutaneous, or orthepedic complications [2, 3]. In
some patients, the chronic phase can develop in spite of intensive antibiotic treatment. This
complication emphasizes the need for the development of protective vaccines to control either
Borrelia transmission from tick to vertebrate host or subsequenty from spreading through the
mammalian host organism [4-6]. Currently, (Outer surface protein) OspA and OspC are con-
sidered as the most promising antigens for vaceination purposes [5].

OspCis a lipoprotein antigen of approximately 23 kDa and 210 amino acid residues local-
ized on the Borrdia surface. The expression of OspCis required for Borrelia transmission from
tick to vertebrate host and for the initial stage of vertebrate host infection. Borrelia lacking
0spC and regulatory sigma factors RpoS, Rpol, or Rrp2 are severely impaired in their patho-
genicity [Z &]. The native conformation of OspC seems to be crucial for the induction of borre-
liacidal antibodies because if this antigen is denatured, the induction of the antibodies fails [2].
Epitopes recognized by protective antibodies were mapped to the C-terminal regions of OspC,
specificall y the regions loop 5, helix 5, and conserved last 20 amino acid residues [10, 11].

Nascent OspC contains a N-terminal lipidation signal sequence leading to the modification
of OspC by addition of a the hydrophobic triacylglyce rol moiety important for the subsequent
integration of OspCinto the outer membrane of Borrelia [12, 13]. Because full-length recombi-
nant OspC is difiicult to express in E. coli, a non-lipidated version of OspC was constructed by
eliminating the signal sequence (amino acid residues 1-18) and a high yield of expression was
achieved [13-15]. Nevertheless, non-lipidated OspCis only a weak immunogen, stressing the
need for strong adjuvant co-administration [15, 16].

Liposomes can incorporate antigen and/or immunomodulatory molecules and can be
employed as biocompatible particulate vaccine carriers [17]. Antigenic or adjuvant molecules
can also be attached by non-covalent interactions such as metallochelation, a process in which
recombinant antigenic proteins in particular with 4 to 6 histidine amino acid residue exten-
sions (His-tags) are able to chelate with divalent metal jons that are complexed to liposome
membrane surfaces via metal complexes anchored to those same liposomes surfaces by lipidic
tails (e.g, DOGS-NTA-Ni). Proteoliposomes may be further modified w carry adjuvants such
as monophosphoryl lipid A, muramyl dipeptide (MDP) and other non-pyrogenic analogues
such as Nor- AbuMDP or Nor-AbuGMDP [18-21]. Although the His-tag is a short and poorly
immunogenic sequence, its attachment toa recombinant protein might mask immunologically
important epitopes and reduce the potential immune response towards the target antigen, a
potential impact that requires experimental evaluation [22].

In this study, we compared the immune response of experimental mice after intradermal
immunization with rOsp(C proteoli posomes formulated with synthetic lipophilic mol ecular
adjuvants MPLA or MT06, with rOspC formulated with a Montanide PET GEL A dispersion,
with rOspC formulated with alum, or with free rOspC variants formulated without adjuvant
and differing only in the N' or C' terminal attachment of a His-tag.
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Material and Methods

General

Egg phosphatidylcholine (purity of 99%), 1,2-Dioleoyl-sn-Glycero-3-Phosphoe thanolamine-
N-(Lissamine Rhodamine B Sulfonyl ) (LisR), 1.2- Dicleoyl-sn- Glycero -3-([N(5-Amino- 1-Car-
boxypentylliminodiAcetic Acid]Succinyl)( Nickel Salt) (DNOGS-NTA-Ni,) lipid were purchased
from Avanti Polar Lipids (Birmingham, AL). DIO18 was purchased from Molecular Probes
(Invitrogen, Carlsbad, CA). 20 nm membrane filter Anotop 10 and 0.2 pm Anotop 10 LC were
purchased from Whatman (Maidstone, UK). All other chemicals, unless specially specified,
were from Sigma (St. Louis, MO).

Synthetic nor-AbuMDP analogue

The synthetic nor-AbuMDP analogue adjuvant, MT06 was prepared as described by Ledvina
and coworkers [23] (Fig 1). This non-pyrogenic analogue adjuvant was selected for this study
from a series of such nor-AbuMDP analogues. Monophosphoryl lipid A (MPLA) was pur-
chased from Sigma (St. Louis, MO) (Fig 1). Both Montanide PET GEL A (Seppic, Paris,
France) and Alum (InvivoGene, San Diego, CA) were used as standard adjuvants for
COMpari son,

Preparation and purification of rOspC

B. burgdorferi s. s. OspC ¢DNA (corresponding to GenBank Acc. No. EF537426), lacking the
first 54 nucleotides, coding for a lipidation signal, was isolated originally from Borrelia burg-
dorferi s. £. B31 plasmid DNA preparation, obtained using a Qiagen plasmid purification kit
(Qiagen, Hilden, Germany) according to the manufacurer’s recommended modification for
Borrelia plasmid DNA, by RT-PCR.

PLOS OME | DO110.1371joumalpona. 0148487 February 5, 2016 37
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The PCR product of the reaction performed with downstream adapter primer (CACCATG
TGTAATAATTCAGGGAAAGATGGG) und upstream primer (AGGTTTTTTTGGACTTT
CTGCC) and Phusion DNA polymerase (New England BioLabs, Ipswich, MA) was cloned
into E. coli expression plasmids pET 101 and pET200 (Invitrogen) in order enable the expres-
sion of non-lipidated rOspC fusion proteins with a V5-tag and a C' terminal His-tag or an
Kpress-tag with N' terminal His-tag. N' and C' terminal His-tag rOspC variants were purified
under native conditions using the Ni-NTA agarose ( Qiagen) as described earlier [15] with
modified lysis buffer: (50 mM Tris; 300 mM NaCl; 10 mM Imidazole; 1 mg/ml hen egg white
lysozyme; 0,1% Triton X-100; protease inhibitors: 0.2 mM PMSF; 0.4 pg/ml Leupepting
0.5 pg/ml Aprotinin; pHS.0). Subsequently, the proteins were dialyzed against Tris- HCl storage
buffer (50 mM Tris, 150 mM NaCl, pH7.5).

Endotoxin removal

Lipopolysaccharide (endotoxin, LPS) was removed by repeated phase extraction procedure
using detergent Triton X-114 as described earlier [15], until the endotoxin level in every rOspC
samples was below 2.5 EUfmg. The endotoxin concentration was measured by the gel-clot
assay using Limulus Amebocyte Lysate (Associates of Cape Cod, USA).

Characterization of rOspC by SDS-PAGE and MALDI-TOF MS

The purity of rOspC variants was analyzed using 12% T/3% C SDS-PAGE followed by staining
with Coomassie Brilliant Blue (CBB) G-250. Protein identity was confirmed by peptide mass
fingerprinting of SDS-PAGE-resolved samples on a Microflex LRF20 MALDI-TOF (matrix-
assisted laser desorptionfionization time- of flight) mass spectrometer (Bruker Daltonik, Bre-
men, Germany) as described previously [24]. In addition, the digests of the rOspC proteins
were subjected o nanoflow liquid chromatography coupled with MALDI-TOF/TOF mass
spectrometry (MS) and tandem mass spectrometry (MS/MS) analyses performed using an
ultrafleXtreme mass spectrometer by Bruker Daltonik [25]. Proteins were then identified by
peptide sequence comparisons with experimental peptide mass lists or MS/MS data, respec-
tively, found in the NCBInr protein sequence database (September 2015) using program Mas-
cot, version 2.2.07 (Matrix Science, London, UK).

Preparation of rOspC-based immunization formulations

Each vaccine dose contained 20 pg of non-lipidated C' or N' terminal His-tag rOspC. Proteoli-
posome formulations were prepared by adding 20 pg of rOspC antigen to 300 pg of preformed
EPC/POPG/DOGS-NTA-Nifadjuvant metallochelation liposomes (71/19/5/5 mol%) (per one
immunization dose), prepared by the "hydration of a lipid film” method followed by extrusion
through 200 nm polycarbonate filters (Mini-Extruder, Avanti Polar Lipids, Alabaster, AL) [18,
19]. The rOspC was added to the preformed metallochel ation liposomes formulated with either
MTO06 or MPLA as adjuvant In addition, other soluble rOspCladjuvant samples were prepared
by mixing rOspCwith alum or with Montanide PET GEL A. The composition of particular for-
mulations is specified (Table 1), As a naive control, we used sera from mice immunized with
recombinant His-tag p24-Hsp70 protein [26].

Immunization of expermental mice

All experiments were performed on 6- to 8-week old female BALB/¢ mice purchased from
Biotest (Komarovice, Czech Republic). All animals were free of known pathogens and were
keptin a climate-controlled environment with 12 h light-dark-cycle, and were provided with
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Table 1. Doses and vaccine formulations.

Groups of 5 mice Composition per one dose (50 pl)
rOspClpg] Liposome(pg] AIOH[%] PET GEL[%] MPLA[pg] MTDE[pg]
N or G rOspC 20 . . - - -
W or G rOspC + alum 20 - 25 = = =
W or G rOspC + PET GEL A 20 - - 5 - -
M ar C rOspC + MTOS proteoliposoma 20 300 - - - 214
M or C° rOgpC + MPLA protecliposome 20 300 - - 26 -
Control hep7 0-p24 - E . . - .

daiz1 01371 foumalpona.0l 48487 5001

pellet food and water ad libitum. The vaccination experiments were approved by the Ethics
Committee of the Faculty of Medicine and Dentistry (Palacky University in Olomouc), and the
Ministry of Education, Youth and Sport, Czech Republic. The animals were monitored daily by
a veterinarian for their behavior, psychic activity, discharge from natural body foramens, nutri-
tion and hydratation status, skin status and eventual lesions. The protocol for eady/humane
endpoints in cases where animals became severely or irreversibly ill prior to the experimental
endpoint was implemented according to the animal facility rules, for recognition and assess-
ment of pain, distress, and suffering, stating that the animals that are moribund or in a state of
impending death should be immediately euthanized. The composition of doses is shown
(Table 1). Because all tested adjuvants were earlier confirmed as safe and not inducing severe
adverse side effects [15, 19] we opted for an intradermal (id.) route of vaccines administration
in order to obtain intense immune responses. All mice were immunized twice with particular
rOspC formulations (priming followed by boosting 14 days) by i.d. administration using a G29
needle into fur clipped and 70% ethanol disinfected skin of the ventral abdomen. The needle
was inserted, bevel up, nearly parallel to the plane of the skin for at least 8 mm. The solution
was slowly injected. The formation of a hard bleb was taken as a sign of successful administra-
tion of the vaccine. Blood samples (130 pl per mouse) were obtained using tail vein sample col-
lection approach. During the experiment, none mouse died nor exhibited clinical signs of pain,
distress, or suffering. After termination of the experiment, the animals were euthanized under
Katemine/Xylazine anesthesia by cervical dislocation,

OspC-specific serum antibody levels determination by ELISA

All assays were performed in duplicates. For all ELISA, rOspC was devoid of all tags using
recombinant enterokinase as described recently [26]. ELISA assays were performed as
described [26]. In brief, ELISA wells were coated with 100 ng/well of non-tag rOspC. OspC-
specific IgG+IgM+IgA (IgP), IgGl, Tg(32a levels were then measured. The results were
expressed as the specific antibodies O.D. determined at linear proportion of sera dilution deter-
mined in preliminary experiment using Genesis Lite Software (Version 3.03, Life Sciences,
Basingstoke, UK).

Transmission electron microscopy and immunogold labeling of N' and C'
terminal His-tag rOspC proteoliposomes

The liposome structures were determined using transmission electron microscope (EM Philips
208 S, MORGAGNI software, FEI, CZ). Non-liposome bound rOspC was separated from the
protecliposomes by Superose 6 el permeation chromatography. The protecliposome fractions
were then concentrated using ultrafiltration centrifugation tube (cut off 30 kDa) and incubated

PLOS OME | DO1:10.1371/joumalpona 0148487 February 5, 2016 5/17

396



.-@' PLos | ONE His-Tag Posiion Aflects Immuna Response

i

with murine OspC-positive or -naive sera diluted 1:50 for 1 h at 37°C. 10-nm colloidal gold-
protein A conjugate was added. After 12 h incubation, the proteoliposomes were negatively
stained by 2% (wiw) ammonium molybdate (pH 6.8).

Determination of secondary structure and thermal stability of His-tag
rOspC proteins by circular dichroism

Circular dichroism (CD) spectra were obtained at room temperature (22°C) using a Chirascan
CD spectrometer (Applied Photophysics, United Kingdom). Data were collected from 185 to
260 nm at 100 nm/min, | $ response time, and 2 nm bandwidth using a 0.1 cm quartz cuvette
containing the rOspC in 50 mM potassium phosphate buffer, pH 7.5. Each spectrum shown is
the average of five individual scans and was corrected for absorbance of the buffer. CD data
were expressed as the mean residue ellipticity. The proportion of certain secondary structure
was calculated from the measured spectra using CDSSTR, Selcon3, and CONTIN methods
using DichroWeb server. Thermal unfolding of rOspC was followed by monitoring the elliptic-
ity at 195 and 222 nm over the temperature range of 20 to 80°C, resolution of 0.1°C, ata heat-
ing rate of 1°C/min. Recorded thermal denaturation curves were roughly normalized to
represent signal changes between approximately 1 and Dand fitted to sigmoidal curves using
software Origin 6.1 (OriginLab, Massachusetts, USA). The melting temperature (Tm) was eval-
uated as a midpoint of the normalized thermal transition.

Determination of secondary structure of His-tag rOspC proteins by
Fourier transform infrared (FTIR) spectrometry

The infrared spectra of individual rOspC were obtained using a FTIR spectrometer TENSOR
27 (Bruker Optics, Germany) with an AquaSpec flow-through transmission cell and operating
at 4cm * spectral resolution. The protein concentration in 50 mM potassium phosphate buffer,
pH 7.5, was | mg/ml. The same buffer was used for the background measurements, The sec-
ondary structure was determined by analyzing the amide-1 band (1700 1600 cm ™) via a multi-
variant pattern recognition method based on a FTIR spectra library provided by the
manufacturer.

Determination of thermal stability by DSC

Differential scanning calorimetry (DSC) measurements were performed using DSC 6100
Nano-Differential Scanning Calorimeter 1T (Setaram, Caluire, France) with a cell volume of

0.3 ml Prior the injection, the samples in Dulbecco’s PBS without calcium chloride and magne-
sium chloride were extensively degassed. The protein concentration of C'and N’ terminal His-
tag rOspC was 6.9 and 6.2 mg/ml, respectively. Scans ran from 10 to 85°C at a scan rate of 1°C
per minute. The reference- baseline was obtained by buffer vs. buffer scan and subtracted from
the data measurement. The apparent molar heat capacity and excess molar heat capacity curves
were obtained from the calorimetric profiles corrected by baseline subtraction.

Determination of thermal stability by DLS

Thermal stability of C' and N’ terminal His-tag rOspC proteins was determined also by
dynamic light scattering (DLS). The hydrodynamic diameters of rOspC were monitored over
the temperature range of 25-557C at the temperature gradient of 1°C/ min. The concentration
of rOspC proteins in Dulbecco’s PBS without calcium chlori de and magnesium chloride was

1 mgfml.
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Statistical analyses

Statistical significance was determined by analysis of vardance (ANOVA) followed by Dunnett’s
Multiple Comparison Test or Student-Newman -Keuls (SNK) Multiple Comparison Test All
statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software Inc,
CA, USA).

Results
Purification and identification rOspC antigens

Two rOspC variants were expressed in E. coli, reaching a yield of approximately 30 mg of
rOspC per 1 Lof culture. Dueto different cloning strategies, both rOspC variants differed in
theoretical molecular weight: 27,12 kDa for N’ terminal His-tag rOspCand 23.96 kDa for C'
terminal His-tag rOspC (ProtParam tool; www.expasy.ch). These molecular weights were con-
firmed experimentally by SDS-PAGE with CBB staining (Fig 24 ). The purity of both rOspC
variants was confirmed as higher than 93% by comparing the density of rOspC bands with all
other visible bands on gel (using Image] 1.41a software).

The identities of both rOspC variants were further confirmed by peptide mass fingerprint-
ing using MALDI-TOF MS, wherein the dominant protein bands (indicated by arrows Fig 2A4)
were sequence matched with the known OspC protein sequence (NCBInr gi|374718430).
Sequence coverage was 63% (13 peptides) for both N' and C' terminal His-tag rOspC. The cor-
responding probability-based MOWSE scores were 157 and 162, respectively. Examples of
peptide MS spectra for both rOspC variants are provided in Fig 2B and 2C. In addition,
nanoLC-MALDI-TOF/TOF MS and MS/MS were used for peptide-matching with respect to
two other known OspC sequences: gi|68161620 for N’ terminal His-tag rOspC (25 peptides,
sequence coverage— 75.7%, score—2743) and gi 1695212 for C terminal His-tag rOspC
(14 peptides, sequence coverage—77.6%, score—1825). The two recombinant proteins were
distinguished by means of specific peptides found in respective peptide digests, such as my/z
22559 (DLYDDDDEKDHPFTCNNSGK ) for N' terminal His-tag rOspC.

B c
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Fig 2. SDS-PAGE and MS analyses of recombinant N' and C* terminal His-tag rOspC. A) Recombinant W and C" tarminal His-tag rOspC protains were
saparated using SDS-PAGE and stinad by CBB G-250. The diffarancas in mobility of both rOgpC variants are caused by tha langth of labslingtags and
spacars and coraspond o theoratical predicfion based on cOMNA saquances: 23 98 kDa for G and 27.12 for N tarminal His-tag rOspC. B, C) MALDI-TOF
pepfide mass finga mprinting of r0spC proteins. All spactra ware acquired using CHCA matrix on Microfiex LRF20 MALDI-TOF mass gpactromatar. Panal B)
rafars to C° & minal His-tag rOspC and panal C) N tarminal His-tag rOspC.
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Immunization of mice with rOspC antigens

Using an ELISA approach, we identified that immunizations with soluble rOspC without any
adjuvant elicited significant increases in the levels of OspC-specific antibodies response in total
Ig isotypes (IgP), but only when N terminal His -tag rOspC was used whereas C' terminal His-
tag rOspC was significantly less effective (SNK test, P</0.001) (Fig 3A). Similarly, even with
adjuvants present, all groups of mice immunized with C terminal His-tag rOspC exhibited
substantially lower antibody responses in comparison to groups immunized with N' terminal
His-tag rOspC (SNK test, P<00.001) (Eig 3A). Otherwise, in terms of the antigen- adjuvant
combinations tested, Montanide PET GEL A/His-tag rOspC combinations appeared the
weakest antigen-adjuvant combinations tested (SNK test, P<0.001}, whilst the N terminal
His-tag rOspC proteoliposomes combination formulated with MPLA was the most effective
antigen-adjuvant combination tested (SNK test, P<0.001). The N’ terminal His-tag rOspC pro-
tecliposomes combination formulated with MT06 was able to induce equivalent levels of
OspC-specific antibodies to the N terminal His-tag rOspClalum antigen-adjuvant combina-
tion (SNK test, P<0.001) (Eig 3A). Furthermore, alum was found to be the most effective adju-
vant to help induce antibody responses with C'terminal His-tag rOspC immunization (SNK
test, P<0.001).

In further experiments, we compared the stimulated levels of two specific IpG isotype anti-
bodies following immunization with N terminal His-tag rOspCladjuvant combinations. The
IgG isotype antibodies analyzed were IgGl representing the Th2 type and IgG2a representing
the Thl type of immune response. Quite clearly, the presence of alum elicited the highest levels
of OspC-specific 1gG1 antibody production but only very weak corresponding IgG2a antibody
production levels (SNK test, P<0.001) (Eig 3B and 3C). Similarly, the presence of Montanide
PET GEL A also resulted in respectable levels of OspC-specific IgG1 antibody production but
also only weak corresponding IpG2a antibody production. Conversely, N' terminal His-tag
t0spC proteoliposomal formulations, using either MPLA or MT06 as adjuvants, induced
strong immune responses involving IgG1 and IpG2a isotypes (Fig 3B and 3C)and the IgG2a
responses were substantially greater than the corresponding Ig(i2a responses seen when alum
or Montanide PET GEL A were used as adjuvants, or when free N' terminal His-tag rOspC was
administered without adjuvant (SNK test, P< 0,001} (Fig 3C). Otherwise, when C' terminal
His-tag rOspC was tested, only protecliposomes with added MPLA induced detectable
increases in OspC-specific IgG2a antibodies (SNK test, P< 0,001}, while alum helped promote
a surprisingly effective C' terminal His-tag rOspC mediated induction of IgGl responses (Eig
3B} (SNK test, P<0.001). Of note, administration of r0spC proteoliposomes was associated
with Lowest, practically undetectable irritation at the application site (data not shown).

Immunogold TEM analyses of rOspC protecliposomes

As the N terminal His-tag rOspC proteoliposomes with MT06 or MPLA exhibited highest effi-
cacy in inducing the OspC-specific IgG2a antibodies, these proteoliposomes were characterized
in more detail using TEM (Fig 4). Gold nanoparticles labeling of rOspC gave rise to the
appearance of short rOspC chains distributed on the liposome surface. Similar pattern was
noted for C'terminal His-tag rOspC (data not shown). When OspC-naive mouse sera were
used for labeling, no positivity of immunogold was cbserved (data not shown).

Analyses of the secondary structure of rOspC proteins

Both rOspC proteins exhibited CD spectra with two sharp negative maxima at 222 and 208 nm
and one highly intense positive maximum at 195 nm characteristic of w-helical structure,
suggesting that the position of His tag has no detectable effect on the secondary structure
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Fig 3. Determination of rOs pC-specific antibodies in sera of immunized mice by ELISA. Mica (5 par
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formulations as spacifiedin Table 1. Pooled sara from mice ineach group were used for ELISA analysis of
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with sarially diluted pool ed seraobtained 14 days after sacond immunization and develo pad with HRP -
conjugated anti-mousa A) lgG+lght+lgA (IgF), B) 1gG 1, and C) lgG2a, developed with othophanylana
diamina. Tha absorbanca was read at490 nm. Tha responsa of mica immunized by N His-aggad rOspC are
in gray,and C" His-agged rOspC are inblack. The results are expressed as maan absorbance (0.0) at
optimal sera dilutions (1:4000 for lgP and 1gG2a; 1:8000 for 1gG 1) comesponding to lineal portion oftitration
curve +- 50. The expressad valuas cormasgpond to means from thres indepandent immunization
axparimants.
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(Eig 5A). Theanalysis of the spectra revealed that the secondary structure is predominantly
helical. The predicted a-helical content of both measured rOspC proteins was about 62% (Fig
5B} whereas the B-sheet content was only about 5%. The secondary structure determined by
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FTIR was in good correlation with the CD prediction (Fig 5B). Both techniques confirmed that
the position of the His-ag at either terminus did not result in significantly alteration to rOspC
protein secondary structure,

Assessment of thermostability of rOspC proteins

Thermally induced denaturation of rOspC proteins was followed w explore their structural sta-
bility and the reversibility of their refolding behavier (Fig 6). Thermal unfolding of both

rOspC proteins was monitored by CD spectroscopy (Eig 6A and 6B}, DSC (Eig 5C) and DLS
(Fig 6D) as a function of temperature, Changes in CD signal induced by increased temperature
increases were very similar for both rOspC proteins, and melting tempe ratures of 49.0 and 52.8
were caleulated for C'and N terminal His-tag rOspC respectively (Fig 6E). In order to deter-
mine the extent of reversibility of post thermally induced unfolding, CD specira were measured
prior to heating (22°C}, at the temperature of denaturation (80°C) and again after cooling
(22°C) (Fig 6A and 6B). Both rOspC proteins exhibited similarly irreversible thermal denatur-
ation. The CD spectra of rOspC proteins after heating and cooling suggested that of a-helical
character was retained but that this was still less than comparable levels seen in native proteins.
Similar behavior was observed also when both rOspC proteins were heated to their transition
midpoint at a heating rate of I°C/min and then consequently cooled back to 22°C. The CD
data were in a good agreement with data obtained by DSC and DLS. The transition midpoints
of C'and N' terminal His-tag rOspC as determined by DSC were 49.7 and 51.9°C, respectively
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(Fig 6C). The cooling curves confirmed the irreversible unfolding of both rOspC proteins, Also
the unfolding curves obtained by DLS demonstrated a dramatic Z-average increase at 48.2and
52.5C for C' and N terminal His-tag rOspC, respectively (Eig 6D). Hence the results obtained
by the three techniques were in a good agreement as regards protein melting points and the
irreversibility of thermal protein unfolding. They show that N terminal His-tag rOspC is more
thermally stable than C' terminal His-tag rOspC.

Discussion

OspC antigen represents one of the most promising candidate antigens for Lyme disease- pre-
venting vaccine since it is expressed by Borrelia during transmission from tick o vertebrate
host and during an early phase of vertebrate infection, thus providing the window for targeting
the Borrelia by OspC-specific antibody-mediated opsonization or complement-activation.

I this study we compared i mmunogenicity of two rOspC variants that differed in possess-
ing a His-tag at either N' or C terminus. Such His-tag used both to assist purification and to
assist the anchoring of rOspC proteins onto the surface of metallochelation liposome. Given
this, the necessity of comparing and contrasting these two protein variants arose from pub-
lished reports showing that the N' versus C' position of His-tag can adversely affect conforma-
tion [27], and/or impair protein immunogenicity for a variety of potential reasons [28].
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On our case, in comparing N'versus C' terminal His-tag rOspC administered as soluble pro-
teins with or without adjuvant, all N' terminal His-tag rOspC formulations exhibited substan-
tially higher immunogenicity compared with all C' terminal His-tag rOspC variant
formulations. Therefore, when protein secondary structures of both rOspC variants were com-
pared using CD and FTIR spectroscopy, no substantial di ferences were observed in the con-
tent of i helix, f sheet/p turn and random coil structures. On the other hand, thermal stability
analyses performed by CD, DSC, and DLS did suggest that N' terminal His-tag rOspC was
slightly more thermally stable which could contribute at least partially to preserving rOspC
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epitopes in vive after rOspC administration to mice. Still, in our case, changes in conformation
as well as in thermal stability would only seem to play a minor role in modifying N' terminal
His-tag rOspC and C' terminal His-tag rOspC epitope structures and their availability for
immune recognition. Rather the best explanation for the distinely different immunogenicities
of both rOspC variants is that C terminal His-tag sterically occludes access to critical adjacent
' terminal epitopes in a way that the N" terminal His-tag does not. This suggestion is corrobo-
rated by observations made using human early Lyme discase sera wherein dominant immuno-
protective OspC epitopes were found to be located close to the conserved C' terminus [10, 11,
29]. On the other hand, the proximity of the N and C'termini of OspC in crystallographic data
[30], might suggest that an N terminal His-tag could also have a steric impact on access to C'
terminal epitopes as well although the immunostimulatory data presented here would suggest
that this potential efect is much less of a problem than might be expected. Also our data (Fig
3) do give some grounds for suggesting that the inhibitory effect of a C' terminal His-tag can be
overcome at least in part with a well selected adjuvant such as alum and to some extent MPLA,
both of which appear able to boost immune responses otherwise interfered with by steric occlu-
sion, as described above. Such differential immunostimulatory behavior between rOspC vari -
ants may be a general problem in different species with their different immune systems [29].
Still, further experimental work would clearly be needed to verify such a suggestion.

Other alternative Borrelia antigens for vaccination purposes are OspA, OspB, DbpA and
BBbk32 proteins. In 1998, the US FDA approved a recombinant Osp A (rOspA }-based vaccine
known as Lymerix that acts to prevent Borrelia transmission. Nevertheless, due to media-
evoked concerns about potential autoimmune reactions of OspA, linked to its partial homology
with the human integrin LFA- 1 (CD11a/CD18), this recombinant vaccine has been withdrawn
from the market since 2002, Various recombinant proteins derived from identified protective
Borrelia antigens have also been expressed as fusion proteins together with various tags such as
the glutathione S-transferase {GST) tag [31], the maltose-binding protein tag [32], or His-tag
[33]. Interestingly, Bockenstedt et al., 1996 reported that the addition of a His-tag to a C termi-
nal fragment of OspA substantially enhanced immunogenicity in comparison to the situation
with a GST-tag [34], suggesting that inclusion of the GST tag had induced significant confor-
mational changes in the associated Osp A antigen to impair immuno genicity [33]. When Koide
et al, 2005 introduced an N’ terminal His-tag 1o an OspA C' terminal fragment, the resulting
recombinant protein became stabilized by residues promoting hydro phobic interactions and
hence the vaccination efficacy of the redesigned OspA fragment was found to be equivalent to
full length Osp A protein [35]. OspA is not necessarily an ideal antigen for anti-Borrelia vacei-
nation given the diversity of known OspA serotypes. Still Comstedt et al, 2014 has reported
that OspA dimers can be used for immunization of mice following the protein engineering of
disul fide bridges to stabilize the C'-terminal region of various His-tag OspA fragments [36].
On the other hand, Earnhart et al, has reported on various N'-terminal His-tag chimeric OspC
polyepitopes comprising the OspC C-terminal region composed of loop 5 and a-helix 5 from
invasive Borrelia isolates. Studies with these polyepitopes demonstrated that the immunogenic-
ity of individual epitopes depends on individual epitope positions in sequence as well as the
inclusion of the highly conserved C-terminal OspC fragment [37].

In terms of commercialization potential and reduction to practice, large -scale production of
rOspC is hindered by the low yield of lipidized rOsp antigens. Therefore we opled 1o use
rOspC without a lipidation signal (expressing at ~ 28 mg per 1 L of bacterial culture) [15] but
with a reduced level of immunogenicity compared to other Borrelia Osp antigens [15, 38].
OspC-specific antibody responses were then elicited in mice with either soluble rOspC or in
the presence of various adjuvants such as Montanide PET GEL A and MPLA, a TLR4 ligand
derived from the LPS of the Gram negative Salmonella minnesota R595 bacteria. In contrast 1o
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alum, that is known to promote Th2 responses, MPLA has been shown to induce preferentially
Thi-biased immune responses in mice [39]. Accordingly, in our case we observed a potent
immunostimulatery activity shifted towards the Th2 type of antibodies (IgG1) in response to
the administration of soluble rOspC variants in conjunction with alum, in line with previous
reports concerning o use of rOspC or rOspA [15, 40]. In contrast, rOspC proteoliposomes for-
mulated with MPLA, followed by MT06, induced strongest OspC-specific Thl antibody
responses determined by the dominance of antibody IgG2a isotype [4, 5, 15, 40, 41]. The Mon-
tanide PET GEL A was generally the weakest adjuvant that was evaluated although OspC-spe-
cific Th1 antibody responses were also observed. Finally, in order to exclude the possibility that
the observed differences in OspC-specific antibody responses were linked to particular rOspC
sequence variants used in ELISA, we determined the reactivities of sera using the Lineblot
OspC assay and found that the Lineblot OspC exhibited similar trends (data not shown).

Obviously the design of rOspC antigen used in the experiments described here does not
appreciate the substantial variability of OspC confirmed from clinical isolates of Borrelia which
would need to be taken in account in developing an actual vaccination system. Furthermore,
experimental animals and humans have different pattern of epito pe recognition too [5, 42-46].
Nevertheless, given the extensive use of His-tags and their potential use for efficacious affinity
purification and oriented anchoring of antigenic proteins such as rOspC onto surface such as
liposomes for vaccination purposes [ 14, 18, 19, 47] then there is a clear need o demonstrate
the potentially pivotal significance 1 protein immunogenicity should the His-tag be located at
N or C termini.

In conclusion, we have compared the immunogenicity of N'and C' terminal His-tag rOspC
antigens in mice and identified that N" terminal His-tag rOspC induced strong OspC-specific
antibody response whereas the C terminal His-tag rOspC was found to be a much poorer
immunogen. Both rOspC variants exhibited similar -helix and p-sheet compaosition and were
closely similar in terms of their thermal stability (until 42°C). Likewise, EM analyses of rOspC
protecliposomes identified no differences between both rOspC variants. Thus the observed dif-
ferences in OspC-specific antibody responses are probably linked predominantly to direct ste-
ric hindrance of C' terminal rOspC epitopes brought about with a neighboring C' terminal His-
tag. Based on our data we can conclude that a N terminal His-tag rOspC attached by metallo-
chelation to liposomes formulation with MPLA or MT06 adjuvant are a promising starting
point for the development of Lyme disease -preventing vaccines with both veterinary and
human applications.
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4.  SOUHRN LIPOSOMALNI TEMATIKY

Liposomy predstavuji nejstar§i a nejvice prozkoumany nanosystém z hlediska
pouziti v medicin€. Slouzi jako model pro studium membrana a distribuce nanocastic
v organismu. Pfiprava liposomil je zvladnuta jak v laboratornim, tak v primyslovém
meéfitku a liposomalni preparaty jsou povoleny FDA pro 1é¢bu infekénich a nadorovych
nemoci. Na trhu jiz existuji dermatologické preparaty s liposomy a liposomalni
diagnostika.

Biokompatibilni nosi¢e a nové bezpecnd adjuvans jsou nutnym predpokladem pro
rozvoj moderni vakcinologie sméfujici k rekombinantnim vakcindm. Vyzkum vakcin
zalozenych na liposomech ma jiz tficetiletou historii a na trh jsou uvadény nové moderni
rekombinantni vakciny.

Publikovali jsme prace v oblasti technologie piipravy liposomu, vyvoje cilenych
protinadorovych 1é¢iv, bezpecnych adjuvans, konstrukce rekombinantnich vakein a studia
novych aplikac¢nich postupt. Nekteré vysledky jsou také ve stadiu piipravy na realizaci
v ¢eskych firmach. Na tomto modernim vyzkumu se podilela celd tfada studentl a
mladych védeckych pracovnikii v rdmci postgradualniho studia. Vé&fim, Ze tato préace
pfispéla k jejich odbornému ristu a obohatila také o nové poznatky oblast moderni

farmakologie, imunoterapie a nanotechnologie.
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