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S T E L L I N G E N 

Davis et aZ. trekken ten onrechte uit hun resultaten de conclusie dat 

tetracyclines geen therapeutische waarde hebben in de chemotherapie van 

kanker. 

Davis, R.C. et al. (19??) Cancer Research 3?, 4539-4545. 

II 

Indien Abra en Hunt behalve multilamellaire vesicles tevens grate uni­

lamellaire vesicles gebruikt hadden bij hun onderzoek naar de weefselver­

deling van liposomen,zou dat de interpretatie van hun resultaten aanzienlijk 

vergemakkelijkt hebben. 

Abra, R.M. and Hunt, C.A. (1981) Biochim. Biophys. Acta 669, 493-503. 

In 

Nicola et aZ. suggereren ten onrechte dat zij erythroid progenitor cells 

morfologisch gekarakteriseerd hebben. 

NicoZa, N.A. et al. (1981) BZood 58, 3?6-385. 

IV 

De mogelijke invloed van de kweektemperatuur op het phenotype van mutan­

ten van Neurospora crassa is door Stade en Brambl over het hoofd gezien. 

Stade, S. and BrambZ, R. (1981) J. BioZ. Chem. 256, 10235-1023�. 

v 

Struck et aZ. houden bij de interpretatie van hun experimenten betref­

fende vesicle-eel fusie onvoldoende rekening met de mogelijkheid, dat onder 

hun incubatie condities vesicle-vesicle fusie zou kunnen optreden. 

Struck, D.K. et al. (1981) Biochemistry 20, 4093-4099. 



VI 

De conclusie van Esparza et aZ., dat tot de subeenheden van de mitochon­

driale ATPase een eiwit behoort met .een molekuulgewicht van 10.000, berust 

op onvoldoende experimentele gegevens. 

Esparza3 M. et al. (1981) FEES Lett. 1343 63-66. 

VII 

De wens als vader van de gedachte heeft een belangrijke rol gespeeld bij 

de interpretatie van de elektronenmicroscopische waarnemingen van Fraley 

et aZ. 

FraZey3 R. et al. (1981) Biochemistry 203 6978-6987. 

VIII 

Volgens het nieuwe promotiereglement is de promvendus verplicht zijn/haar 

proefschrift uiterlijk 40 dagen voor de promotiedatum in te leveren. Menig 

promovendus zal zich daardoor genoodzaakt voelen voor de promotie enige 

weken met vakantie te gaan. 

PTomotieregZement van de Rijksuniversiteit te Groningen3 artikeZ 173 

lid 5. 

IX 

Indien niet alleen bestemmingsplannen maar ook slechtplannen openbaar 

bekend gemaakt zouden worden, zou menig stadsbeeld behouden kunnen blijven 

als blijkt dat een slechtplan een slecht plan is. 

X 

IJ2eren stellingen zijn de sterkste. 

Stell ingen behorende bij het proefschrift "L iposomes as drug carriers in 

cancer chemotherapy". 

Harma Ellens 14 april 1982 
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C H A P T E R 

I NTRODUCTION 

S i nce cancer cel l s  and normal cel l s  are simi l ar i n  many respects , cancer 

chemotherapeut i c  agents are often effective only at near tox i c  doses . The 

aim of al l cancer chemotherapy therefore is  to achi eve sel ecti vi ty agai nst 

tumor cel l s ,  i. e. to del i ver the cytostati c agent to the tumor cel l s  and to 

protect normal cel l s  from i ts effects . Sel ectiv i ty i n  chemotherapy can be 

achi eved i n  two d i fferent ways . Fi rst of a l l by the use of a drug that dis­

tri butes throughout the body but that acts predomi nantl y on  the target 

cel l s ,  as is the case i n  the treatment of bacteri al  i nfections . W i th current 

knowl edge this is not yet possi bl e i n  cancer chemotherapy . Secondl y ,  sel ec­

ti v i ty can be achi eved by the use of a drug that acts on  normal as wel l as 

on target cel l s ,  but that is preferenti al l y  taken up by the target cel l s .  

S uccess or  fa i l u re i n  chemotherapy is  rel ated to the pharmaco l ogi cal  dis­

posi tion  of the dru g .  S uccessfu l therapy requi res a suffi ci ently h i gh drug  

concentration  at  the  target s i te for a suffi c i ently l ong peri od of time . At 

drug-sensi ti ve , non-target si tes the presence of the dru g  may l ead to u nde­

si red s ide effects . I n  cancer chemotherapy the doses used i n  treatment are 

often l imi ted by tox ic i ty of the drug to norma l tissues . An i ntens i ve search 

for new anti tumor drugs , a l ong wi th an i ncreased knowl edge of tumor-cel l 

growth ki neti cs have l ed to i mprovements i n  the therapeuti c effecti veness of 

anti tumor drugs ( e . g. ref .  1). 

The pharmacol ogi cal behaviour  of a drug can be i nfl uenced by the use of  

a drug-carri er .  The  in vivo fate and pharmacoki neti cs of a drug coup l ed to 

or entrapped i n  a carri er wi l l  be determ i ned to an  i mportant extent by the 

characteristi cs of the carri er .  An a l tered tissue di stri but ion  and a pro­

tect ion agai nst excretion and/or untimely metabol i c  breakdown wi l l  concei ­

vably resu l t  i n  an enhanced therapeuti c i ndex of the drug i n  the carr i er 

compl ex over the free drug . 

The capaci ty of l i posomes to entrap l i pi d- and water-sol ubl e substances 

l ed a number of i nvesti gators to promote the l i posome as an attracti ve can-
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di date for a drug  del i very system ( 2- 12 ,  for revi ews see 13-18 and books 

19-23 ) . The advantages of usi ng l i posomes as a drug carri er are , fi rst of 

al l ,  the fact that l i posomes can be made of natura l l y  occurri ng body-con­

sti tuents and consequently are bi odegradab l e .  They are rel atively non­

immunogeni c and a lmost wi thout i ntri nsi c tox i c i ty .  Moreove r ,  l i posomes are 

easi ly  prepared and can encapsul ate a wi de vari ety of hydrophi l i c and hydro­

phob i c  compounds wi thout the necessi ty of establ ishi ng a chemi cal bond be­

tween drug and carri er , so that the drug wi l l  be rel eased from the carri er 

in the form in wh i ch i t  was ori gi nal l y  encapsul ated . I n  the fol l owi ng i t  

wi l l  become cl ear that there a lso are d isadvantages i nvol ved i n  the use of 

l i posomes . 

Si nce cel l s  d i spl ay thei r i nd i v i dual i ty on the cel l surface , drug sel ec­

t i v i ty ,  at  l east i n  theory , can be achi eved by usi ng a drug-carrier  that re­

cognizes speci fi c  s i tes on the target cel l s .  The i dea of a "magi c  bu l l et" 

was first  i ntroduced by Paul Ehrl i ch ,  but only recently attempts have been 

made to put this concept i nto practi ce i n  cancer chemotherapy . S i nce l i po­

somes can accomodate anti bodi es at thei r surface , they may be  empl oyed i n  a 

targetting  approach . However many as yet unresol ved probl ems , such as the 

production of tumor speci fi c anti bodi es and the fact that most tumors are 

separated from the b l oodstream by an endothel i al barri er , awa i t  el uci dation 

before this approach can be expected to be successful . 

Liposomes 

L i posomes or phosphol ip id  ves ic l es are mi croscop ic  structures , consisti ng 

of  one or more l i pi d  b i l ayers encl os ing  a simi l ar number of aqueous compart­

ments . The l i pi d  forms a permeabi l i ty barri er for water-solubl e ( hydrophi l ic) 

compounds and i t  is  therefore possi bl e to entrap these compounds in the 

aqueous compartments . Hydrophobi c compounds can be i ncorporated i nto the 

l i pi d b i l ayer . Mul ti l amel l ar ves ic l es (MLV} are spontaneaously formed when 

phospho l i pi ds are d ispersed i n  water ( 24 , 25 ) . They are qui te heterogeneous 

i n  size,  wi th an average d i ameter i n  the order of several mi crons . Thei r 

size and be reduced by u l trason i c  i rrad i ation  (son i cation)  ( 26 , 2 7 )  or extru­

s ion ( 28 ) . The s ize reduction produced by soni cation wi l l  depend on the time 

and the power l evel of  son i cation  and is  d i ffi cul t to standardize . Extrusion 

of  MLV. through  polycarbonate membranes resul ts i n  a reproduci bl e s ize d is-
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tri but ion  of MLV and also produces ves i cles of a relati vely uni form s i ze 

(28). Extensi ve soni cation of  MLV ultimately results i n  the formation of 

small un ilamellar ves i c l es (SUV)  cons i sti ng of one aqueous compartment sur­

rounded by a s i ngle phospholi p id  b ilayer . SUV preparati ons a re relati vely 

homogeneous i n  s i ze wi th a mi n imum ves i cle d i ameter of approximately 25  nm. 
Both MLV and S UV have a small aqueous vol ume per mol of li pi d .  A method of 

li posome preparation that produces li posomes wi th a large aqueous volume to 

li p id  ratio  and by wh i ch a hi gh  percentage of the aqueous materi al can be 

encapsulated was developed by Szoka and Papahadjopoulos :  the reverse phase 

evaporati on method (29). Reverse phase evaporation  ves i cles ( REV )  are formed 

when the orga n i c  solvent i s  evaporated from a suspension  of li p id  i n  a water 

i n  ether emuls i on . The resulti ng ves i cle preparation cons i sts  mai nly of uni ­
or oli golamellar ves i cles , wi th a larg e  aqueous compartment . Extrus i on of 

REV also results i n  the formation  of vesi cles relati vely homogeneous i n  s ize 

(30) . MLV,  S UV and REV are the types of li posome mos t  often u sed i n  s tudies 

on the in vivo fate of  li posomes and on thei r appli catio n  a s  a dru g-carr i er 

system . 

L i posomes can be prepared from a vari ety of phosphol i pi ds . The i ncorpo­

ration  of charged molecules li ke the amph i pati c compounds  s tearylami ne and 

d i cetylphosphate or the natu ral phospholi p ids  phosphati dylser ine ,  phosphati ­

dylglycerol and phosphati d i c  ac id  will i ncrease the captured volume of MLV 

and SUV due to electrostati c repuls ion  forces . The phos pholi pi ds  i n  the lipo­

somal membrane can be arranged i n  a gel-phase ( soli d  phase)  or in a l iqu i d­

crystalli ne phase ( flu i d  phase ) , dependent on the temperature and on the 

l i p i d  compos i tion  of the membrane ( for  rev i ews see ref . 3 1 , 3 2 ) . The gel phase 

represents a s tate i n  whi ch the fatty acyl cha i ns are ti ghtly packed i n  an  

ordered structure , whereas in  the liqui d-crys talli ne phase the  fatty acyl 

cha i ns have a h i gher degree of d i sorder and a greater mobili ty .  The tempera­

ture at wh i ch the li posomal membrane converts from one phase to the other i s  

called the ( gel-to-liqu id-crystall i ne )  phase trans i ti on temperature , whi ch 

may vary from -20° C to +60°C , dependi ng on the phosphol i p i d  spec i es . The 

phase behav i ou r  of the li posomal b ilayer changes when non-phospholi p i d  mole­

cul es are i ncorporated i n  the membrane . I ncorporation of i ncrea s i ng amounts 

of choles terol causes a gradual di sappearance of the phase transi t i on and at 
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30 mol % i t  has d i sappeared compl etely ( for a rev i ew on chol esterol effects 

see ref .  33 ) .  The presence of chol esterol i n  l i posomal membranes has impor­

tant consequences for thei r phys i cal and chemi cal characteri sti cs . Permeabi­

l i ty for a vari ety of hydroph i l i c compounds is reduced (34 , 35 )  and al so 

pl asma- i nduced l eakage of l i posomal contents i s  mi n imized ( for rev i ew see 

ref .  36 ) . The l i posomal membrane can accomodate molecul es invol ved i n  biol ogical 

recogn i tion  processes such as glycol i pi ds (37-39 ) , and anti bod i es (40-47 )  

( for  a recent rev i ew see  ref . 48 ),  thereby openi ng the  poss i bi l i ty for tar­

getti ng l i posomes to speci fi c  cel l s  or ti ssues . 

Thus , l i posomes characterized by s ize ,  charge , number of l amel l ae ,  encap­

sul ation effi c i ency and stabi l i ty can eas i ly be prepared by varyi ng the l i ­

pi d compos i ti on and u s i ng di fferent methods of l i posome preparati on . L i po­

somes of a defi ned s ize d i stri but ion can be prepared by extru s i on of the ve­

s irl es through polycarbonate membranes . I n  order to make a rati onal use of 

liposomes as carri ers in  chemotherapy it is  fi rst of al l necessary to under­

s' 3nd the mechani sms i nvol ved i n  l i posome- cel l i nteractions and the process­

es govern i ng the in vivo fate of l i posomes and l i posome-encapsul ated drugs .  

I n  vi tro interactions of liposomes with cells 

Li posomes can i nteract wi th cel l s  i n  vari ous ways . The most important 

mechani sms of l i posome-cel l i nteractions , schemati cal l y  represented i n  Fi g .  

1 are: ( 1 )  exchange o f  l i pi d  mol ecu l es between the l i posomal membrane and 

the cel l membrane (49 , 50 ) , ( 2 )  adsorpti on of l i posomes to the cel l surface 

( 51-54) , ( 3 )  endocytos i s  ( 1 7 , 18 ) , ( 4 )  fus i on of the l i posomal membrane wi th 

the cel l membrane (51 , 55 , 56 ) ( for a detai l ed descri pti on of these mechan i sms 

see ref . 17 , 18 ) . The exchange of l i p i d mo l ecul es may take pl ace v i a  spec i a­

l ized exchange protei ns ( 57 ) , and wi thout cel l u l ar i nternal ization  of l i po­

somal contents . Adsorption  may be med i ated by non-s pec i f1c forces (el ectro­

stati c ,  hydrophob i c ) or  by speci fi c  components of the ves i cl e  or cel l sur­

face . Adsorpti on may resul t i n  l eakage of ves i c l e  contents i nto the external 

envi ronment ( 54 ) . The rel eased materia l  wi l l  ei ther be taken up by the cel l 

v i a  the normal u pta ke mechan i sm ,  i f  avai l abl e ,  or  wi l l  be l ost i n  the envi ­

ronment . After i ni ti al adsorption l i posomes can be i nternal i zed v i a  endocy­

tos i s .  I f  the endocyti c  vacuol e fuses wi th a l ysosome i t  can be expected 

that the l i posomes wi l l  be degraded by l i polyt i c  enzymes ( 58) and that the 
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lipid exchange adsorption 

endocytosis 

Fi g .  1 .  Schemati c representati on of mechani sms i nvol ved in l i posome-cel l 
i nteract i on . 

l i posomal contents wi l l  be rel eased . Compounds wh i ch are stabl e i n  a l ysoso­

mal mi l i eu may then act i ntralysosomal l y  and compounds capabl e of cros s i ng 

the l ysosomal membrane may al so act i n  other cel l compartments . I f  the endo­

cyt i c  vacuol e does not fuse wi th a l ysosome , the l i posomal contents may be 

sl owly rel eased i nto the cytopl asm .  Fus i o n  of l i posomes wi th cel l s  i nvol ves 

merg i ng of the l i posomal b i l ayer wi th the pl asma-membrane bi l ayer , fol l owed 

by a rel ease of l i posome contents d i rectly i nto the cytopl asm ( non l eaky fu­

s i on ) or i n  the external envi ronment ( l ea ky fus i on ) . The d i fferent mecha­

n i sms of i nteract ion are not mutual ly  excl us i ve and i t  i s  very wel l poss i b l e 

that to some degree l i p i d exchange , adsorpti on , endocytos i s  and fus i on al l 

take pl ace at the same t ime . The rel at i ve extent to wh i ch each of these me­

chani sms i s  acti ve , wi l l  depend on the cel l type , metabol i c  state of the 

cel l and compos i ti on of the extracel l u l ar envi ronment ,  a l ong wi th l i posomal 

l i pi d compos i ti on and l i posome concentrat ion . 
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Several investi gators ( 17 , 59 ,60)  have s uggested that endocytos i s  of l i po­

somes by , or fus i on of l i posomes wi th ,  tumor cel l s  cou l d  be a way to over­

come res i s tance to certa i n  drugs due to defi c i ency i n  u ptake . Thi s concept 

has been an  important stimu l u s for research i nto the potent ia l  appl i cati ons 

of l i posomes as drug  carri ers i n  chancer chemotherapy . However ,  phagocytosi s 

i s  l argely  restri cted to cel l s  l i ke monocytes and macrophages of the ret i cu­

loendothel ia l  system that perform phagocytos i s  profess i onal l y .  Onl y  some 

types of tumor cel l s  have phagocyti c potenti a l . Furthermore , w i th the de­

vel opment  of more reli abl e methods to fol low the fate of l i posomes , evi dence 

has accumu l ated that fus i on does not p l ay a quanti tati vel y important rol e  

i n  the i nteracti ons between l i posomes and cel l s  ( 6 1 ,62 ) . The poss i b ili ty 

of adsorpt i on i s  not l i kely to depend strongl y  on cel l type , al though some 

cel l s  may adsorb l i posomes more effi c i ently than others . It must be noted 

that even i f  the l i posomal contents are not taken up d i rectly i nto cel l s ,  

such as when stabl e adsorption or l eaky fus i on take p l ace , i t  i s  concei vabl e 

tha t ,  compared to the free drug , a h i gher amount of the entrapped materi al 

i s  taken up  by the cel l due to the generati on of l ocal l y  hi gh concentrati ons 

at the cel l surface . 

The bi ndi ng of l i posomes to cel l s  can be enhanced by the i ncorporati on of 

recogn i tion  mol ecul es in  the l i posomal membrane .  Th i s  approach has i nvol ved 

adsorpti on or cova l ent b i ndi ng of anti bodi es to the li posome (40-47 ) and 

lecti n medi ated bi nd i ng of l i posomes to cel l s  ( 37-39 ) . For i nstance , 

Leserman et al .  ( 43 )  showed that l i posomes Deari ng coval ently coupl ed mouse 

monocl onal anti body agai nst human s2 mi crogl obu l i n  bound speci fi cal l y  to 

human , but not to mouse  cel l s .  Weissmann and coworkers (40-42 )  demonstrated 

that non-spec i fi c  b i nd i ng of heat-aggregated I gG resu l ted i n  an enhanced 

uptake of l i posomes , v i a  a b i nd i ng to the Fe receptors of human polymorpho­

nucl ear cel l s .  Szoka et al. ( 37 )  attached ves i cl es conta i n i ng the g lycol i ­

pi ds l actosyl cerebrosi de o r  tetradecy lmal tobi onam i de to B C-9  human fi bro­

bl asts , N I L  8 M2 hamster cel l s  or L929 mouse cel l s  w i th the l ecti ns Ri c i n i s  

commun i s  aggluti n i n  I and concanaval i n  A respecti vel y .  I f  the cel l s  are not 

profess iona l ly phagocytos i n g ,  however ,  i ncreased attachment i s  not accompa­

n i ed by a concomi tant transfer of l i posome contents i nto the cel l s  ( 6 3 ) . 
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I n  vi vo fate of liposomes 

After in vivo admi n 1 strati on l i posomes are subject  to i nteraction wi th a 

vari ety of protei ns and cel l s .  L i posomes are abl e to bi nd pl asma protei ns 

such as a- and s-gl obul i ns ( 64 , 65 ) , immunogl obul i ns ( 6 5 , 66 ) , l i poprotei ns 

(67-70 ) , al bumi n ( 65-71 )  and a lso some components of the cl ott ing  system 

( 7 2 ) . I nteraction wi th pl asma protei ns may i ncrease the permeabi l i ty of the 

l i posomal bi l ayer or ,  fol l owi ng i nteracti on wi th HDL , may even resu l t  i n  

compl ete destruction of the l i posome ( 6 5 , 73 ) . The extent of damage i s  l arge­

ly dependent on the type of l i posome [number of  l amel l ae ,  curvature of the 

bi l ayer ( 65 ) ] .  W hen anti gen i c  structures [e. g. g lycol i p i ds ( 76 ) ]  are present 

at the l i posome surface , l i posomes are suscepti b l e to compl ement damage 

( 77 ) . In most in vivo studi es so far the l i posomes were consti tuted of a 

l i pi d mixture with very l ow anti gen i c i ty : phosphati dyl chol i ne ,  chol esterol 

and smal l amounts of charged l i p i ds .  

Rel ati vely l i ttl e is known about the i nteracti ons between l i posomes and 

bl ood cel l s .  I t  woul d  seem l i kely that c i rcul ati ng macrophages wi l l  take up  

a fraction of an i njected dose of l i posomes . However , si nce these cel l s  con­

sti tute only a smal l proporti on of the total number of b l ood cel l s ,  such up­

take is not expected to be quantati vely important . Li ttl e evi dence is  

ava i l abl e until now of  a substanti al i nteraction between l i posomes and  red 

bl ood cel l s .  Li posomes presumably cannot pass the endothel i a l  l i n ing of the 

bl ood vessel s except in the l i ver where they can come i n  contact wi th paren­

chymal cel l s ,  thanks to the presence of numerous rel ati vely l a rge fenestra­

ti ons i n  the endothel i al s i eve pl ates ( 78 ) . After i ntravenous i nj ecti on l i ­

posomes are gradual ly  c l eared from the bl ood . The c l earance rate is  depen­

dent on s i ze and l i pi d  composi tion  of the l i posomes . Large l i posomes are 

cl eared more rap id ly  than smal l l i posomes ( 79 ,80) and , possi bly  due to di f­

ferences i n  adsorbed protei n ,  negati vely charged l i posomes are cl eared more 

qui ckly than neutral  or pos i t i vely charged ves i c l es ( 7 9 ) . The rate of l i po­

some c l earance is  dose dependent ( 81-84 ) . At  present only l imi ted i nforma­

tion is ava i l abl e about the rel evance of o ther parameters such as tota l num­

ber of ves ic l es and total surface area (84 ) , that may be greatly d i fferent 

for d i fferent l i posome-types and l i posome-sizes despi te simi l ari ty i n  l i pi d  

doses (85 ).  
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Li posomes become associ ated wi th cells of the ret i cu l oendothel i a l  system , 

which are found i n  hi gh concentrati ons i n  l i ver and spleen ( for d i agrams of 

bl ood c i rcul ation through l i ver and spl een see Fi g .  2 ) . The d i s tri buti on be­

tween the cel l types i n  the l i ver has long been a matter of debate and i s  

sti ll not enti rely  clea r .  Di fferent methods of ves1cle preparation between 

di fferent laboratori es and the use of i nadequate markers of l i posoma l l i p i d  

and l i posomal contents , al ong wi th the u s e  o f  ves i c le preparati ons o f  unde­

fi ned s i ze-frequency di stri buti ons have resul ted i n  confl i cti ng reports on 

th i s  subj ect .  Recentl y Rahman et aZ. (86 )  presented indirect evi dence that 

small uni l amel l ar l i posomes (d i ameter l ess than 70 nm) preferentia l ly asso­

ci ate wi th hepatocytes , whi l e  l arge li posomes are ma i nl y  taken up by Kupffer 

cel l s .  Roerdi nk  (87 )  et aZ. presented direct ev i dence that l arge l i posomes 

were taken up preferenti al ly  by Kupffer cell s ,  whi le only a smal l proportion 

was associ ated wi th hepatocytes and v i rtual l y  none wi th endothel i a l  cell s .  

Recent experi ments from our laboratory d i rectly showed upta ke of l i p i d  and 

entrapped sol ute of SUV i n  hepatocytes and l ow uptake i n  non-parenchymal 

cel l s  ( 88) . 

I ntraperi toneally i njected chol esterol -ri ch l i posomes appear i n  the blood 

i n  i ntact form and are subsequently d i s tri buted throughout the body i n  a 

manner qual i tati vely s i mi l ar to the di stri but i on after i ntravenous i nj ection. 

Transport from the peri toneal cav i ty to the blood presumably takes pl ace via 

thorac ic  and right l ymphat i c  ducts (89 , 90 ) . Parker et aZ. have shown that 

i ntraperi toneal adm in i strat i on of  l i posome entrapped adri amyc i n  resu lts i n  

an enhanced u ptake i n  renal and thorac i c  l ymph nodes ( 89 ) . 

After i ntersti t ia l  i njecti on the general tendency i s  for l arge l i posomes 

to be reta i ned and des i ntegrated at the s i te of i nject ion and for smal l l i ­

posomes to accumu l ate i n  regi onal lymph nodes and to be transported to the 

bl ood ( 9 1 -93 ) . Segal et aZ. suggested that s i ze precl uded unsoni cated mul ti ­

l amell ar ves i c les from enteri ng the lymphat ics  ( 94 ) . Exampl es of the admi n i ­

stration  o f  l i posomes to a part i cu l a r  organ o r  t i ssue i ncl ude the i nject ion 

of methotrexate conta i n i ng l i posomes i nto the bra i n  ( 95 ) , the i njecti on of 

hydrocort i so l  contai n i ng l i posomes i nto the joi nts of experi mental arthri tic 

rabbi ts (96 )  and the adm i n i strati on of Ara-C conta i n i ng l i posomes , as a 

li posome aerosol v i a  the respi ratory system , to the l ungs ( 96 ) . I n  al l these 

16 



centra 1 ve1n 

hepltic branch of 
1rtery portal ve1n bl1e duct 

artery in 
trabecula 

Fi g .  2 . A .  C i rcu l at ion  of  
bl ood through the  l i ver .  B lood 
from portal vei n and hepati c 
artery enters s i nuso ids  where 
i t  flows towards the central 
vei n .  Kupffer cel l s  are l oca­
ted i n  the s i nuso i da l  l umen . 
BC =bi l e  canal i cu l us; P = 
parenchyma l cel l ;  K = Kupffer 
cel l ;  S = s i nusoi d; F = fat 
stori ng cel l ;  En = s i nuso i da l  
endothel i al cell . 

Fi g .  2 . B .  C i rcu l ati on of b l ood through the spl een . The central artery , 
surrounded by a l ymphocyte s heath , g i ves off branches to the fol l i cl es of 
the whi te pulp , wh i ch cons i st of dense accumulat ions of  l ymphocytes , and 
conti nues on to enter the red pu l p .  Macrophages often protrude i nto the 
s i nusoi dal l umen between endothel i al cel l s .  S i nusoi ds empty i nto vei ns of 
the red pu l p .  S = s i nuso i d  ( Functi onal H i stol ogy , L . C .  Junquei ra and J .  
Carnei ro; Ned . bew . J .  James and C . J . H .  van den Broek , ( 1g81 ) , Wet . Ui tg .  
Bunge , Utrecht ) . 
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studi es , a h i gher concentration and a prol onged avail abili ty (of the encap­

sul ated drug versus the free drug ) at  the s i te of admi n i stration was demon­

strated . 

Confl i cti ng resu l ts have been reported on the fate of oral l y  admi nistered 

l i posomes ( 90 , 98- 100 ) . Several i nvesti gators have c l a i med that oral l y  admi ­

n i stered l i posome-encapsul ated i nsul i n  causes a decrease i n  bl ood gl ucose 

l evel s of d i abetic rats ( 98- 100 ) . Hemker et al. ( 101 ) adm in i stered l i posome­

encapsul ated cl otti ng factor VI I I  to a pat i ent  wi th Haemophi l i a A and the i r  

resul ts suggest that the effi cacy o f  oral ly  admi n i stered l i posome-encapsu­

l a ted factor VI I I  may by as h i gh as the same dose when g i ven i ntravenous ly .  

However from these studi es it i s  not cl ear whether i nsu l i n  or  factor VI I I  

were adsorbed from the i ntesti nal contents w�i l e  sti l l  encapsu l ated . I t  i s  

di ffi cu l t to envi sage how oral ly  admin i stered l i posomes cou l d  escape the 

action of pancreati c phosphol i pases or  bi l e  sal ts . As a pos s i b l e  expl anati on 

of the resu l ts wi th oral ly  admi n i s tered l i posomes , Patel and Ryman ( 100) 

suggested that l i posome-encapsu l ati on protected the entrapped prote ins  from 

attack by di gestive enzymes duri ng passage through the stomach . The survi ­

v i ng  l i posomes wou l d  then rel ease thei r contents i n  the i l eum , where they 

are adsorbed as the free substances . An al ternati ve poss i b i l i ty i s  that 

i nsul i n  and espec i a lly a hydrophobi c protei n as factor VI I I  are absorbed as 

a l i poprote in  compl ex ( 1 02 ) . 

Thus i t  i s  poss i bl e  to i nfl uence the in vivo fate of  l i posomes to a cer­

tai n degree by vary i ng s ize , charge , l i p i d  composi tion and route of admi n i ­

strati on . The i nvol vement of the reti cul oendothel i al system i n  the bl ood 

c l earance of l i posomes has been recognized for some t ime ,  but sti l l  rel at i ­

vely l i ttl e i s  known about the deta i l s  of the i nteracti ons between l i posomes 

and the RES . The rate of d i sappearance of l i posomes from the bl ood decreases 

wi th i nc reas i ng dose ( 81-84 ) , i nd i cati ng that the c l earance mechani sm i s  

saturabl e .  I n  th i s  respect i t  resembl es the reti cul oendothel i a l  cl earance 

of other parti cl es or  cel l s  such as sheep red bl ood cel l s  (S RBC ) . Therefore 

several i nvesti gators have suggested saturation of  the hepat i c  uptake me­

chani sm wi th a h i gh dose or wi th a prel oad of l i posomes as a way to reduce 

the bl ood c l earance rate of l i posomes (81 ,82 , 103 ) . I n  two recent stu d i es 

( 82 , 83 )  i t  was reported that ,  compared to the effect of reti cul oendothel i al 
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bl ockade on hepat ic  uptake and cl earance of S RBC , the effect of bl ockade on 

c l earance and hepat ic  uptake of l i posomes was smal l .  Souhami et al. (83 ) 

suggested that i n  contrast  to S RBC  onl y  part of the hepatic  l i posome uptake 

i nvol ved Kupffer cel l phagocytosi s .  

A few attempts have been made to target l i posomes to spec i f i c  ti ssues 

in vivo, us i ng i mmunogl obu l i ns ( 1 04) , glycoprote i ns and glycol i pi ds ( 105 , 

106 ) . Gregori adi s et al. i ncorporated rabbi t  I gG aga i nst the Meth A tumor 

i n  1 1 1 I n-Bl eomyci n contai n i ng l i posomes . A ti ssue di stri bution study re­

veal ed that the accumu l ation i n  tumor , l i ver and spl een were enhanced to 

the same extent .  Thi s was expl a i ned by the poss i b l e  presence of anti bodi es 

to mouse l i ver and spl een anti gens i n  the i mmunogl obul i n  preparati on . Seve­

ral i nvesti gators have successfu l l y  empl oyed mol ecu l es carrying termi nal gal actose 

res i dues , to target l i posomes to the l i ver . I nvol vement of the gal actose 

receptor was demonstrated i n  these studi es ( 105 , 1 06 ) . Mauk et al. ( 107 , 108) 

and Wu et al. ( 109 )  reported that i ncorporation of the 6-ami nomannose deri ­

vati ve of chol esterol i nto the l i pi d  bi l ayer of the l i posomes resul ted i n  an 
al tered cl earance and ti ssue d i stri bution after i ntravenous i nj ection and , 

after subcutaneous i nj ect i o n ,  i n  a very effecti ve retention at the i njection 

s i te and a greatly i ncreased l i posomal stabi l i ty .  

Fate of the liposome-encapsulated drug 

The pharmacol ogi cal behav i our  of a l i posome-encapsul ated drug  i s  deter­

mi ned by the behavi ou r  of the l i posome . I n  general the c i rcul ation t ime of 

encapsul ated drugs i s  prol onged and a l arger proportion is  taken up  by l i ver 

and spl een . Encapsul ated drugs are protected from metabol i c  breakdown and 

excreti o n .  In a l l probab i l i ty ,  the rate at whi ch the drug  i s  rel eased from 

the ves i cl es i s  the s l ow s tep regu l ati ng the in vivo metabol i sm and pharma­

cok i net i cs . I t is only after the drug  i s  rel eased that i t  becomes ava i l abl e 

for i nteracti on wi th cel l s .  The rate at whi ch an encapsu l ated drug i s  re­

l eased wi l l  depend on the type of drug ( 1 10 ) , the l i posomal l i p i d  composi ­

t ion , the type of l i posome ( S UV ,  REV ,  MLV )  and the l ocal i zation of  the 

l i posome e.g. as extracel l ul ar or  i ntracel l u l ar depo t .  For any tumo r ,  the 

succes�ul use of l i posome encapsul ated drugs wi l l  greatly depend on a care­

ful cho i ce of therapeuti c cond i t i ons as the route of l i posome admi ni stration 

and the type of anti tumor agent .  
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Liposome applications 

Anti tumor studi es wi th l i posomes have i nvol ved vari ous drugs. Arabi nofu­

ranosyl cytos i ne (Ara-C) , ( 1 1 1- 1 1 6 )  methotrexate ( 1 1 7-122 ) and acti nomyc i n-0 

(118 , 1 23-125 )  have recei ved most  of the attention so far ,  but al so adri amy­

ci n ( 1 62-128 ) , daunomyci n ( 1 29 ),  ci sd i ami ned i chl oropl ati num ( 130)  and other 

dru gs have been empl oyed . Most  of the pos i ti ve resu l ts rel ate to Ara-C . A 

s1ngl e dose of l i posome-encapsul ated Ara-C was successfu l ly used i n  the 

treatment of L1210  beari ng m i ce . The observed benefi c i al effect of entrap­
ment was attri buted to sustai ned rel ease and not to a speci fic del i very of 

the drug to the tumor cel l s  ( 1 31 ) . As was outl i ned in the prev ious  sections , 

l i posomes may be abl e to d i rectl y del i ver thei r contents i nto tumor cel l s  

by fus i on or endocytos i s  and/or may act as a depot for s l ow rel eas e .  S i nce 

most types of tumor cel l s  do not di spl ay phagocyti c capaci ty ,  s u sta i ned re­

l ease can be expected to be an important determi nant of the l i posomal car­

rier system i n  cancer chemotherapy . I n  some instances encapsu l ati on enhan­
ces the anti tumor acti v i ty whereas i n  others i t  does not ,  or  even decreases 

the effect .  Th i s  must  be attri buted to d i fferences i n  t i s sue d i stri bution , 

toxi c i ty ,  pharmacoki net ics  and tumor sens i ti v i ty i n  d i fferent systems . 

I n  an attempt to i ncrease the uptake of encapsul ated methotrexate by the 

tumo r ,  l i posomes wi th a phase trans i ti on temperature s l i ghtl y h i gher than 

body temperature have been used in combi nati on wi th l ocal hypertherm i a  

( 1 1 9-122 ) . The heat ing  of t he  tumor resul ted i n  a preferenti al rel ease  of  

the drug i n  the target area and i n  an increased anti tumor effect .  

One probl em i nherent to the use o f  l i posomes a s  carri ers for anti tumor 

agents i s  the fact that i ntravenous ly  i njected l i posomes do not pass the 

endothel i al l i ni ng of the vascul ar  system , whi l e  most tumor cel l s  are l oca­

ted behi nd th i s  barri er . However , when tumor cel l s  s pread throughout the 

body by lymphati c pathways and metastas i ze in l ymph nodes , a di rect contact 

between tumor cel l s  and l i posomes cou l d be establ i s hed i f  the l i posomes were 

admi n i s tered to afferent l ymph vessel s .  Th i s  approach was used by Kal edi n 

et al. who found that the frequency and growth rate of metastases i n  reg i o­

nal lymph nodes were decreased more effi c i ently wi th l i posome-encapsul ated 

ci sdi arn i nedich l oropl ati num ( I I )  and hydrocort i son than wi th the free drugs 

( 1 30 ).  
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Chemotherapy of cancer i s  probably the only appl i cat ion of l i posomes as 

a drug carrier  system that l argely depends on the susta i ned rel ease mecha­

n i sm .  Most  other medi cal appl i cati ons are based on the abi l i ty of macropha­

ges to phagocytose l i posomes. Thu s l i posome-entrapped macrophage acti vati ng 

factor (MAF , a l ymphoki ne) was demonstrated to render mouse macrophages cy­

totox i c  to tumor cel l s  in vitro ( 132-134)  at a much l ower dose than that re­

qu i red for free MAF .  I n  add i t ion , l i posomes wi th entrapped MAF were thera­

peuti cal l y  effecti ve aga i nst spontaneous l ung metas tases of mouse  mel anoma , 

after exc i s i on of the primary tumo r ,  i nd i cati ng that l i posome-entrapped MAF 

can be used to st imu l ate the host-medi ated tumori c i da l  response ( 135,136 ) .  

Other appl i cat i ons o f  l i posomes i n  medi c i ne i ncl ude thei r u s e  a s  i mmuno­
loqical adjuvants ( 13 7 ) , their  use in metal storage diseases (6 ,86) , in anti micro­

bi  a 1 tt1erapy ( 7 , 1 1 )  , and i n  enzymerep 1 acement therapy ( 3) . For a vari ety of 

anti gens i t  has been s hown that the immunol ogi cal response i s  enhanced when 

the anti gen i s  gi ven i n  l i posome-associ ated form . Van Rooyen et aL. showed 

that the i mmune response i s  caused by anti gens adsorbed at the l i posome sur­

face ( 71 ) .  The i mmunoadj uvant acti v i ty may present a ser i ous  probl em when 

anti body-coated l i posomes are to be used for targetti ng of l i posomes to tu­

mor cel l s  in vivo . In several metal s torage di seases metal s accumul ate i n  

the l ysosomes o f  cel l s .  Li posomes have been used to i ntroduce metal chel a­

t i ng  agents i nto cel l s .  For i nstance l i posome-encapsul ated desferri oxami ne 

was d i rected to Kupffer cel l s  or hepatocytes ( dependent on the d i ameter of 

the l i posomes ) and was c l a imed to remove i ron from i ntracel l u l ar s i tes more 

eff ic i entl y than the free drug ( 86 ) . Al v i ng et aL. ( 7 )  made use of the ten­

dency of l i posomes to accumu l ate i n  Kupffer cel l s ,  for the treatment (1v i th 

antimon i a l  compounds ) of experimental ly  i nduced l ei s hmani a s i s ,  a di sease 

caused by a paras i te that i nvades Kupffer cel l s .  The objecti ve of enzyme 

repl acement therapy i n  l ysosomal storage d i seases i s  to i ntroduce b i o l o g i ­

cal ly  act i ve enzyme mol ecu l es i nto the l ysosomes of  cel l s  defi c i ent i n  th i s  

enzyme . I t  was argued that l i posome-encapsu l ati on mi ght protect the enzyme 

from degradati on i n  the c i rcu l at i on and mi ght prevent the devel opment of an 

i mmune response aga i nst the entrapped enzyme . Th i s  approach can only be ex­

pected to be u seful i n  those s torage di seases that i nvol ve macrophages of 

the reti cu l oendothel i a l  system . S i nce a smal l fracti on of the l i posome-asso-
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ci ated enzyme i s  l i kely to be adsorbed to the l i posomal surface , a probl em 

i s  presented by the fact that l i posomes were fou nd to act as adjuvants i n  

the immune reaction to adsorbed anti gens . 

Unti l now l i posomes have only been u sed i n  a few cl i n i cal s tudi es , mai n l y  

concern i ng pati ents wi th Gaucher ' s  di sease ,  but are about t o  b e  tested o n  a 

much l arger scal e i n  the treatment of l ei shmani as i s . 

Characteristics and dissemination pattern of the murine lymphosarcoma used 

in this study 

The lymphosarcoma wh i ch ori g i nated spontaneously i n  a C57 81 mouse was 

ma i nta i ned by weekly passage of spl een suspensions i n  C57 81 or i n  ( C57 8 1  x 

Gr) F 1  m i ce ,  for a peri od of more than 20 years ( 1 38) . The tumor as u sed i n  

the present study was characteri zed morphol og i cal l y ,  immunol ogi cal ly  and 

enzyme-h i stochemi cal l y .  A prel im i nary report has been publ i s hed ( 1 39 ) . 

I ntraperi toneal i njection of 106 tumor cel l s  resu l ted i n  a d i ffuse , mas­

s i ve enl argement of the spl een and , to a l es ser extent , of the l i ver ( Fi g .  

3 ) . After seven days the spl en i c  ti ssue appeared to b e  repl aced enti rel y  by 

l arge i mmunobl ast- l i ke cel l s ,  s howi ng many mi tos i s .  These tumor cel l s  are 

characteri zed by central l y  l ocated i rregu l ar round nucl e i . On the surface 

and i n  the cytopl asm of v i rtual ly  every cel l i mmunogl obu l i ns appeared to be 

present ( i ndi rect immunofl uorescence and i mmunoperox i dase techniques ) ,  con­

s i s t i ng of kappa l i ght chai ns and I gG and to a l esser exent I gM heavy chai ffi .  

Aci d  phosphatase and non-spec i fi c  esterase reacti ons o n  frozen secti ons 

s howed many pos i tive cel l s  throughout the l ymphosarcomatous spl een , presumably 

representi ng macrophages . Ac i d  phosphatase reaction on frozen secti ons of 

the l i ver showed pos i ti ve Kupffer cel l s ,  and no sta i n i ng of the tumor cel l s .  

I n  frozen sections erythrocyte-anti body-compl ement rosettes were formed over 

some tumor cel l s ,  wh i l e  no erythrocyte-anti body rosettes were formed , sug­

gesti ng a l imi ted number of compl ement receptors and the absence of  Fe 
receptors . 

Pattern of tumor distribution after intraperitoneal or intravenous injection 

Macroscopi cal ly  no peri toneal tumor growth or asc i tes producti on was ob­

served at any day after i ntraperi toneal i njection of 106 tumor cel l s .  M icro­

scop i c  exami nat i on of  peri tonea l fat s howed an i ncreas i ng number of tumor 
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Fig . 3 .  I nc rease i n  weight of spl een and l iver after intraperitonea l in­
jection of 106 lymphosarcoma cel l s .  

cel ls from the first day on . Direct infiltration from perispl enic fat into 

the spl een was not observed . Du ring tumor devel opment the spl eens showed no 

gross  changes apart from an increase in size (Fig . 3 )  and fragil ity . No 

tumor cel l s  coul d be detected in the spl een by microscopic observation one 

or two days after injection .  At the third day tumor cel l s  were detected in 

the marginal zone of the fol l ic l es of the white pul p .  I n  the fol l owing days 

tumor cel l s  concentrical ly invaded the white pul p ,  obliterating the red 

pul p ,  l eaving only fol l icul ar remnants at day five . At day six the spl een 

consisted mainly of tumor cel l s  showing a somewhat nodu l ar pattern and after 

seven days a diffuse tumor prol iferation was found . I n  Fig .  4 sections of 

the spl een are s hown one and three days after intravenous injection of 106 

cel l s .  A rim of tumor cel l s  is cl early visibl e in the marginal zone of the 

fol l ic l es . The distribution of tumor cel l s  in the s pl een after intraperito­

neal injection is identical to the pattern after intravenous injection (see 

bel ow) . 

The l ivers s tarted to increase in weight from the fou rth day on (Fig . 3 ) . 

The tumor cel l s  in the l iver were l ocated predominantly in the sinusoids ,  
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Fig. 4. Secti ons of spl een , 1 day (A1 and A2 ) and 3 days ( B 1  and B2 )  after 
intravenous injec tion of 106 tumor cel l s .  G iemsa stain . A1 and B1 140x, 
A? arH1 �? 35'lx . WP, Fol l i cl e of t he whi te pul p; RP , red pul p ;  T , rim of 
tUJ'lOt r ·'I;: M ,  mitos is. (Courtesy of Dr. W.M . Mol enaar ) . 
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but a l so i n  branches of hepati c and portal vei ns . I n  l ymph nodes , whi ch were 

regu l arly seen upon exami nat i on of the organs (e. g. k i dney , pancreas , l u ng s) ,  

tumor cel l s  were present from the  th i rd day on . Tumor cel l s  i n  the l ymph 

nodes were di stri buted i n i ti a l ly  in the s i nuso ids wh i l e  u l t imately they 

a lmost  enti rel y  repl aced preex i s tent ti s sue . Bone ma rrow , l ungs and k i dneys 

s howed tumor i nfi l tration from the fourth day onwards . The tumor cel l s  were 

present i n  sma l l vessel s ,  progres s i ve ly  i nfi l trati ng the interst i t i al s pace 

in l ater stages of tumor growth . In heart and thymus tumor cel l s  were pre­

sent i n  su rrou ndi ng fat and some wi th i n  these organ at  the fi fth through 

seventh aay after i nj ecti on . In the bra i n  tumor i nvol vement remai ned res­

tri cted to the meni nges . I n  the b l ood i ncreas i ng numbers of tumor cel l s  were 

observed from the fourth day on . Tumor beari ng m i ce i nvar iab ly  d i e  e i ght or 

n i ne days after i ntraperi tonea l i nocu l ati o n  of 106 tumor cel l s .  

After i ntravenous i njection of 106 tumor cel l s  the macroscop i c  fi ndi ngs 

{ hepat i c  and spl eni c enl argement ) were i dent i ca l  to those after i ntraperi ­

toneal i njection . Tumor growth i n  peri tonea l fat appeared to be l i m i ted on 

m icroscopi c exami nati on and d i d  not occur before the fi fth day after i njec­

tion . The pattern of tumor di stribut ion was s im i l ar to that after i ntraperi ­

toneal i nj ecti on , but the various stages of tumor devel opment were found one 

to two days earl i e r .  

These resu l ts characteri ze t he  tumor as a h i gh-grade mal i gnant B- lympho­

sarcoma . Th i s  tumor model has been used i n  severa l  other stud i es (140-142). 

Saope of the thesis 

I n  th i s  s tudy vari ous aspects of l i posomes a s  drug ca rri ers i n  cancer 

chemotherapy were i nvesti gated . From work of  other i nvesti gators i t  became 

i ncreas i ng ly  c l ear ,  duri ng earl i er s tages of th i s  proj ect , that effects of 

l i posome-encapsu l ated cytotox i c  drugs  were ma i nl y  due to susta i ned rel ease 

of the cytotox i c  agent and not to a speci fi c i nteraction of  the drug  wi th 

the tumor cel l s .  Therefore , i n  the present study , much attention was g i ven 

to th i s  su stai ned rel ease as pect . I n  parti cu l ar we i nvesti gated: 

(1) the effect of the route of admi n i s trati on ( i ntraperi toneal versus  i ntra­

venous ) and dose of l i posomal l i p i d  on the rate of el i mi nati on of l i po­

somes from the bl ood and on the uptake l i posomes by l iver and spl een 

( Chapter I I  and I I I ) .  
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(2) the effect of l iposomes on the activity of the reticul oendothel i a l  

system ( Chapter I V) . 

( 3 )  the possibil ity of l ocal su stained rel ease of l i posome-encapsu l ated 

Ara-C from l iposomes associated with l iver and spl een ( Chapter V ) .  

(4) the effect of l iposome-encapsul ation on the  therapeutic activity of 

Adriamyci n  and Ara-C ( Chapter VI ) .  

(5) the capacity of l ymphosarcoma cel l s  to take up  l iposomes in vivo 

( Chapter V I ) .  

The experiments in Chapters I I ,  I I I  and I V  were undertaken in rel ation 

to the use of l i posomes a s  a circu l ating  depot for sustained rel ease . The 

experiments in Chapters V and V I  were undertaken to investigate the occur­

rence and u sefu l ness of l ocal  su sta ined rel ease of  encapsul ated Ara-C  and 

Adriamycin in l iver and spl een . 
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C H A P T E R  I I  

IN VIVO FATE O F  LARGE UN I LAMELLAR S PH I NGOMYELIN-CHOLESTEROL L I POSOMES 

AFTER I NTRAPERITONEAL AND I NTRAVENOUS I NJ ECTI ON I NTO RATS 

SUMMARY 

We i nvesti gated the fate of i ntraperi toneal ly  and i ntravenously i njected 

reverse phase evaporation ves i cl es of fa i rly uni form s i ze ( 100-200 nm ) wi th 

respect to bl ood cl earance , ti s sue di stri bution and i ntegri ty in vivo. The 

ves i cl es are composed of sphi n gomyel i n  and chol esterol i n  a �ol ar rat io  

3 : 2 and  conta i n  1 2 5 I - l abel ed pol y ( v i nyl pyrrol i done) i n  the aqueous com­

partment . I t  i s  shown that fol l owi ng an i ntraperi toneal  i nj ection the ves i ­

c l �s are transported i ntact , and not as soci ated wi th cel l s ,  from the per i -

t . teal cav i ty to the bl ood and are subsequently ta ken up ma i nly  by 1 i ver and 
" tl een , where , parti cul arly in 1 i ver , the phosphol i pi d  is part ia l l y  metabo­

l i zed . After an i ntraperi toneal i nj ecti on the rate of ves i cl e-uptake by l i ­

ver and spl een i s  reduced by a factor of 2-3 compared to the rate of ves icle­

uptake by l i ver and spl een fol l owi ng an i ntravenous i nj ect ion . The peri toneal 

cav i ty funct ions as a reservo i r  of ves i cl es for some hours . 

I NTRODUCTI ON 

Understand i ng and control of the pharmacok inet i c  propert i es of cytostatic  

agents i s  an i mportant aspect of the  rati onal des i gn of cancer chemotherapy . 

Encapsu l at ion of cytostati c agents i n  the aqueous compartment of l i posomes 

modi fi es the pharmacok i neti c  propert ies of these drugs . Li posome-encapsul a­

tion has been shown to change the t i ssue d i stri but ion ( 1 , 2 )  and to i ncrease 

the pharmacol og i ca l  effi cacy of vari ous  encapsul ated agents ( 3-8) . Among the 

vari ous ways i n  whi ch l i posomes can concei vably be appl i ed they offer the 

pos s i b i l i ty of bei ng used as carri ers gradual ly  rel eas i ng an entrapped cyto­

stat ic  agent . I n  thi s way one avo i ds i n i ti a l ly  h i gh ,  and potential ly tox i c ,  

pea k  concentrations i n  the pl a sma and a t  the same t ime a sustai ned avai l ab i ­

l i ty o f  the drug i n  therapeuti cal ly  effecti ve concentration ranges i s  gene­

rated . Before l i posomes can be used as veh ic l es for such sustai ned rel ease ,  a 
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number of cri teri a must be met : once adm i n i s tered the l i posomes must  not be 

c l eared from the body too rap i dl y  by cel l s  of the monocyti c  phagocytos i ng 

system l ocal i zed ma i nly  i n  l i ver and spl een and they must possess a certa i n  

degree o f  stabi l i ty i n  a phys i o l og i cal  envi ronment . W e  i nvesti gated the use­

ful ness , for thi s purpose , of l arge uni l amel l ar ves i cl es prepared by the 

reverse-phase evaporat ion method ( 9 ) . Such ves i c l es are known to entrap 

water-sol ubl e substances wi th h i gh effi c i ency . To obta i n  a h i gh degree of 

stabi l i ty we composed the ves i cl es of sphi ngomyel i n  and chol esterol . Th i s  

l i pi d  combi nati on was expected to produce ves i cl es wh i ch are hi ghl y res i s­

tent to pl asma H DL ,  because sphi ngomyel i n  i nteracts w i th chol estero l  even 

more strongly than phosphat idyl chol i ne ( 1 0) . Furthermore , i ncorporat ion of 

40 mol % chol esterol wou l d  greatly reduce spontaneous di ffu s i on of entrapped 

materi a l  from the ves i cl es ( 1 1, 12) . l 2 5 I - l abel ed pol y ( v i nyl pyrrol i done )  was 

chosen as a marker of  the aqueous compartment of the ves i c l es because i t  i s  

metabol i cal l y  i nert , i n  a free form i t  i s  taken up by l i ver and spl een only 

to a mi nor extent and once taken up  i t  i s  removed from these t i s sues very 

s l owly ( 13 ) . Thus , 1 2 5 1 - l abel  found associ ated with  l i ver and spl een , fol ­

l owing i njection i n  l i posome-entrapped form , can rel i ab ly  be taken to reflect 

upta ke of whol e ves i c l es .  Bl ood c l earance of i ntravenous ly  i nj ected ves i cl es 

i s  dependent on ves i cl e  s i ze :  l arge ves i cl es are c l ea red more rap i d ly  than 

sma l l  ves i cl es ( 14 , 1 5 ) . Therefore , we deci ded to use ves i cl es of i nterme­

d iate s i z e ,  prepared by extru s i on through a po lycarbonate fi l ter ( 1 6 ) , thus 

combi n i ng the advantage of a l arge i nterna l aqueous vol ume wi th a rel ati vely 

s l ow bl ood c l earance .  I n  addi t i on ,  we compa red the i ntravenou s and i ntrape­

ri tonea l routes of ves i c l e - adm i n i s trati on i n  order to see how cl earance and 

t i ssue uptake mi ght be i nfl uenced by va ryi ng the way of admi n i strat i on . 

MATERIALS AND t4ETHODS 

Materials 

Sphi ngomyel i n  { from bov i ne bra i n ) , chol esterol  and fl uorescei n i soth i o­

cyanate- l abe l ed Dextran (average mo l ecul ar we i ght 67 600 ; 0 . 007 mol fl uoro­

phore/mol g l ucose res i due) were obtai ned from S i gma . Sphi ngomyel i n  was l a­

bel ed i n  the chol i ne-group by transfer of d methyl group from [!�] methyl ­

i odi de to demethyl ated sphi ngomyel i n ,  essenti a l l y  as was descri bed for l abel-
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i ng of phosphati dyl chol i ne by Stoffel ( 1 7 ) . The l i p i ds were chromatographi ­

cal ly pure , a s  was demonstrated by TLC on s i l i ca gel wi th CHC1 3/CH 30H/NH 3/ 

H20 (65 : 35 : 4 : 1 , v/v )  as an el uant . 1 2 5 1 - l abel ed pol y ( vi nyl pyrrol idone) 

( spec . act . 46 . 3  �Ci /mg ; average mol ecul ar wei ght 35 000) and [ 1- 1 4C] chol es­

teryl ol eate (34 mCi/mmol ) were obtai ned from the Rad iochemi cal Centre , 

Amersham , U . K .  Un i pore polycarbonate fi l ters were from B i orad . Fi col l R 

(mol ecu l a r  wei ght 70 000 ) and Sepharose CL-2B were purchased from Pharmacia . 

Sol uene was obtai ned from Packard . Al l organi c sol ven ts used were reagent 

grade . 

Methods 

Ves i cl e prepa ration . Reverse-phase evaporation ves i cl es were prepared 

essenti al ly  as descri bed by Szoka and Papahadjopoul os ( 9 ) . A chl oroform so­

l ution of 30 �mol sph i ngomyel i n  and 20 �mo l chol esterol was evaporated to 

dryness  in a round-bottom fl ask  on a rotary evaporator .  When l i p id- l abel ed 

ves i cl es were prepared approx . 1 5 . 106 dpm [ 1 4C] sphi ngomyel i n  were added to 

the l i p i d  mixture .  The dry l i p i d  fi l m  was d i s sol ved i n  6 ml of a 1 : 1 mix­

ture of chl oroform/di ethyl ether and 1 ml of the aqueous phase (e i ther Tr i s­

buffered sal i ne wi th 0 . 5  mg unl abel ed pol y ( v i nyl pyrrol i done ) , or  a succinate­

buffered sol ution , conta i n i ng approx . 25 �Ci 1 2 5 1 -l abel ed pol ymer was added . 

Thi s mixture was soni cated under a N2 atmosphere i n  a bath type soni cator 

(Branson) unti l a homogeneou s su spens ion of i nverted mi cel l es was obta i ned . 
The organi c phase was then removed at 30°C i n  a rotary evaporator . The 

aqueous suspens ion  of vesi cl es thus obta i ned was extruded through a Un i pore 

polycarbonate fi l ter wi th a pore s i ze of 0 . 4  �m ( 1 6 ) . Non-encapsulated poly­

( v i nyl pyrrol i done ) was removed by gel chromatography on Sepharose CL-2B . 

The vo i d  vol ume fractions were pool ed and u sed i n  further experiments . Ves i ­

cl e-l i pi d  concentrati ons were determi ned by l i p i d  phosphorus a ssay ( 18 ) . The 

un i l amel l ar character of the ves i cl es as wel l  as the l i pi d  compos i t ion may 

contri bute to the d i screpancy between pore s i ze and ves i cl e s i ze .  Such d i s­

crepancy was not observed by Ol son et al. ( 1 6 )  u s i ng mul ti l amel l a r  ves i cl es 

of d i fferent l i pi d  compos i tion . The d i ameter of the ves i cl es varied between 

100 and 200 nm as was shown by el ectron mi croscopic  exami nat ion of negatively 
sta i ned preparati ons . 
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In vivo experiments . Mal e  W i star rats , weigh ing about 200 g were sta rved 

overn i ght and i njected i ntraperi toneal ly  or i ntravenously wi th approx . 2 

�mol ves i c l e  l i p i d .  For the determi nation of  ti ssue d i s tri but i ons of the i n­

jected sphi ngomyel i n  the animal s were anesthes i zed wi th Nembutal R ( i ntrape­

ri toneal l y ,  6 mg/ 100 g body wei ght ) . At the time chosen a bl ood sampl e was 

taken from the portal vei n and the l i ver was bri efly perfused w i th sal i ne 

to remove bl ood . L i ver and spl een were homogen i zed i n  col d 0 . 25 M sucrose 

and the homogenate was used for determi nat ion  of total uptake of rad ioactive 

l abel by the organ . Sampl es were bl eached wi th hydrogen perox i de and the 

rad i oacti v i ty of the sampl e was determi ned by l i qu i d  sc i nti l l at i on count i ng 

i n  a xyl ene-based sc i nti l l ator .  For characterization of  l abel ed l i p ids  a 

sampl e of the homogenate was extracted accordi ng to Bl i gh and Dyer ( 1 9 ) . 

The amounts of rad i oacti v i ty associ ated wi th the methanol /water- and the 

chl oroform-phase were determi ned by l i qu i d  sc i nti l l ati on counti ng i n  xyl ene­

based sci nti l l ator and ch loroform-sol ubl e materi a l  was submi tted to TLC on 

s i l i ca gel , wi th CHC1 3/ CH 30H/NH 3/H20 (65 : 3 5  : 4 : 1 )  as a sol vent system . 

The various l i p i d  spots , v i sual i zed by u l trav iol et l i gh t ,  were assayed for 

rad i oacti v i ty .  Occas i onal ly  a number of organs and t i ssues other than l i ver 

and spl een were removed as wel l .  They were ri nsed i n  buffered sal i ne and 

bl otted on fi l ter paper . T i s sue sampl es of 1 0- 100 mg were d i gested i n  1 ml 

sol uene .  The d i gests were bl eached wi th hydrogen peroxi de and i sopropanol , 

mi xed wi th 10  ml tol uene-based sci nti l l ator and rad i oac ti v i ty was determined. 

When ves i cl es conta i n i ng 1 2 S J -l abel were i njected , 3-4 ml bl ood were ob­

ta i ned from the i nferior caval vei n ,  the l i ver was bri efly perfused and the 

amounts of rad i oacti v i ty i n  the peri toneal cav i ty and associated with  bl ood, 

l i ver,  spl een and several other organs were determi ned . Bl ood vol ume was 

taken as 5 . 8  ml / 100 g body-wei ght . 

Ves i cl e-associ ated rad i oacti v i ty i n  bl ood and peri toneal cav i ty .  2 ml 

hepari ni zed bl ood or peri toneal wash fl u i d  from animal s i nj ected wi th 1 2 S J ­

l abel ed pol y ( v i nyl -pyrrol i done) conta i n i ng ves i c l es were l ayered o n  a 20% 

sol uti on of Fi col l R i n  sal i ne and centri fuged for 10 m in  at 1400 x g. Ve­

s i c l es and pl asma rema i n  on top of the Fi col l l ayer ,  whi l e  bl ood cel l s  wi th 

any adsorbed ves i cl es sediment at the bottom of the tube . Free 1 2 S J - l abel ed 

polymer i s  d i stri buted between upper l ayer and Fi col l ,  the major fracti on 
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( approx . 70% )  rema 1 n1 ng i n  the u pper l ayer. 

In vitro incubation of fl uorescent dextran-conta i ni ng vesicles i n  pl asma. Vesicles 

were prepared as descr1 bed above . They were l abe l ed with  0 . 7 5 mol % [ 1 - 1 4C ]  

chol esteryl o l eate and  conta i ned fl uorescent Dextran ( see Materi a l s )  i n  the 

aqueous compartment . Fl uorescence measu rements were performed on a Perki n 

E l mer MPF 43 spectrofl uorimeter wi th exc i tation and emi s s i on wavel enghts at 

490 and 520 nm , respect i vel y .  P l asma was obtai ned from starved rats and 

d ia lyzed in tubi ng wi th  mol ecu l a r  wei ght cut-off 3500 ( Thomas Laboratory 

spec i a l i ti es ) , for 2 h at 37°C aga i nst 1 00 mM Tri s/50 mM NaCl , pH 7 . 6 .  Thi s 

h i g h  buffer concentration  was essent i a l  to keep pH at 7 . 6 dur i ng the i ncu­

bati ons . 0 . 1  ml  of the ves i c l e  suspens ion was added to 0 . 9  ml  d i a lyzed 

pl asma (37°C )  and the mi xture was chromatographed aga i n  on Sepha rose CL-28 

e i ther immed i ately after m i x i ng or 2 or 4 h l ater . Both Dextran fl uorescence 

and the amount of ves i c l e- l i pi d  rad i oacti v i ty i n  the vo i d  vol ume fracti ons 

were measured after add i t ion of Tri ton X- 1 00 ( 1% fi nal concentrat i on )  in 

order to di ssol ve the ves i c l es . 

RES ULTS AND DISCUSS I ON 

Intraperitoneal administration of the vesicles 

Tabl e  I s hows the assoc i ati on of the 1 4 C- and 1 2 5 I - l abel s w ith  bl ood , 

l i ver and sp l een fo l l owing  i ntraperi toneal admi ni stration of ves i cl es con­

ta i n i ng [ 1 4C ] sphi ngomyel i n  or 1 2 SI - l abel ed pol y ( v i nyl pyrrol i done ) . In bl ood 

as wel l as i n  l i ver and spl een the two l abel s run c l osel y para l l el fo l l owing 

the i r  i nject ion  duri ng the enti re 12-h  peri od . Organ uptake of non-encapsu­

l ated 1 2 SI -pol y ( v i nyl pyrrol i done) is much l ower than that of the encapsu­

l ated marker .  Less than 2% of the i njected dose is assoc iated wi th the l i ver 

at  2 h ,  i ncreas i ng to not more than 6% after 1 2  h .  At that time l ess than 

1% of the i njected dose of free 1 2 S I - l abel ed pol ymer i s  recovered in the 

spl een . The para l l el i sm between 1 4C- and 1 2 5 I - l abe l s suggests that l i ver 

and sp l een take up i ntact ves i c l es .  It appears , however ,  that the two organs 

hand l e  the ves i c l e- l i p i d  di fferentl y ,  once taken up . Al though both i n  l i ver 

and spl een 80-90% of the rad ioacti v i ty i s  ch l oroform-sol ubl e ,  TLC s howed 

cons i derabl e di fferences between the organs i n  the di stri bution of rad i oac­

ti v i ty among the phosphol i pi ds .  At 2 h after i njection , 80% of the ch l oro-
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TAB LE I 

UPTAKE OF [ l 4 C ] S PH I NGOMYEL IN  AND 1 2 51 - LABELED POLY ( VI NY L  PY RROLI DONE )  BY 

BLOOD, L I VER AND SPLEEN AFTER I NTRAPERITONEAL I NJECTI ON OF LABELED VESI CLES 

Wi star rats were i njected i ntraperi tonea l l y  wi th 2 ml of a ves i cl es su spen­
s i on conta i n i ng 2 �mol ves i cl e- l i pi d .  The ves i cl es were composed of sphi ngo­
myel i n  and chol esterol (mo l a r  rat i o  3 : 2 ) , conta i ned pol y ( v i nyl �yrrol i ­
done ) ( PVP) and were l a bel ed wi �h ei ther [ l 4C ] sphi ngomyel i n  o r  l 2 � I - 1 abel ed 
pol y ( v i nyl pyrrol i done ) . The uptake of [ l 4 C ] sphi ngomyel i n  and 1 2 5 ! - l abel ed 
pol y ( v i nyl pyrrol i done) was determi ned 2 and 1 2  h after i nj ecti o n .  The data 
g i ven are means ± S . D . of 3-4 animal s .  When [ 1 4C ] spi ngomyel i n- l abel ed ves i ­
c l es were i nj ected , l i ver and spl een homogenates were extracted accord i ng 
to Bl i gh and Oyer ( 19 )  and the chl orofonn-sol uble material was anal vzeo by TLC . 

Time after 
i nject i on 

( h )  

Bl ood 2 

1 2  

L i ver 2 

1 2  

Spl een 2 

1 2  

Uptake 1 2 5 I - l a bel ed 
PVP (% of i njected 

dose ± S . D . )  

1 9  ± 9 

6 ± 5 

7 ± 4 

32 ± 14  

4 ± 2 

23 ± 1 6  

Uptake [ l 4 C ] - % of ch 1 oro form-
sphi ngomyel i n  sol ubl e materia l  
( % of i njected associ ated wi th 
dose -1- S . D . )  sphi ngomyel i n  

2 5  ± 9 

9 ± 6 

1 1  t 3 80 

29 ± 6 44 

8 ± 4 80 

1 9  t 4 80 

form-sol ubl e l abel i n  the l i ver  was assoc i a ted wi th sphi ngomyel i n ;  1 2  h 

after i njection not more than 44% of the l i p i d  l a bel remai ned as sphi ngo­

myel i n ,  56% hav i ng been converted to phosphati dyl chol i ne .  By contrast , 12 h 

after i nj ect i on as  much as  80% of the chl oroform-sol u bl e  l abel i n  the spleen 

was sti l l  assoc i ated wi th sphi ngomyel i n .  Apparently the sph i n gomyel i n  i n  the 

l i ver i s  subject to cons i derabl e degradat i on , whereas ,  at l east  dur ing  the 

fi rst 1 2  h ,  there i s  only l im i ted metabol i zat ion i n  the spl een . Th i s  mi ght 

be due e i ther to d i fferent acti v i t i es i n  phosphol i pi d  metabol i sm in l i ver 

and spl een expressed , for exampl e ,  i n  the l evel s of sphi ngomyel i nase a c t i ­

v i ty (20)  or  to d i fferent mechani sms by whi ch the organs accomodate the l i ­

posomes . As was demonstrated by Roerd i nk et al .  ( 21 ) , i n  the l i ver ves i cl es 

are taken up  by Kupffer cel l s ,  where they a re most probably degraded i n  the 
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a b 

hours hours 

Fi g .  1 .  Time course of cl earance of 1 2 5 1 - l abel ed poly ( v i nyl pyrrol i done) 
from the peri toneal cavi ty and uptake of the l a bel i n  bl ood , l i ver and sp r een 
after an i ntraperi toneal ( a )  or i ntravenous ( b )  i njection of ves ic l e-encap­
sul ated 1 2 5 ! - l abel ed pol y ( v i nyl pyrrol i done ) . 2 �mol ves i c l e  l i pi d ,  conta i n­
i ng approx . 5 . 10 s  dpm of 1 2 5 1 - l a bel ed pol y ( v i nyl pyrrol i done ) were i nje� 
i nto Wi star rats . At various times a fter i nj ection the amounts of rad i oacti ­
v i ty associ ated wi th bl ood , l i ver and spl een were determi ned . Mean va l ues of  
four anima l s  are g i ven . Numbers i n  parentheses denote the standanl devia tions. 
X---X, peri toneal cav i ty ;  t---1 , bl ood ; o---o , l i ver ;  A---� .  spl een . 

lysosomes , whereas i n  the spl een they may , for the greater part , be simpl y 

adsorbed wi thout s i gni fi cant i ntracel l ul ar uptake ,  as  was suggested by Van 

Rooyen and van N i euwmegen ( 22 ) . Furthermore , i n  the l i ver  the metabol i ca l l y  
very acti ve hepatocytes may contri bute substanti al ly  to metabol i zati on of 

the l i pi ds fol l owi ng primary uptake by Kupffer cel l s  as was suggested by 

Scherphof et al.  ( 23 ) .  

Fi g .  1 ( a )  shows that 12 h after i ntraperi toneal i nj ection of ves i c l e­

entrapped 1 2 5 1 - l abel ed pol y ( v i nyl pyrrol i done ) the l abel i s  a lmost compl ete­
ly removed fran tre peri toneal cavity and has gradual ly become associ ated wi th 

l i ver and spl een wi th a trans i ent ri se in acti v i ty in the bl ood . Only smal l 

amounts of radioact i v i ty were recovered i n  other ti ssues . Thi s  time course 

i s  i nd i cati ve of a transport of ves ic l e-associ ated 1 2 5 J - l abel from the 
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peri toneal cav i ty to the bl ood . For compari son , the same ves i c l es were a l so 

i njected i ntravenously { Fi g .  l b) .  I t  i s  obv i ous that the average rate of 

uptake by l i ver and spl een , during the fi rst few hours i s  faster by a factor 

of  2-3 in thi s case . The proport ion of spl een-assoc iated l a bel tends to l e­

vel off after 4 h ,  i n  particul a r  after i ntravenous admin i stration . This might 

be i ndicative of a l ac k  of real i ntracel l u l ar uptake of ves i c l es by thi s organ. 

Other-- i nves-tiqators ri!cently reported that smal l uni l amel l ar- ves i c l e s  composed 
of sph i ngomyel i n  as the ma i n  phosphol i pi d  consti tuent ,  were removed from the 

c i rcul ation more s l owly than smal l un i l amel l ar ves i cl es with phosphatidyl c ho­

l i ne a s  the major phosphol i p i d  component ( 24 , 25) . Poss i bly  sphi ngomyel i n  or 

i ts mi xture wi th chol esterol const i tutes a l i pi d  compos i ti on whi c h  i s  l ess 

favorabl e for i nteraction wi th cel l s ,  e . g. as  a resul t of s i gni fi cantly 

sma l l er s i ze whi ch  concei vably wou l d  resu l t in rel ati vely l ong surv i val  

times in the c i ru l ati on . Further i nvestigation is  requi red before defi n i te 
-conc l us ions  on these potent i al ly  important observations can be drawn . 

Experimental proof that the 1 2 51 -l abel found i n  the bl ood and peri toneal 

cavi ty i s  i ndeed ves i cl e  encapsul ated i s  g iven i n  Tabl e I I . B l ood and peri ­

toneal fl u i d  were sampl ed 4 h after i nj ection of the ves ic l es and the super­

natant fraction , obta i ned after Fi col l centrifugation , was chromatographed on 

Sepharose CL-2B . A representative pattern of the d i stri bution of l 2 5I - l abeled 

poly (v i nyl pyrrol i done) between supernatant , Fi col l l ayer and the sediment 

is g i ven in Tabl e I I .  Nearly a l l of the l abel , present in the upper l ayer 

el uted i n  the voi d  vol ume of the col umn ( Tabl e I I  and Fi g .  2 ) . When ei ther 

free 1 2 S J- l a bel ed polymer or free 1 2 SI - l abel ed polymer mi xed wi th empty ve­

s i c l es was i nj ected no rad ioact i v i ty was recovered in the voi d vol ume of 
Sepharose CL-2B , fol l owi ng the Ficol l -centrifugati on treatment ( Tab l e  I I  and 

Fi g .  2 ) . Th i s  demonstrates that the 1 2 S f - l abel el uti ng i n  the voi d  vol ume i s  

encapsul ated i n  and not adsorbed to the ves i c l es . Cons iderabl e amounts of  

rad ioact i v i ty were found assoc iated wi th the bl ood cel l s  col l ected at  the 

bottom of the centri fuge tube . However ,  two repeated washi ngs suffi ced to 

remove vi rtual l y  a l l of thi s rad ioac tiv i ty ,  i nd i cati ng that the bl ood cel l s  

do not take u p  s i gn i fi cant amounts of l i posomes . For thi s reason , and al so 

because of our fi ndi ng that only very smal l amounts of  rad ioacti v i ty in the 

peri toneal cavi ty were cel l -associ a ted , we consi der i t  unl i kely that c i rcu-
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TABLE I I  

VES I CLE-ASSOCIATED RADI OACTI VITY I N  BLOOD AND PER ITO�EAL CAVITY 

4 h after i ntraperi toneal and i ntravenous i nj ecti on of ves i c l e-entrapped 1 2 5 I - l abel ed poly ( v i nyl pyrrol i ­
done ) ( P VP ) bl ood and peri toneal fl u i d  were sampl ed ( see Material s and Methods )  and centri fuged o n  a Fi co l l  
l ayer. B l ood and peri toneal fl u i d  were resol ved i n  three fract ions : a supernatant fract i on ( A) conta i n i ng 
the pl asma wi th the bul k of the l i posomes and free pol y ( v i nyl pyrrol i done ) ; a Fi col l fraction  ( B )  conta i n­
i ng a mi nor fraction of the l i posomes pl us free poly (v i nyl pyrrol i done ) and a sed iment ( C) conta i n i ng cel l s  
and adsorbed ves i cl es . The supernatant fracti on was chromatographed on Sepharose CL-2B ; the percentage of 
the rad i oacti v i ty el uti ng in the voi d  vol ume i s  g i ven ( D ) . The numbers g iven are percentages of the total amount  
of  rad i oact i v i ty appl i ed on  the Ficol l l ayer. Mean val ues of  two separate experiments are shown . 

Ves ic l e entrapped Ves i c l e  entrapped Empty ves i cl es pl us Contro l 
1 2 5 I -PVP 1 2 5 I -PVP free [ 1 2 5I ] PVP ves i c les  

i ntraperi toneal i ntravenous i ntraperi tone a 1 
Bl ood Peri tonea l Bl ood B l ood 

fl u i d  

A (p l asma ) 65 . 2  96 . 0  69 . 7  74 . 5  97 . 6  

B ( Fi col l )  9 . 1  2 . 5  8 . 6  21 . 7  2 . 4 

C (sediment) 25 . 6  2 . 1  21 . 6  3 . 8  

C '  (wa shed sed iment ) 3 . 0  0 . 8  1 . 0 0 . 1  

D ( %  o f  rad i oact i v i ty 78 . 0  87 . 0  87 . 0  0 
i n  voi d  vol ume) 
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Fi g .  2 .  E l u ti o n  profi l e ,  on Sepharose CL-2B , of 1 � 5 1 i n  p l asma , fol l owi ng 
i ntraperi toneal i njection of free or ves i c l e-entrapped 1 2 5 1 - l abel ed poly­
( v i nyl pyrrol i done) . P l asma was obta i ned by cen trifugation of b l ood on 
F i col l , fol l owi ng i ntraperi tonea l i njection of encapsul ated 1 2 5 1 - l abel ed 
pol y ( v i nyl pyrrol i done) (t----1 ) ,  or free 1 2 s 1 - l abe l ed pol y ( v i nyl pyrrol i ­
done) mi xed wi th empty ves i c 1 es ( X-X ) . 

l at i ng macrophages pl ay an importa nt ro l e  i n  the transport of ves i c l es from 

the peri tonea l cav i ty to the bl ood and subsequently to l i ver and sp l een . 

Integrity of the vesicles 

Our fi nd i ng that a l arge fract i on of the 1 2 5 1 - l abel i n  the bl ood i s  st i l l  

encapsul ated does not excl ude , that the vesi c l es l ost part o f  the i r  contents 

fol l owed by rap i d  c l earance of the rel eased sol ute from the bl ood compat"t­

ment . Therefore , we measured the rat i o  of the l abel s of l i p i d  and aqueous 

phase before and after i nj ect i on . 

We prepared ves i c l es l abel ed i n  the l i p i d  phase w i th a trace amount of  

[ l - 1 4C ] chol esteryl o l eate ( 0 . 7 5  mo l % )  , whi ch  at l east in  t"ats , does not 

i nteract wi th l i poprotei ns  ( 2 6 ) , and i n  the aqueous phase wi th f l uo t·escently­

l abel ed Dextran . 

Ves i c l es recovered from the bl ood 4 h after i n traperi toneal i nj ect i on 
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TABLE I I I  

IN VIVO AND IN VITRO I NTEGRITY OF THE VESI CLES 
Ves i cl es were l abel ed wi th a trace amount of [1 1 4C ] chol esteryl ol eate 
( 0 . 75 mol % )  i n  tne l i pi d phase and wi th fl uorescei n  i sothi ocyanate-l abel ed 
Dextran i n  the aqueous compartment . The spec i fi c  acti v i ty ,  defi ned a s  the 
amount of fl uoresce i n  i sothi ocyanate- l abel ed Dextran per �mol ves i cl e- l i p i d  
was taken as a measure o f  i ntegri ty .  The i ntegri ty o f  the ves i c l es was 
measured in vivo ( i n  the bl ood ) 4 h after an i ntraperi toneal i njection and 
in vitro duri ng a 4-h i ncubati on i n  pl a sma , fol l owed by rei sol ation on 
Sepharose . 

Speci fic  act i v i ty of the ves i cl es 

Ves i c l e preparat ion 100% 

In vivo 4 h after i njecti on 77% 

In vitro i ncubati on i n  p l a sma 0 h 75% 

2 h 70% 

4 h 66% 

conta i ned 7 6 . 8  ± 7 . 7% of the amount of Dextran , wh i ch was present i n  the 

ori g i na l  ves i cl e-preparati on . Mos t  of the approx . 25% of Dextran  whi ch i s  

l os t ,  i s  probably rel eased i mmedi ately after i njecti on . In vitro i ncubations 

i n  rat pl asma showed that a s imi l ar extent of rel ease takes pl ace immedi ate­

ly after mi xi ng the ves i cl es wi th pl asma (Tabl e I I I ) . 

After thi s sudden l oss of Dextran  the further rel ease takes place at a 

moderate rate of a few percent/h .  Probably the f i rst l os s  represents a frac­

tion of Dextran  wh i ch was not rea l l y  entrapped in the aqueous phase but 

rather became associated wi th the l i pi d  bi l ayer duri ng formation  of the 

vei sc les  ( 27 ) . Thi s wou l d mean that the entrapped aqueous space of the ve­

s i cl es rema i ns wel l - se,Jarated from the envi ronment for at l east a few hou rs 

after i ntraperi toneal i njecti on . S imi l ar resu l ts were obta i ned by Ki rby 

et aZ. ( 28)  and S i eber et al. ( 29 )  wi th sma l l uni l amel l ar ves i cl es .  

Our observati ons on the fate o f  the l i posomal sphi ngomyel i n  are not ob­

scu red by an i nterventi on of l i poprotei ns . Scherphof et al. showed before 

( 30)  that phosphat idyl c hol i ne i s  read i l y  transferred from smal l u ni l amel l ar 

ves i c l es to h i gh dens i ty l i poprotei n and , thus may be donated to l i ver 
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parenchymal cel l s  by way of thi s pl asma cons�i tuent ( 23 ) . I ncorporation of 

chol esterol i nto the l i posoma l membrane abol i s hes the net transfer of phos­

phat i dyl chol i ne to the l i poprotei n  but can not prevent exchange of phospho­

l i pi d  between l i posomes and l i poprotei n  ( Damen , J . ,  Regts , J .  and Scherphof , 

G . , unpubl i s hed data ) . The l atter wi l l  thus take up l i posomal l i pi d  l abel 

wh ich  then no l onger represents the fate of the l i posome as such . We found 

no transfer of sphi ngomyel i n  l abel from the ves i cl es we u sed i n  the present 

study to h i gh dens i ty l i poprotei n or  to other l i poprotei ns dur ing  an i ncuba­

t ion of such ves i c l es in 90% rat pl asma for 1 h ,  thus exc l u d i ng t he pos s i b i ­

l i ty that l i ver and/or spl een uptake o f  sphi ngomyel i n  l abel are med i ated by 

such p l a sma consti tuents . S imi l ar resu l ts were found by Damen et al. (un­

publ i s hed data)  u s i ng soni cated uni l amel l ar ves i c l es composed of sphi ngo­

myel i n  and chol esterol . 

I n  conc l us ion , our resu l ts are compati bl e wi th the v i ew that l i posomes 

admi n i stered in vivo may serve as a depot from wh i c h  su s ta i ned rel ease of 

entrapped drugs may take pl ace . The type of ves i cl e  we u sed seems parti cu­

l arly usefu l for thi s purpose because of i ts h i gh trappi ng effi c i ency and 

i ts rel at ive stabi l i ty .  
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C H A P T E R I I I  

THE PRESENCE OF TUMOR CELLS I NFLUENCES BLOOD CLEARANCE AND TISSUE 

D ISTRIBUTION OF D I FFERENT DOSES OF LARGE UNI LAMELLAR L I POSOMES 

SUMMARY 

In the present study i t  i s  shown that hi gh l i posome doses cause a dose 

dependent saturati on of the phagocytos i ng capac i ty of reticu l oendothe-
l i a l  cel l s  i n  the l i ver and presumably al so  i n  the sp l een of the mouse . 

The capaci ty to el i mi nate l i posomes from the bl ood i s  i nh i bi ted one day 

after i nj ecti on of 106 lymphosarcoma cel l s .  Th i s  i s  probably due to a de­

creased acti v i ty of the reti cu l oendothel i a l  system caused by the tumor 

cel l s, as was i ndi cated by the s i mul taneously occurri ng i nh i bi t i on of carbon 

c l earance . S i x  days after i njecti on of the tu�or cel l s  the e l i mi nati on of 

l i posomes from the b l ood i s  s imi l ar to the e l i mi nati on i n  norma l mi ce , but 

the accumul ati on per g t i s s ue in l i ver and s p l een of the tumor mi ce i s  de­

creased s i gn i fi cantl y .  Thi s i ndi cates that a l though tumor cel l s  per se are 

not d i rectly i nvol ved i n  the accumu l ati on of l i posomes i n  these t i s sues , 

thei r mere presence may have s i gn i fi cant effects on b l ood c l earance and 

ti ssue di stri buti on . 

INTRODUCTION 

The potenti al c l i n i ca l  useful ness of l i posomes as a system for the con­

trol l ed del i very of therapeuti c agents has been di scus sed i n  a number of 

recent revi ews ( 1- 3 } . After i ntravenous or i ntraperi toneal i njecti on a s i g­

n i f i cant proporti on of the l i posomes accumu l ates i n  l i ver and spl een . L i po­

somes can be taken up by t i ssue macrophages (mai nly l ocated i n  l i ver and 

s p l een ) as has been demonstrated for Kupffer cel l s  i n  the l i ver ( 4 , 5 ) , but 

rel ati vely l i tt l e  i s  known about the factors wh i ch govern s uch uptake .  I f  

l i posomes contai n  40-50 mol % chol esterol they do  not rel ease substanti al 

proporti ons of thei r contents and therefore the di stri buti on of l i posome­

encapsul ated therapeut i c  agents wi l l  i ni ti al ly fol l ow the d i s tri buti on of 

the l i posomes . Consequently , the pharmacoki neti c properti es of the encap-
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su l ated agents wi l l  be l argely d i fferent from those of the free drugs ( 7 , 8 ,  

9 ) . 

Al v i ng  et al .  ( 10 )  made use of the abi l i ty of l i posomes to l ocal i ze i n  

Kupffer cel l s ,  for the treatment of experimental l y  i nduced Leishmaniasis , 

a di sease caused by a para s i te that i nvades Kupffer cel l s .  I n  cancer chemo­

therapy on ly  few successful appl i cati ons of l i posomes as drug carri ers have 

been reported ( 1 1 - 16 ) and the presently ava i l abl e evi dence supports the 

hypothes i s  that the therapeut i c  effects from a l i posome-encapsul ated cyto­

toxi c drug are due to a del ayed el imi nati on from the bl ood and a sustai ned 

rel ease of the drug from the l i posomes , rather than to a sel ect i ve uptake 

of the encapsul ated drug by the tumor cel l s  ( 17 , 18 ) . For such a mechani sm 

to be optima l l y  effecti ve ,  uptake of l i posomes by reti cu l oendothe l i a l cel l s  

may be a seri ous drawbac k .  

Depress i on of ret i cu l oendothel i a l acti vi ty has been suggested t o  serve as 

a means of reduci ng l i ver  and sp l een uptake of l i posomes and prol ongi ng the 

ci rcul ation t ime of the ves i c l es ( 19-22 ) . The rate of d i sappearance of l i po­

somes from the bl ood decreases wi th i ncreas i ng dose ( 20 , 22 , 23 ) , i nd i cat ing  

that the  c l earance mechani sm i s  a saturabl e process .  Concomi tantly one wou l d  

expect the proporti onal uptake of l i posomes i n  the l i ver to decrease wi th 

i ncreas i ng  dose , a l though confl i cti ng res u l ts have been reported on thi s 

subject ( 20 , 23 ) . Tumor cel l s  may i nfl uence reti cul oendothel i al acti v i ty ( 24 )  

but thusfar l i tt l e  attenti on has been pai d to the pos s i bl e  effects o f  the 

presence of tumor cel l s  on the el i mi nati on of l i posomes from the b l ood . 

I n  th i s  s tudy we i nvesti gated the dose dependency of the ci rcu l ati on t ime 

and t i ssue di s tri buti on of l arge uni l amel l ar ves i cl es and we i nvesti gated 
the i nfl uence of the presence of lymphosarcoma cel l s  on these processes . 

MATERIALS AND METHODS 

Liposome preparation 

Sphi ngomyel i n  { from bovi ne brai n )  and chol esterol were obtai ned from S i g­

ma . Phosphati dyl seri ne , puri fi ed from bovi ne bra i n  as was descri bed by Papa­

hadjopoul os and Mi l l er ( 25 ) ,  was a g i ft from Dr .  J . C .  W i l s chut of our l abo­

ratory . l 2 5 I - l abel ed poly ( v i nyl pyrrol i done ) ( spec . act . 38 �C i/mg ; mol e­

cu l ar wei ght 30 000 - 40 000 ) was purchased from the Radi ochemi cal Centre 
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Amersham .  Uni pore polycarbonate fi l ters were from Bi orad . Sepharose CL-2B 

and Fi col l ( R )  ( mol ecu l ar wei ght 70 000 ) were obtai ned from Pharmaci a .  

Reverse phase evaporati on ves i cl es ( REV ) were prepared essenti al ly  as 

descri bed by Szoka and Papahadjopou l os ( 26 ) .  Sph i ngomyel i n ,  chol esterol  and 

phosphati dyl seri ne (mol ar rat i o  4 : 5 : 1 )  were d i spersed i n  d i ethyl ether to 

g i ve a concentration of 20 �mol of tota l l i p i d  per ml ( the d i ethyl ether 

was d i sti l l ed i n  the presence of sod i umbi sul fi te i mmedi ately before use ) .  

The aqueous phase ( Tri s-buffered sa l i ne ;  150 mM NaC l/5  mM Tri s-HCl , pH 7 . 4 ) 

conta i ned 1 2 5 ! - l abe l ed poly ( v i nyl pyrrol i done ) ( 2 . 6  mg/ml wi th varying  spe­

ci fi c  acti vi ty ) . Per m l  of the organ i c  phase 0 . 3  ml of the aqueous phase 

was added and the mi xture was soni cated under n i trogen i n  a bath type soni ­

cator ( Branson ) .  After formation of a homogeneous suspens i on of i nverted 

micel l es the organi c phase was removed on a rotary evaporator and the ves i ­

c l  s thus formed were extruded through a polycarbonate membrane wi th 0 . 4  �m 

pores ( 27 ) . Non-encapsul ated 1 2 5 ! -poly ( v i nyl pyrrol i done ) was separated from 

e .capsul ated materi a l  by gel fi l trati on on Sepharose CL-2B . Void vol ume 

fracti ons , conta i n i ng the l i posomes , were poo l ed and concentrated i n  an Ami ­

con concentrati on cel l ( XM-300 fi l ter ) . Ves i c l e  l i pi d  concentrati ons were 

determi ned by l i pi d  phosphorus assay accordi ng to Bartl ett et al .  ( 28)  as 

modi fied by Bottcher et al . ( 29 ) . 

Animals 

3 months o l d  fema l e  ( C57Bl xGr) F 1 mi ce were obtai ned l ocal l y .  A a- lympho­

sarcoma , whi ch ori g i nated spontaneous ly  i n  a C57Bl mouse ( 30 ) , was trans­

pl anted weekly by i ntraperi toneal i nject ion of 106 tumor cel l s .  Seven days 

after i nocu l at ion the s p l een was s i gn i fi cantly enl arged ( from approx . 100 mg 

to approx . 800 mg ) and cons i sted a l most enti rely of tumor cel l s .  The lympho­

sarcomatous spl een was exci sed and squeezed through nyl on gauze i n  ten parts 

of i ce col d sa l i ne .  The s i ng l e-ce l l suspen s i on thus obtai ned was used for 

tumor transp l antati on .  

At the thi rd day after i ntraperi tonea l i njecti on , tumor cel l s  were present 

in l i ver  and s p l een as observed m icroscop i ca l l y .  In the l i ver the tumor cel l s  

were l ocated predomi nantly i n  the s i nu so ids and i n  the sp l een i n  the margi nal  

zone of the fo l l i c l es of the whi te pul p .  Duri ng  the tumor deve l opment the 

tumor cel l s  i n  the spl een concentri cal l y  i nvaded the whi te pul p ,  obl i terati ng 
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the red pul p .  At seven days after i nocu l ation a d i ffuse tumor cel l  prol i fe­

rat i ve pattern was found i n  the spl een and mass i ve i nfi l trati ons were found 

in l i ver ,  l ungs , bone marrow and ki dneys . Macroscop i ca l l y , no tumor growth 

or asci tes producti on was observed i n  the peri toneal  cav i ty at any day . 

Tumor beari n g  mi ce d ied 8 or  9 days after i ntraperi toneal i nocul at i on of 106 

lymphosarcoma cel l s .  The growth pattern and characteri st ic s  of thi s tumor 

are descri bed i n  more deta i l i n  chapter I .  

Tissue distribution experiments 

Normal or tumor beari ng mi ce (e i ther 1 or 6 days after i nocu l ati on of 106 

l ymphosarcoma cel l s )  were i njected i ntraperi tonea l ly or  i ntravenous l y  ( l ate­

ral tai l vei n )  wi th vari ous doses of l i posomes . Four hours after the i njec­

ti on , the an imal s were anestheti zed wi th ether and the peri tonea l cav i ty of 

mi ce that recei ved an i ntraperi toneal l i posome i nj ecti on , was ri nsed w i th 2 

ml of Tri s -buffered sal i ne to recover l i posomes . A bl ood samp l e  ( 0 . 2  ml ) was 

taken from the vena cava and the l i ver was bri efly perfused wi th Tri s-buffer­

ed sa l i ne to remove bl ood . Vari ous organs were exci sed , ri nsed i n  buffe r ,  

bl otted on fi l ter paper and wei ghed .  Radi oacti vi ty was measured i n  who l e  

organs . For cal cul at i on o f  the proport i on of the dose present i n  b l ood the 

total b l ood vol ume of the mi ce was taken as 2 ml . In some experiments mi ce 

were treated w i th l anthanum by i ntravenous i nj ecti on of 0 . 4  �mol La ( N0 3 ) 3 
( Merc k )  i n  0 . 2  ml Tri s -buffered sal i ne ,  24 h pri or to the i njecti on of l i po­

somes . Control ani ma l s recei ved Tri s-buffered sa l i ne .  

RES function assay 

Reti cu l oendothe l i a l  acti v i ty was measured by determi n i n g  the rate of el i ­

mination o f  i n travenous l y  i njected carbon from the b l ood . Mi ce recei ved 0 . 2  

ml o f  I nd i a I n k  4415 ( Hi gg i n s  I n k  Co . ,  NJ ) d i l uted ten - fo l d  wi th Tri s ­

buffered sa l i ne t o  g i ve a 0 . 55% suspension . Three and e i ght minutes after i n ­

jection of carbon , groups of mi ce were anestheti zed wi th ether and b l ood 

was samp l ed from the vena cava . 0 . 1  ml of b l ood was d i l uted w i th 2 . 9  ml of 

d i sti l l ed water and the carbon concentration was measured by determ i n i n g  

l i ght absorbance at  620 nm . The phagocyti c i ndex was cal cul ated accordi ng 

to Donal d and Tennent ( 31 ) .  
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RESULTS 

1 2 5 1 - l abel ed poly ( v i nyl pyrrol i done ) was chosen as a marker of the 

aqueous compartment because i t  i s  metabol i cal ly i nert , and in a free form 

i s  taken up by l i ver and spl een only at very l ow rates ( 32 ) . Once i ns i de 

cel l s  i t  i s  al so rel eased very s l owly ,  thus 1 2 5 1 - l abel found associ ated wi th 

l i ver and spl een can be taken to refl ect uptake of ves i cl es wi thout tak i ng 

i nto cons i derat ion thei r subsequent metabol i c  fate . I n  prel imi nary experi ­

ments , u s ing  a F i col l ( R )  centri fugati on method as descri bed prev i ously ( 32 ) , 

we found that fol l owing  an i ntraperi toneal i njecti on of 1 2 5 1 -poly ( v i nyl ­

pyrrol i done ) -contai n i ng ves i cl es , a cons i derabl e proport ion of the rad i o­

acti v i ty i n  bl ood and peri toneal cav i ty was l i posome-assoc i ated ( tabl e I ) .  

At 4 h after i ntraperi toneal i nj ecti on of 125 �mol l i posomal l i pi d/kg , l es s  

than 10% of  the i njected dose was recovered i n  the peri toneal was h  and 6 1%  

was recovered i n  l i ver and  spl een ( see bel ow ,  tabl e 7 ) . The  l atter val ue i s  
comparabl e to the 75 . 3% recovered i n  l i ver and spl een after i ntravenous i n­

j ection of a s imi l ar dose ( see bel ow ,  tabl e 2 ) .  Thi s i nd i cates that 1 2 5 I ­

poly ( v i nyl pyrrol i done ) i s  transported from the peri toneal cav i ty t o  the 

bl ood i n  l i posome-entrapped form . Only a sma l l  fracti on of the radi oacti v i ty 

was associ ated wi th cel l s  ( tabl e 1 )  suggesti ng that ci rcul ati ng macrophages 

are not extens i vely i nvol ved i n  the transport of l i posomes from peri toneal 

cav i ty to bl ood . In further experiments 1 2 5 1 - radi oact i v i ty i n  bl ood and peri ­

toneal cav i ty was taken to represent l i posomes . 

IntPavenous ly injected vesicles; dose dependent blood e limination and tissue 

distPibution 
1 2 5 1 -poly ( v i nyl pyrrol i done ) - conta i n i ng ves i c l es were i njected i ntrave­

nous ly  i nto normal and tumor beari ng mi ce i n  doses of 50-500 �mol of l i poso­

mal l i pi d/kg .  The mi ce were sacri fi ced 4 h after i nj ection and the d i stri bu­

ti on of l i posomes between bl ood and vari ous ti ssues was determi ned ( tabl es 2 

and 3 ) .  I n  al l cases 70-80% of the i njected dose was recovered i n  bl ood , 

l i ver  and spl een . Wi th i ncreas ing  l i posome dose l arger proporti ons rema i ned 

i n  the c i rcul ati on after 4 h .  Concomi tantly ,  smal l er fracti ons were taken up 

by l i ver  and spl een . 

One day after i nj ection of tumor cel l s ,  the mi ce were cl early i nh i b i ted i n  
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TABLE 1 

L I POSOME-ASSOC IATED AND CELL-ASSOC IATED RAD I OACTI V ITY IN  BLOOD AND PERITONEAL CAV ITY 

REV , composed of sph i ngomye l i n  and chol esterol i n  a mol ar rati o 3 : 2 ,  conta i n i n g  1 2 5- l abel ed poly ( v i nyl ­
pyrrol i done ) i n  the aqueous compartment were i njected i ntraperi tonea l l y  at a dose of 50 �mol /kg i nto nor­
ma l and lymphosarcomatous mi ce (6 days after i nocu l at ion ) . 2 and 4 h after i nj ecti on , bl ood and peri toneal 
fl u i d  were samp l ed and centri fuged on a Fi co l l l ayer as descri bed in ref . 32. Bl ood and peri toneal fl u id  
were resol ved i n  three fracti ons : a supernatant fraction ( A )  conta i n i ng p l asma wi th the bul k of the l i po­
somes and free poly ( v i nyl pyrro l idone ) , a Fi col l fract ion ( B )  contai n i ng a mi nor fracti on of the l i posomes 
pl us free poly ( v i nyl pyrro l i done ) and a sed iment ( C )  conta i n i ng cel l s  and adsorbed ves i cl es .  The superna­
tant fracti on was chromatographed on Sepharose Cl -2B , the percentage of the radi oacti v i ty el ut ing  i n  the 
vo id  vol ume i s  g i ven ( D ) . The numbers are proporti ons  of the total amount of radi oact i v i ty app l i ed on the 
Fi col l l ayer .  Each val ue represents the mean of 2 mi ce .  

A B c C '  D 
( p l a sma ) ( Fi co l l )  ( sedimen t )  (washed sediment ) . ( %  o f  radi oact i v i ty 

i n  void vol ume) 

normal. mice 

2 h bl ood 93 . 0  2 . 9  4 . 1 0 . 6  9 1 . 9  

peri toneal cav i ty 97 . 1  1 . 9  1 . 0  0 . 3  93 . 6  

4 h bl ood 92 . 7  2 . 4  4 . 9  1 . 6  85 . 5  

peri tonea l cav i ty 94 . 9  0 . 9  4 . 2  3 . 2  89 . 7  

l-ymphosarcoma mice 

2 h bl ood 93 . 2  2 . 5  4 . 9  0 . 5  85 . 0  

peri toneal cav i ty 9 1 . 4  1 . 9  6 . 9  5 . 3  88 . 0  

4 h bl ood 88 . 8  4 . 4  6 . 9  2 . 6  84 . 6  

peri toneal cav i ty 72 . 5  2 . 0  25 . 7  23 . 4  87 . 4  



TABLE 2 

I NTRAVENOUSLY I NJECTED VESICLES ; DOSE DEPENDENT BLOOD ELIMINATION AND T ISSUE 

D ISTR IBUTION 

bl ood 

l i ver  

sp l een 

l ungs 

heart 

k i dneys 

Ti ssue radi oacti v i ty (% of i njected dose) 

125 �mo l / kg (n=7) 500 �mo l / kg (n=3) 

whol e ti s sue per g of ti s sue whol e  ti s sue per g of t i s sue 

0 . 8  :t 0 . 2  23 . 9  :t 10 . 1 

55 . 6  :t 7 . 7  54 . 8  :t 9 . 2  34 . 7 :t 5 . 5  33 . 5  :t 6 . 2  

19 . 7 ± 1 . 9  250 . 0  :t 63 . 0  13 . 6  :t 1 . 6  166 . 8  :t 25 . 3  

0 . 5  :t 0 . 1  3 . 6  :t 1 . 5  0 . 7  :t 0 . 3  5 . 6  :t 2 . 0  

0 . 0  :t 0 . 0  0 . 1  :t 0 . 1 

0 . 1 :t 0 . 1  0 . 8  :t 0 . 2  

T �  ves i c l es were i njected i ntravenous ly  a t  125 �mol /kg and 500 �mol / kg .  4 h 
a �er i njecti on a b lood samp l e  ( 0 . 2  ml ) was taken from the vena cava and 
vari ous ti s sues were removed and wei ghed . Radi oact i v i ty was determi ned i n  
t.1e who l e  t i ssues . The resu l ts are expressed a s  the mean+percentage of the 
i njected dose per whol e t i ssue and per gram wet wei ght ( - S . D . ) .  n = the 
number of mi ce i nvol ved . 

thei r capaci ty to e l imi nate l i posomes from the bl ood ( compare tab1 es 2 and 3 ). 
The i ncrease i n  the l evel o f  ·ci rcul ati ng l i posomes i n  the tumor beari ng mi ce 

corresponds to a decrease i n  hepati c uptake . For i nstance , 4 h after the i n­

ject i on of 500 �mol of l i posomal l i pi d  per kg , 76 . 1% was c l eared from the 

bl ood of normal mi ce , but only 38 . 7% from the bl ood of tumor beari ng mi ce , 

whi l e  l i ver uptake val ues amounted to 34 . 7% and 10 . 3% respect i vely . I t  i s  

i nterest ing  to note that i n  the tumor beari ng mi ce the s p l en i c component of 

c l earance became of rel ati vely more importance than in normal mi ce :  i n  

normal mi ce approximately hal f o f  the e l imi nated l i posomes was recovered i n  

the l i ver  and one-fi fth i n  the s p l een , whi l e  i n  one-day tumor mi ce , l i ver 

uptake accounted for approx . one-thi rd of the el imi nated dose , and s p l een 

uptake for one-th i rd or more . 
I n  tumor bearing  mi ce the amount of l i posomes deposi ted i n  the l ung was 

a l so enl arged . 
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TABLE 3 

INTRAVENOUSLY I NJECTED VES I CLES I N  ONE-DAY TUMOR MICE ; DOSE DEPENDENT BLOOD ELIMINATION AND T ISSUE D ISTR I ­

BUT ION 

Ti s sue radi oacti v i ty (% of i nj ected dos e )  

5 0  \Jmo l/k� ( n=3} 125 \Jmol /kg {n=7} 250 1Jmo l / k9 {n=4} 500 1Jmo l / k9 {n= 1 1} 
who l e  per g o f  whol e per g of who l e  per g of who le  per  g of 
ti s sue ti s sue t i s s ue ti s sue ti s sue ti ss ue ti s sue t i s s ue 

b l ood 3 . 6!"2 . 7  - 29 . 3:8 . 1 - 46 . 5:1 . 9  - 6 1 . 3!"7 . 4  
1 i ver 32 . 4:6 . 8  32 . 5: 2 . 8  2 1 . 8:4 . 6  2 1 . 4: 4 .  2 14 . 1:3 . 0  13 . 6!" 2 . 8 10 . 3:2 . 2  9 . 3:1 . 6  
spl een 40 . 8!"5 . 8  439 . 7:95 . 5  30 . 0:4 . 2  299 . 8:57 . 4  19 . 7:2 . 6  181 . 4!2 3 . 9  1 2 . 2:1 . 6  1 10 . 1:17 . 2  
l ungs 4 . 2:1 . 5  38 . 8±13 . 5  2 . 7!"0 . 7  29 . 1!" 5 . 2  2 . 3:0 . 3  22 . 1!" 2 . 1  1 . 6:0 . 4  12 . 7!" 2 . 4  
heart 0 . 1!"0 . 1  - 0 . 2:0 . 1 - 0 . 3:0 . 1 - 0 . 3:0 . 2  
k i dneys o . s±o . 3  - 1 . o±o .  2 - 1 . 3±0 . 3  - 1 .  7!"o .  2 

The vesi cl es were i njected i ntravenously  at doses varyi ng from 50 \Jmol /kg - 500 \Jmo l / kg i n  lymphosarcoma 
mi ce 24 h after i nocu l ation of tumor cel l s .  4 h after i njecti on a b lood samp l e  ( 0 . 2  ml ) was taken from 
the vena cava and vari ous ti s s ues were removed and wei ghed . Radi oacti v i ty was determi ned i n  who l e  t i s sues . 
The resul ts a re expressed as the mean percentage of the i njected dose per whol e ti ssue and per gram wet 
wei ght (± S . D . ) .  n = the number of mi ce i nvol ved . 



Li posome uptake expressed i n  absol ute amounts rather than as % of the 

i nj ected dose , i s  pl otted as a function of the i njected dose i n  fi g .  1 .  

Uptake i n  both l i ver  and sp leen i ncreased wi th the i njected dose , with a 

tendency to reach a saturation l evel , parti cul arly i n  the one-day tumor 

mice . C l ea rl y ,  the maxima l  uptake capac i ti es i n  these an imal s are several 

times l ower than those i n  the control s .  

LI VER SPL E E N  
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Ql � 
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a. 1000 ::J 
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0 250 250 500 
l iposome dose ( JJmol/ kgl 

Fi g .  1. Total uptake of i ntravenous ly i njected l i posomes in l i ver  and s p l een 
of normal mi ce and tumor-beari ng mi ce . REV contai ni ng 1 2 5 1 - l abe l ed poly 
( v i nyl pyrrol i done ) i n  the aqeous compartment were i nj ected i ntravenously at 
50-500 �mol / k g .  4 h after i njection the ti ssues were removed and radi oacti ­
v ity was measured i n  the whol e ti ssues . The res u l ts are expressed as nmol 
of l i pi d ( cal cul ated from the amount of 1 2 5 1 -poly ( v i nyl pyrrol i done ) encap­
sul ated per nmol of l i pi d )  taken up  per who le  ti ssue . 
'--' normal mi ce ; X--X one-day tumor mi ce ; 1--1 tumor mi ce , s i x  days after 
i nocul ation of the lymphosarcoma cel l s .  

58 



TABLE 4 

INTRAVENOUSLY INJECTED VESICLES I N  S I X-DAY TUMOR M I C E ;  DOSE DEPENDENT BLOOD 

ELIMINATION AND T ISSUE D I STRIBUTION 

b l ood 

l i ver 

spl een 

l ungs 

heart 

k i dneys 

T i s sue radi oacti v i ty (% of i njected dose) 

125 �mo l / kg (n=3) 500 �mo l / kg (n=3) 

whol e t i s sue per g of ti s sue 

1 . 2  :t 0 . 0  

42 . 8  :t 3 . 5  29 . 7  ± 1 . 3  

25 . 4  ± 1 . 4  36 . 7  ± 4 . 0  

1 . 0  :t 0 . 1  3 . 8  ± 0 . 4  

0 . 0  ± 0 . 0  

0 . 2  ± 0 . 1  

whol e t i s sue 

20 . 6  ± 2 . 9  

28 . 7  ± 2 . 6  

22 . 1  ± 1 .  2 

1 . 6  ± 0 . 1  

0 . 1  ± 0 . 0  

0 . 6  :t 0 . 1  

per g of ti ssue 

20 . 7  :t 2 . 7  

32 . 3  ± 3 . 7  

6 . 6  :t 0 . 5  

The ves i cl es were i njected i ntravenous ly  i n  lymphosarcoma mi ce 6 days after 
i nj ecti on of the tumor cel l s  at 125 and 500 �mo l / k g .  4 h after i njecti on a 
bl ood sampl e { 0 . 2  ml ) was taken from the vena cava and vari ous t i s sues were 
removed and wei ghed .  Radi oacti v i ty was determi ned i n  who l e  t i ssues . The 
resul ts are expressed as the mea� percentage of the i njected dose per who l e  
t i ssue and per gram wet wei ght ( - S . D . ) .  n = the number of m i ce i nvol ved . 

S i x  days after i nocul ati on of the tumor cel l s ,  the fraction of the ad­

mi n i stered dose el imi nated i n  4 h i n  tumor beari ng  mi ce , was very s imi l ar 

to that i n  normal mi ce ( tabl e 4 ) . The total l i ver uptake i n  the tumor 

beari ng mi ce was s l i ghtly decreased compared to normal mi ce , but the accu­

mu l at ion in the spl een was i ncreased . Howeve r ,  as a resul t of a wei ght i n­

crease of 1 i ver ( from approx . 1 g to 1 .  4 g )  and sp 1 een ( from approx . 100 mg 

to 700 mg ) the accumul ati on per g ti ss ue was decreased s i gn i fi cantly ( tabl e 

4 ) . Thi s  wou l d  argue agai nst  an exten s i ve i nvol vement of tumor cel l s  per se 

i n  the accumul ati on of l i posomes i n  these t i s s ues , parti cul arly as , morpho­

l ogi ca l ly , the i ncreased wei ght correl ates wi th an i ncrease i n  the number 

of tumor ce 1 1  s .  

The i ncreased ci rcu l at i on t ime of the l i posomes i n  mi ce wi th a one-day 

tumor and the concomi tantly decreased hepati c uptake are i nd i cati ve of a 

decreased acti vi ty of the ret i cu lo-endothel i al system i n  such anima l s .  

Thi s  was confi rmed by a d i rect measurement of the phagocyti c i ndex { by 
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TABLE 5 

EFFECT OF LYMPHOSARCOMA CELLS ON RES ACTI V ITY 

OPT ICAL DENS ITY AT 620 nm (: S . E . ) phagocyt i c  
3 mi n 8 mi n i ndex 

control mi ce 0 . 66 : 0 . 07 ( 5 )  

1-day lymphosarcoma mi ce 0 . 67 : 0 . 07 ( 5 )  

6-day lymphosarcoma mi ce 0 . 47 : 0 . 10 ( 4 )  

0 . 41 : 0 . 05 ( 4 )  

0 . 5 1 : 0 . 10 ( 3 )  

0 . 1 5 "!: 0 . 02 ( 4 )  

phagocyti c index equal s :  Log l o  0 · 0 · 3 mi n - Log 1 o 0 · 0 · 8 mi n 

t8 - t3 

0 . 042 

0 . 023 

0 . 101 

Lymphosarcoma cel l s  ( 106 ) were i njected i ntraperi toneal l y .  RES acti vi ty was 
me sured as descri bed i n  the methods section . The number of anima l s used at 
ea�n t ime are gi ven i n  parentheses . 

carbon cl earance ) i n  norma l and tumor beari ng mi ce ( tabl e 5 ) :  the phagocyti c 

i ndex of one-day tumor mi ce was decreased compared to the control mi ce . In  
s i x-day tumor mi ce the anima 1 s had recovered from the depress i on of reti cul a-

endothel i a l  acti v i ty .  The carbon c l earance was even substanti a l ly i ncreased . 

In  addi ton , La ( N03 ) 3 , known to depress the phagocyti c acti vi ty of Kupffer 

ce l l s  i n  mi ce ( 33 ) , causes a change i n  the ti ssue d i s tri bution i n  normal 

mi ce quantati vely very s imi l a r  to that i n  the one-day tumor mi ce ( tabl e 6 ) . 

Intraperitoneally injected vesicles; dose dependent blood levels and tissue 

distribution 

When the l i posomes were i njected i ntraperi toneal ly the resu l ts were essen­

t ia l l y  s i mi 1 ar  to those obtai ned wi th i ntravenously i njected ves i c 1 es . B1 ood 1 eve 1 s 
after 4 h were dose dependent and , s imi l ar to what was found after i ntrave­

nous i njecti on , were substanti a l ly  i ncreased in one-day tumor mi ce ( tabl es 

7 and 8 ) . The uptake in l i ver and s p l een on the other hand , was l es s  cl early 

dose dependent than after i ntravenous i nj ecti on . S i x  days after i nocul ati on 

wi th tumor cel l s ,  b l ood l evel s and ti ssue d i s tri buti on were a lmost restored 

to control val ues ( tabl e 9 ) . As before , the i ncreased wei ght of l i ver ,  and 

especi a l l y ,  s p l een caused the val ue per gram ti ssue wei ght to be decreased 

s i gn i f i cant ly .  
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TABLE 6 
EFFECT OF LANTHANUM TREATMENT ON BLOOD EL IMI NATION AND T ISSUE D ISTRIBUTION 

OF I .  V .  INJECTED VESI CLES 

control (n=2} La(NO�b (n=4} 

per whol e ti ss ue per g of ti s s ue per who l e  ti s sue per g of ti s sue 

b l ood 33 . 6  56 . 6  :!: 1 1 . 8  

l i ver 34 . 9  40 . 5  17 . 0 :!: 2 . 7  18 . 9  :!: 5 . 0  

s p l een 1 2 . 7  203 . 4  10 . 9  :!: 4 . 3  133 . 0  :!: 22 . 9  

l ungs 0 . 9  7 . 1 1 . 2 :!: 0 . 3  7 . 8 :!: 1 . 4 

heart 0 . 2  0 . 2  :!: 0 . 1 

ki dneys 1 . 1  1 . 3 :!: 0 . 3  

2 4  h after i . v .  i nj ecti on of La ( N0 3 ) 3 o r  Tri s-buffered sal i ne ,  mi ce were i n­
j ected i n travenous ly  wi th ves i c l es ( 500 �mo l / k g )  l abel ed i n  the aqueous  com­
partment wi th 1 2 5 1 -poly ( v i ny l pyrro l i done ) . 4 h after i njecti on of the l i po­
somes a b l ood samp l e  ( 0 . 2  ml ) was taken from the vena cava and vari ous t i s­
sues  were removed and wei ghed . Rad i oacti vi ty was  determi ned in  the who l e  
t i s sues . The resu l ts are expressed a s  the mean percentage o f  the i njected 
dose per whol e t i ssue and per gram wet wei ght (±  S . D . ) .  The numbers i n  pa­
rentheses denote the number of animal s i nvol ved . 

TABLE 7 

INTRAPERITONEALLY INJECTED VES I CLES ; DOSE DEPENDENT BLOOD ELIMINATION AND 

T ISSUE D ISTRI BUTI ON 

The ves i cl es were i nj ected i ntraperi toneal ly at 125 �mol /kg and 500 �mol / kg .  
4 h after i njection the peri tonea l cav i ty was ri nsed wi th sa l i ne ,  a bl ood 
samp l e  ( 0 . 2  ml ) was taken from the vena cava and various ti ssues were remo­
ved and wei ghed . Radi oacti v i ty was determi ned i n  the whol e t i s s ues . The 
resu l ts are expressed as the mea� percentage of the i nj ected dose per whol e 
t i s sue and per gram wet wei ght ( - S . D . ) .  n = the number of mi ce i nvol ved . 

125 �mol / kg (n=5} 500 �mol /kg (n=S) 

who l e  t i s sue per g of t i ssue whol e t i ssue per g of ti s sue 

b l ood 0 . 88 :!: 0 . 22 1 1 . 3  :!: 3 . 0  

1 i ver 46 . 6  :!: 2 . 2  47 . 8 :!: 5 . 8  39 . 9  :!: 4 . 4  35 . 3  :!: 6 . 3  
spl een 1 4 . 4  :!: 1 .  7 265 . 2  ! 5 1 . 2  1 3 . 7 :!: 2 . 1  244 . 8  :!: 19 . 3  
1 ungs 1 . 2  :!: 0 . 0  9 . 6  ± 2 . 9  1 . 0  :!: 0 . 2  8 . 1 ± 1 . 4 
heart 0 . 0  :!: 0 . 0  0 . 0  :!: 0 . 0  
ki dneys 0 . 1 :!: 0 . 0  0 . 3  :!: 0 . 2  
peri toneal 3 . 0  :!: 0 . 6  6 . 0  :!: 2 . 0  
cav i ty 
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TABLE 8 

I NTRAPERITONEALLY I NJ ECTED V ES I CL ES I N  ONE-DAY TUMOR M I CE ; DOSE DEPENDENT 
BLOOD EL IMINATI ON AND T ISSUE D ISTRI BUTION 

The ves i c l es were i njected i ntraperi toneal ly  at 125 wmo l / kg and 500 �mo l / kg 
i n  one-day tumor mi ce . 4 h after i nj ecti on the peri toneal cavi ty was ri nsed 
wi th sal i ne ,  a bl ood sampl e ( 0 . 2  ml ) was taken from the vena cava and 
vari ous ti ssues were removed and wei ghed . Rad ioact i v i ty was determi ned i n  
the whol e ti ssues . The resu l ts are expressed a s  the mean percentage o f  the 
i njected dose per who l e  tissue and per gram wet wei ght (± S . D . ) .  n = the 
number of mi ce i nvol ved . 

bl ood 

1 i ver 

spl een 

l ungs 

heart 

ki dneys 

peri toneal 
cavi ty 
TABLE 9 

125 �mol / kg (n=5) 

whol e ti ssue per g of ti ssue 

19 . 7  ± 8 . 2  

16 . 7  ± 2 . 9  

22 . 3  ± 3 . 2  

2 . 5  ± 0 . 6  

0 . 1 ± 0 . 1  

0 . 8  ± 0 . 2  

8 . 0  ± 2 . 8  

20 . 2  ± 4 . 8  

364 . 1  ± 59 . 9  

24 . 4  ± 2 . 3  

500 �mo l / kg (n=5) 

who l e  ti s sue per g  o f  ti ssue 

5 1 . 7  ± 3 . 6  

10 . 6  ± 4 . 8  

14 . 3  ± 2 . 6  

1 . 9  ± 0 . 3  

0 . 2  ± 0 . 1  

1 . 2  ± 0 . 5  

7 . 1  ± 2 . 4  

10 . 7  ± 5 . 4  

215 . 7  ± 20 . 4  

17 . 2  ± 2 . 7  

I NTRAPERITONEALLY INJECTED VESI CLES I N  S I X-DAY TUMOR MICE ; DOSE DEPENDENT 

BLOOD EL IMINATI ON AND TISSUE D I STRIBUTION 
The ves i cl es were i njected i ntraperi tonea l ly at 125 wmol /kg and 500 �mo l / kg .  
4 h after i njection the peri toneal cavi ty was ri nsed wi th sal i ne ,  a bl ood 
samp l e  ( 0 . 2  ml ) was taken from the vena cava and various t issues were remo­
ved and wei ghed . Radi oact iv i ty was determi ned i n  the whol e ti ssues . The 
resu l ts are expressed as the mean percentage of the i njected dose per who le  
t i s sue and  per  gram wet wei ght (± S . D . ) .  n = the number of mi ce i nvol ved . 

125 �mol /kg (n=5) 

whol e ti ssue per g of ti ssue 

bl ood 1 . 1  ± 0 . 2  

1 i ver 36 . 4  ± 1 .  9 28 . 8  ± 1 . 8 

sp leen 1 5 . 9 "± 1 . 7  33 . 3  ± 4 . 1  

l ungs 0 . 7  ± 0 . 1  3 . 6  ± 0 . 6  

heart 0 . 0  ± 0 . 0  

ki dneys 0 . 2  ± 0 . 0  

peri toneal 5 . 6  ± 2 . 2  
cavi t 
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500 �mo l / kg (n=5) 

whol e ti ssue 

6 . 4  ± 5 . 7  

33 . 4  ±1 2 . 5  

18 . 6  ± 3 . 4  

1 . 2  ± 0 . 3  

0 . 0  ± 0 . 0  

0 . 3  ± 0 . 2  
+ 6 . 0  - 2 . 0  

per g of t issue 

29 . 8  ± 16 . 6  

36 . 5  ± 9 . 4  

6 . 0  ± 1 . 9  



The di fferent doses of ves i c l es were i njected i n  the same total vol ume 

( 0 . 45 ml ) and apparently were transported to the b l ood at a rel at i ve ly  hi gh 

rate , s i nce even w i th the hi gh dose l ess than 10% was recovered from the pe­
ri toneal cav i ty after 4 h .  The recovery of the ves i cl es tends to be l ower 

after i ntraperi toneal than after i ntravenous i nj ect ion . For i nstance , after 

i . v .  i njection of 125 �mol /kg , 70-85% was recovered i n  b l ood and various 

t i s sues ( tabl es 2 , 3 , 4 )  whi l e  60-70% was recovered in peri toneal wash , bl ood 

and vari ous t i s sues after i ntraperi toneal i njecti on of a s imi l ar dose ( tqbl e 

7 ,8 , 9 ) . I t  i s  possi bl e  that a fracti on of the ves i cl es i n  the peri toneal 

cavi ty i s  not eas i ly removed by wash i n g ,  and/or i s  taken up by lymph nodes . 

D ISCUSS ION 

The resu l ts descri bed in thi s paper show that e l imi nati on from the b l ood 

of i ntravenous ly  and , to a l esser extent , i ntraperi toneal l y  i nj ected ves i ­

c l es i s  dose dependent . The fraction o f  l i posomes c l eared from the bl ood i n  

a 4 h per iod and , concomi tantly , the fracti on o f  l i posomes accumu l ati ng i n  

l i ver  and spl een decreases wi th i ncreasi ng l i posome dose . S i nce l i posomes 

of the s i ze we used are known to be taken up by reti cul oendothe l i a l cel l s  

i n  the l i ver ( 5 ) , our res u l ts i ndi cate that hi gh doses of l i posomes cause 

a saturation of the phagocytos i ng  capaci ty of reti cul oendothel i al cel l s  i n  

the l i ver  and , presumabl y ,  the s p l een . Saturati on o f  the reticu l oendothe­

l i a l  c l earance mechan i sm in the l i ver  by h i gh numbers of i ntravenousl y  i n ­

jected forei gn part i c l es i s  a wel l known phenomenon { 34 , 35 ) .  

Souhami et aZ .  { 23 )  recently reported a dose dependence of the b l ood 

c l earance of l i posomes ( at l i p i d  doses comparabl e to ours ) ,  however , they 

d i d  not observe a saturation of  the hepati c  uptake of  l i posomes . Apparently 

the s l ower b l ood e l i mi nati on of the hi gh dose of l i posomes was not due to 

a saturati on of the hepat i c  uptake mechani sm .  The actual  s i te of saturation 

i n  these experiments remai ned unknown . 

The ves i c l es used by Souhami and coworkers had a mean di ameter of 58 nm 

and at l east a fracti on of the ves i cl es cou l d  therefore pass through the 

approximately 100 nm wi de fenestrat ions  in the endothel i a l  s i eve p l ates 

in the l i ver ( 36 ) . Consequentl y ,  part of the l i posomes cou l d  thus become 

associ ated wi th the parenchyma l  cel l s .  Rahman et a Z .  ( 3 7 )  recently presen-
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ted i ndi rect evi dence that sma l l uni l amel l ar ves i cl es preferenti a l l y  asso­

ci ate wi th l i ver-parenchymal cel l s .  Experiments from our own l ab di rectly 

showed hi gh uptake of both l i p id  and entrapped sol ute of SUV i n  hepatocytes 

and l ow uptake i n  non-parenchymal cel l s  ( Scherphof et aZ . , i n  preparati on ) .  

I n  th i s  study we used a di fferent type of 1 i posome, wi th a mean di ameter 1 arger 

than 100 nm ( 27 ) , so that the l i posomes are l i ke ly  to be , at l east parti al ly ,pre­

vented from associ ation wi th 1 i ver-parenchyma 1 ce 1 1  s .  Roerdi nk et aZ . recently 
demonstrated , in rats , the associ ati on of l i posomes ( very simi l ar to the 

ves i c l es we used ) with Kupffer ce l l s ,  whi l e  on ly  a sma l l  proportion was 

associ ated wi th the hepatocytes and vi rtual l y  none wi th the endothel i al 

cel l s  ( 5 ) . I t  i s  concei vab le  that quanti tati ve di fferences i n  the di stri ­

buti on between the ce l l  types i n  the l i ver are respons i b l e  for the di scre­

pancy between the resul ts of Souhami et aZ .  and the data presented i n  thi s 

paper. 

Cl earance and ti ssue di stri buti on of l i posomes were very simi l ar in one­

day tumor mi ce and in l anthanum treated mi ce . Both condi tions probably i n­

vol ve a depress i on of Kupffer cel l acti vi ty, as measured by carbon c l earance 

i n  the tumor ani ma l s .  A functi onal change of the reti cu l oendothel i al system 

fol l owing  tumor cel l chal l ange has been reported previ ous l y  by vari ous i n­

vesti gators ( 38 , 39 ) and may be due to tumor components i n  the serum o r to a l ­

tered pl asma opson i n  l evel s .  Roos and D i ngemans have shown that i ntravenous­

ly  i njected tumor cel l s  can i nteract wi th Kupffer cel l s  ( 40 ) . The growth 

pattern of the lymphosarcoma used i n  our experiments i ndi cates that the 

tumor cel l s  can travel from the peri toneal cav i ty to the bl ood , thus i n  our 

experiments a l so a di rect i nteraction between tumor cel l s  and Kupffer cel l s  

may be i nvol ved i n  the observed i nhi b i t i on of Kupffer cel l acti v i ty .  I n  

s i x-day tumor mi ce e l imi nati on from the bl ood and hepati c uptake o f  l i po­

somes were comparabl e to those i n  control animal s .  Apparently the tumor mi ce 

had recovered from the reti cul oendothel i a l  depress i on . Surpri s i ng l y ,  i n  the 

si x-day tumor mi ce carbon c l earance was i ncreased to even hi gher val ues than 

those found i n  control animal s .  At present we do not know what causes thi s 

phenomenon . Saba et aZ.  ( 39 )  reported that Wal ker 256 tumor-cel l -i nduced 

changes of reti cul oendothel i al carbon cl earance i n  rats , correl ated wel l 

wi th changes i n  p l asma opson i n  l evel s .  Thus , i ncreased l evel s of opson i c  
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prote ins  i n  the pl asma may be i nvol ved i n  the i ncreased carbon c l earance , 

observed i n  our experiments . The depress i on of Kupffer cel l acti v i ty i n  the 

one-day tumor mi ce causes a sh i ft ,  espec i a l ly  at the l ower l i p i d  doses , of 

l i posome accumu l ati on towards the spl een . There is apparently an overfl ow 

of l i posomes to the spl een , whi ch i n  turn tends to become saturated at the 

h i gher l i pi d  doses . The i ncrease of l i posome accumul ation i n  the l ungs of 

one-day tumor mi ce may be due to uptake by macrophages that mi grated to the 

l ungs of these tumor mi ce .  

Wi th the type of l i posomes ( REV ) empl oyed i n  th i s  study we were not abl e 

to confi rm an earl i er suggesti on by oursel ves and observati ons by Gregori a­

di s et aZ .  ( 4 1 ) and  Hwang et aZ .  ( 4 2 )  who reported that  l i posomes composed 

of sph i ngomyel i n  as the mai n  phosphol i pi d  consti tuent , were c l eared more 

s l owly than ves i c l es conta i n i ng phosphati dyl chol i ne i nstead of sphi ngomye­

l i n .  Intravenous l y  i njected REV wi th phosphati dyl chol i ne as the ma i n  phos­

phol i pi d  consti tuent showed a dose dependence of e l i mi nati on from the b l ood 

and t i ssue d i stri but i on , very s i mi l ar to the sph ingomyel i n  ves i cl es ( data 

not shown ) . A d i fferent i ntrahepati c  d i spos i t i on of sma l l  and l arger ves i ­

c l es ,  a s  d i s cussed above may prov i de an expl anati on for thi s d i screpancy . 

I n  mi ce i ntraperi toneal ly  i njected l i posomes were transported from the 

peri toneal cav i ty to the b l ood rel ati vely qu i c k ly .  We observed earl i er i n  

rats { 32 )  that after i ntraperi toneal i njecti on uptake o f  l i posomes i n  l i ver 

and s p l een was consi derably s l ower than after i ntravenous i nj ecti on . I t  has 

been reported that the d i sappearance from the peri toneal cav i ty of i ntra­

peri toneal l y  admi n i s tered red bl ood cel l s  varies between species ( 43 ) . Parker 

et aZ.  ( 44 )  demonstrated the presence of i ntraperi toneal ly  i njected l i posomes 

i n  thoraci c duct lymph i n  rats . These authors suggested that not the lymph 

fl ow , but pos s i bly another process , s uch as transport of l i posomes across 

the wal l of lymph vessel s i s  governi ng  the rate of l ymphati c absorpti on of 

l i posomes from the peri toneal cav i ty .  Thi s woul d be i n  agreement wi th our 

observati on in mi ce that 2 h after i ntraperi toneal i njection of l 2 5 I -poly 

( v i nyl pyrrol i done ) -conta i n i ng REV ( 50 �mol /kg ) l evel s of radi oacti vi ty i n  

peri toneal cavi ty and bl ood were reasonabl y  s i mi l ar ,  i rrespecti ve of the 

vol ume of the i njected dose ( 0 . 1  or  1 . 0  ml ) .  

Fundamental stud i es on the i n  vi vo fate of l i posomes are of importance 
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for the des i gn of treatment schedu l es wi th encapsu l ated drugs and a l so for 

the i nterpretati on of anti tumor effects of encapsu l ated drugs . From thi s  

study i t  i s  cl ear that , by s i mply varying  the dose of l i posomes , the el imi ­

nation from the bl ood and uptake by l i ver and s p l een can be i nfl uenced s i g­

n i fi cantly . The presence of tumor cel l s  i nfl uences the el imi nati on from the 

bl ood and ti ssue d i s tri bution of l i posomes . One day after i ntraperi toneal 

i njecti on of 106 tumor cel l s ,  the e l imi nati on from the bl ood and the hepa­

t i c  uptake of l i posomes are i nh i b i ted . Th i s  i s  probab ly  due to a transi ent 

depress i on of reti cul oendothel i a l  act i v i ty ,  caused by the tumor cel l s  as 

was i nd i cated by the s imu l taneous i nh i b i ti on of carbon c l earance . S i x  days 

after i nject i on of tumor cel l s  the mi ce have recovered from the depress i on 

of reti cu l oendothel i al acti v ity .  The el imi nation from the b l ood and the 

hepati c uptake of l i posomes in these anima l s i s  comparab l e  to those i n  con­

tro l  anima l s and carbon cl earance i s  even i ncreased . However ,  because i n  

the s i x-day tumor mi ce l i ver and spl een wei ghts are i ncreased due to the 

presence of substanti a l  amounts of tumor cel l s  in these t i s sues , the accu­

mu l at ion of l i posomes per g ti ssue wei ght i s  decreased . Thi s  i ndi cates that 

uptake of  l i posomes by tumor cel l s  per se does not contri bute to a s i gn i fi ­

cant extent to total ti ssue accumul ati on . Thi s i s  compati bl e  wi th resu l ts 

descri bed e l sewhere i n  thi s thes i s .  
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C H A P T E R I V  

REVERS I BLE DEPRESS I ON O F  THE RETICULOENDOTHELIAL SYSTEM BY L I POSOMES 

SUMMARY 

The effect of vari ous doses of di fferent types ( reverse phase evapora­

tion ves i c l es and sma l l  uni l ame l l a r  ves i c l es )  of i ntravenous ly i nj ected l i ­

posomes on reti cul oendothel i a l acti vi ty ,  as measured by the b l ood c l earance 

rate of i ntravenous ly  i nj ected carbon , was i nvesti gated . Al so the effect of 
preteatment with reverse phase evaporation vesi cles on the el i111i nati on fran the blood 

and the ti.ssue di stri bution of a second dose of simi l ar ves i c l es was determi ned 

For a l l concentrati ons used reverse phase evaporation ves i c l es caused a re­

ducti on i n  reti cul oendothel i a l  acti v i ty at l east up to four  hours after i n­

j ecti on . Twentyfour hours after admi ni strati on the rate of carbon cl earance 

returned to the control l evel . On the cpntra ry , smal l uni l amel l a r  ves i c l es 

d id  not b l ock reti cul oendothel i a l act iv i ty .  Pretreatment wi th reverse phase 

evaporation vesi c l es ( 250 �mol/kg )  caused an i ncreased b l ood l evel and a 

decreased hepati c uptake of a second dose of the ves i c l es ,  i nj ected one 

hour a fter the fi rs t dose .  Thi s seems to be due to a depress i on of  ret i cu lo­

endothe l i a l  acti vi ty and not to a depl etion of opsoni ns . Pretreatment wi th 

smal l uni l amel l ar ves i c l es ( 250 �mol /kg ) had no si gni fi cant i nfl uence on the 

t i s sue di stri buti on of a second dose of ves i c l es . Our resul ts c l early i nd i ­

cate that reverse phase evaporat ion ves i c l es cause a revers i b l e  depress i on 

of ret i cu l oendothel i a l  acti vi ty and th i s  depress i on seems to be i nduced by 

a saturati on of reti cul oendothel i a l  cel l s  w i th l i posomes . 

I NTRODUCTI ON 

L i posomes are of i nterest as drug-carri ers for cancer chemotherapy , s i nce 

they a re non-toxi c under therapeuti c condi ti ons , bi odegradabl e ,  can encap­

sul ate a wi de va ri ety of pharmacol ogi ca l  agents and because the l i pi d  b i ­

l ayer can accomodate mol ecul es i mportant i n  b iol og i ca l  recogni �on processes , 

thus provi d i ng a poss i bi l i ty for targetti ng ves i c l es to speci fi c  cel l s  

( 1 , 2 ) . The uses of l i posomes , espec i a l ly a s  drug carri ers have been recently  
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revi ewed by Kimel berg and Mayhew ( 3 )  and Papahadjopoul os ( 4 ) . 

Al though there i s  good evi dence that l i posomes do i nteract wi th cel l s  of 

the reticu l oendothel i a l  system ( RES ) ( 5 )  l i tt l e  is known about the detai l s  

of such i nteracti on . For exampl e l i posomes are taken u p  by macrophages 

in the l i ver  ( 5 )  but i t  i s  not known whether al l ves i c l es that become asso­

ci ated wi th l i ver  and spl een are taken up  by reti cul oendothel i a l  cel l s .  I t  

i s  pos s i b l e  that both uptake by , and adsorpti on to , these cel l s  and/or 

other cel l s  wi l l  occur s imu l taneous l y  ( 6 ) . 

I nvesti gati on of these i nteracti ons i s  of importance s i nce c l earance of 

l i posomes by the RES may l imi t thei r usefu l ness in chemotherapy of tumors 

not l ocated i n  l i ver and spl een , as uptake of drug-conta i n i ng l i posomes by 

the RES wi l l  resul t i n  a reduced i nteracti on of the dru g ,  or the drug-con­

tai n i ng l i posomes , w i th the target ti ssue and may a l so resul t in undes i rable 

toxi c i ty to the RES . Saturati on of l i posome bi ndi ng-s i tes has been suggested 

as a way of reduci ng the b l ood c l earance rate and a l teri ng the ti ssue d i s ­

tri buti on of  drug-contai n i ng l i posomes ( 7 ,8 , 9 ) , produci ng hi gher b l ood 

l evel s  of the encapsu l ated drug for a prol onged peri od of time . 

The b l ood c l earance rate of col l oi da l  parti c l es can be reduced by g i v i ng 

a h i gh dose whi ch causes a reducti on i n  the rate of c l earance through a sa­

turati on of the reti cul oendothel i a l  cel l s ,  or through a depl etion of op­

soni ns ; p l asma prote i ns wh i ch p l ay a rol e  i n  the recogni t i on of foreign  

part i c l es by reti cul oendothel i a l  cel l s  ( 10 ) . A s imi l ar concentration  depen­

dence has been reported for l i posomes ( 7 ,8 , 1 1 ) . However , i t  i s  not known 

whether a reduct ion in the rate of c l earance at h i gh l i posome doses i s  due 

to a saturati on of reti cu l oendothel i a l  cel l s  or  to a depl eti on of opson i ns 

from the p l asma or  poss i b ly  to a satu rati on of other l i posome bi ndi ng-s i tes 

e . g. vascul a r  endothel i a l  cel l s .  

I n  thi s  study we i nvesti gated the effect of l i posomes on RES functi on as  

measured by the  c l ass i ca l  carbon c l earance assay .  We  exami ned the  effect of  

vari ous doses of l i posomes of different s i ze at  di fferent times after i n­

j ecti on and a l s o  measured the effect of pretreatment wi th l i posomes on the 

c l earance and ti ssue di stri buti on of a second dose . 
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MATERIALS 

Chol esterol  was obta i ned from A . B .  Fl uka ( Buch , Swi tzerl and ) and was re­

crysta l l i zed twi ce from methanol . Uni pore polycarbonate fi l ters were from 

B i orad .  Sepharose 4B was purchased from Pharmac i a .  1 4 C- l abel ed i nu l i n  ( s pec . 

act . 1 . 8  mCi /mmol ; mol ecu l ar  wei ght 5000 ) v1as obtai ned from New Eng l and 

Nuc l ea r .  The ti ssue sol ubi l i zer NCS and the sci nti l l at i on sol uti on OCS were 

obtai ned from the Radiochemi cal  Centre Amersham . Al l organi c sol vents u sed 

were reagent grade . 10- 1 2  weeks o l d  fema l e  DBA 2/CR mi ce were used . 

METHODS 

Prepamtion of lipids 

The preparati on of the phosphol i pi ds was descri bed previ ous ly  ( 1 2 , 13 ) . 

Preparation of Reverse Phase Evaporation Vesicles (REV) 

The ves i c l es were prepared essenti a l ly as descri bed by Szoka and Papahad­

jopoul os ( 1 5 ) . A chl oroform sol uti on of 6 �mol of phosphati dyl glycerol , 

24 �mo l of phosphati dyl cho l i ne and 30 �mol chol esterol was evaporated to 

dryness on a rotary evaporator . The dry l i p i d  fi lm  was di ssol ved i n  3 ml of 

ether . In order to remove peroxi des , the ether was di sti l l ed from sodi um b i ­

su l fi te immedi ate ly before use . To the l i p i d sol ution was added 1 m l  of 

phosphate-buffered sa l i ne and the mi xture was soni cated for 5 mi n under  a 

ni trogen atmosphere i n  a bath type soni cator . Th i s  way a homogeneous sus­

pens i on of i nverted mi cel l es was formed . The ether was removed i n  a rotary 

evaporator and the ves i c l es thus obtai ned were extruded through a Uni pore 

polycarbonate fi l ter wi th a pore s i ze of 0 . 4  �m ( 16 ) . When 1 4C- l abel ed i nul i n  

conta i n i ng REV were prepared the aqueous phase cons i sted o f  a 5 mM 1 4 C­

l abe l ed i nu l i n  sol uti on i n  phosphate buffered sa l i ne .  Encapsu l ated i nu l i n  

was separated from non-encapsu l ated mater i a l  by gel chromatography on 

Sepharose 4B . 

Preparation of Small  Unilame llar Vesicles (SUV) 

A chl oroform sol uti on of 6 �mol of phosphati dyl g lycerol , 24 �mol of phos­

phat i dyl cho l i ne and 30 �mol of chol estero l was evaporated to drynes s on a 

rotary evaporator .  1 ml of phosphate-buffered sa l i ne was added to the dry 

l i p i d  fi l m .  The l i pi ds were di spe rsed by mechan i cal  agi tati on at 37°C and 
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the mi xture was soni cated i n  a bath type soni cator under N2 at  37°C unti l 

the suspensi on was c l ear . For the ti ssue di stri buti on experiments the SUV 

were composed of d i pa l mi toyl phosphat i dyl glycerol , di pa lmi toyl phosphati dy l ­

chol i ne and  chol esterol  i n  a mol ar rat i o  1 : 4 : 5 .  The  l i p i d b i l ayer market 

used was 1 2 5 I -BPE ( p-hydroxybenz i di ne phosphati dyl ethanol ami ne } .  BPE was 

synthes i zed by condensati on of p- hydroxybenzami date wi th di pa lm i toy l phospha­

ti dyl ethanol ami ne { 13 }  and was i odi nated by a mod i fi cati on of the method of 

Greenwood et al .  ( 14 ) . The mol ar  proport i on of 1 2 5 I -BPE in the l i posomes 

was 0 . 1  percent . I n  stabi l i ty studi es i t  was found that th i s  marker exchanged 

wi th p l asma prote i ns approxi ma tely at the s ame rate as 3H-di pa lmi toyl phos­

phati dyl chol i ne ( 1 3 } . 

RES function assay 

RES acti v i ty was measured by determi n i ng the rate of c l earance of i ntra­

venously i nj ected carbon . Mi ce recei ved 0 . 1  ml of I nd i a  I nk  4415 ( H i ggi ns 

I nk Co . ,  NJ ) d i l uted fi ve fol d  wi th phosphate-buffered sal i ne to g i ve a 

1 . 1% s uspens i on .  One and fi ve mi n after i nj ecti on of carbon , g roups of mi ce 

were b l ed v i a  a cardi ac puncture . 0 . 1  ml of b l ood was d i l uted wi th 2 . 9  ml 

of d i sti l l ed water and the carbon concentrati on was measured by determi n i ng 

the absorbance val ue a t  620 nm . The phagocyti c i ndex was ca lcu l ated accor­

d i ng to Donald  and Tennent ( 1 7 ) . 

Platelet counting 

0 . 1  ml of  b l ood , obtai ned v i a a card i ac puncture , was added to 10  P l  of 

a 3 . 2% sod i um c i trate sol uti on . B l ood was di l uted 100 fol d  i n  Unopette v i als 

( recorder no . 5855 , Becton- Di ck i nson , Rutherford , NJ ) conta i n i ng :  ammon i um 

oxal ate , phosphate buffer and thimerosal  and was i ncubated for 10-15 mi n at 

room temperature , resu l ti ng i n  lys i s  of red b l ood cel l s .  P l atel ets were 

counted i n  a hemacytometer .  

Opsonization of liposomes 

Opsoni zati on of the l i posomes was accompl i shed by i ncubat ion wi th 50% 

homol ogous mouse serum for 15 mi n at 37°C i mmedi ately pri or  to i nj ecti on of 

the ves i c l es .  

Tissue distribution of liposomes 

Non i abeled l i posomes or  l i posomes conta i ni ng 1 4 C- l abel ed i nu l i n  were 
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i njected i . v .  i n  the l atera l  ta i l  vei n of 10- 1 2  week ol d fema l e  DBA 2/CR 

m i ce , wei gh i ng approximately 20 g and va rious t imes thereafter an ima l s  were 

anesthe ti zed wi th chl oroform , bl ood was obta i ned vi a a card iac puncture and 

ti ssues were col l ected . For the ti ssue di stri but i on of 1 4C- l abel ed i nu l i n­

conta i n i ng l i posomes , bl ood and ti ssue samp l es were processed i n  the fol l ow­

i ng way . 0 . 1  ml of the b l ood was di gested at room temperature i n  1 . 2 ml of 

NCS . In order to bl each the di gests , they were i ncubated for 30 mi n at 50°C 

wi th 0 . 4  ml of a fresh ly prepared benzoyl peroxi de sol uti on i n  tol uene ( 1  g 

of benzoyl peroxi de was di ssol ved at 60°C i n  5 ml of tol uene and the so lution 

was fi l tered after cool i ng to room remperatu re ) . Ti ssues were col l ected , 

ri nsed i n  phosphate-buffered sal i ne and bl otted dry on fi l ter paper . Wei gh­

ed samp les of approximately 50 mg were di gested i n  1 ml of NCS at 50°C .  

The di gests were bl eached by i ncubati on wi th 0 . 3  ml o f  the benzoyl peroxi de 

sol uti on for 30 mi n at 50°C .  After cool i ng to room temperatu re the di gests 

were mi xed wi th 13 ml of the xyl ene based sc i nti l l ati on sol uti on OCS and 

radi oacti vi ty was counted i n  a Packard Tri -carb sci nti l l ati on counter .  

Counti ng effi c i ency was cal cul ated wi th a n  externa l standard . For the ti ssue 

d i stri but i on of 1 2 5 I - l abel ed SUV ,  ti ssues were ri nsed in phosphate-buffered 

sa l i ne and counted di rect ly i n  a Packard y counter . 

RESULTS 

Effeat of liposomes on platelet numbers 

I n  order to ensure that we were measuri ng the phagocyti c acti v i ty of the 

RES we used a l ow dose of carbon at wh i ch phagocytos i s  was the major mecha­

ni sm of c l earance ( 1 7 ) . S i nce changes i n  p l a te l et numbers have been shown to 

i nfl uence the b l ood c l earance of carbon we measured the effect of l i posomes 

on the number of c i rcul ati ng p l atel ets . As i s  shown i n  Tab l e  1 pl ate l et 

numbers di d not change after i nj ecti on of l i posomes , so  i n  our experiments 

b l ood c l earance of carbon can be taken as a measure of RES acti v i ty .  

Effeat of liposomes on RES aativity 

The effects of di fferent doses of REV and SUV on RES acti vi ty are shown 

i n  Tabl e  2 .  S i nce RES acti vi ty vari ed from experi ment to experiment , control 

an ima l s  were i nc l uded in each experiment . I t  can be seen that REV reduced 
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TABLE 2 

EFFECT OF REV AND SUV ON RES ACTI VITY I N  MICE  
Various doses of REV and SUV ( 50 ,  250 and 1 250 �mol /kg )  were i njected i . v .  
i n  DBA2/CR mi ce and 1 ,  4 .  24 o r  48 h l ater RES acti v i ty was measured as 
descri bed i n  the methods secti on . The number of animal s used at each t ime 
are g i ven i n  parenthes i s .  

Type and dose 
( �mol /kg } of 
ves i c l es 

time after 
i njecti on 

of ves i cl es 
( h )  

Control 
REV 50 �mol /kg  

Control 
REV 250 �mol / kg 

Control 
REV 1 250 �mo l / kg  

Contro l  
SUV 50  �mol /kg  

Control  
SUV 250 �mo l/kg  

Control  
SUV 1 250 �mol /kg 

Control  
REV 50 �mol /kg  

250 �mo l / k g  
1 250 �mo l/kg  

1 
4 

24 

1 
4 

24 

1 
4 

24 

1 
4 

24 

1 
4 

24 

1 
4 

24 

48 
48 
48 

* phagocyti c i ndex equal s 

** not determi ned 

opti ca l  dens i ty at 620 nm 
( ± S . E . } 

phagocyti c  i ndeA* 

1 mi n 

0 . 67 ± 0 . 05 ( 4 )  
0 . 70 ± 0 . 03 ( 5 )  
0 . 75 % 0 . 02 ( 4 )  
0 . 76 ± 0 . 05 ( 4 )  

0 . 6 7  ± 0 . 03 
0 . 66 ± 0 . 08 
0 . 70 ± 0 . 04 
0 . 77 % 0 . 03 

0 . 70 t 0 . 0 1  
0 . 65 ± 0 . 09 
0 . 89 ± 0 . 02 
0 . 70 ± 0 . 03 

0 .  77 ± 0 . 03 
0 . 75 ± 0 . 03 
0 .80 ± 0 .03  
0 . 70 ± 0 . 04 

0 . 70 ± 0 . 0 1  
0 . 78 ± 0 . 03 

N . D . ** 

( 5 )  
( 4 )  
( 3 )  
( 5 )  

( 4 )  
( 5 )  
( 4 )  
( 5 )  

( 3 )  
( 4 )  
( 4 )  
( 3 )  

( 3 ) 
( 5 )  

0 . 7 1 ± 0 . 02 ( 4 )  

0 . 76 ± 0 . 05 
0 .  72 ± 0 . 04 
0 . 75 ± 0 . 04 
0 . 70 ± 0 . 03 

0 . 74 ± 0 . 05 
0 . 80 ± 0 . 01 
0 . 74 ± 0 . 02 
0 . 76 ± 0 . 03 

( 4 )  
( 3 )  
( 4 )  
( 5 )  

( 4 )  
( 3 )  
( 5 )  
( 5 )  

5 mi n 

0 . 38 ± 0 . 04 ( 4 )  
0 . 48 ± 0 .  0 1  ( 3 )  
0 . 57 :!: 0 . 04 ( 5 )  
0 . 39 ± 0 . 05 ( 4 )  

0 . 49 ± 0 . 02 ( 5 )  
0 . 70 ± 0 . 02 ( 3 ) 
0 . 69 ± 0 .05  ( 4 )  
0 . 49 ± 0 . 02 ( 4 )  

0 . 45 ± 0 . 03 ( 4 )  
0 . 59 ± 0 . 05 ( 5 )  
0 . 6 7  ± 0 . 02  ( 5 )  
0 . 46 ± 0 . 02 ( 5 )  

0 . 6 1  ± 0 . 03 ( 3 )  
0 . 50 ± 0 . 03 ( 4 )  
0 . 64 ± 0 . 07 ( 4 )  
0 . 57 ± 0 . 08 ( 3 )  

0 . 52 ± 0 . 05 ( 3 )  
0 . 55 ± 0 . 06 ( 4 )  

N . D . * *  
0 . 55 ± 0 . 03 ( 5 )  

0 . 59 ± 0 . 02 ( 4 )  
0 . 5 1  ± 0 . 10 ( 4 )  
0 . 57  ± 0 .05 ( 5 )  
0 . 50 :!: 0 . 05 ( 4 )  

0 . 47 ± 0 . 04 ( 4 )  
0 . 50 :!: 0 . 03 ( 4 )  
0 . 43 ± 0 . 03 { 5 )  
0 . 48 ± 0 . 02 ( 4 )  

l og l o o . d . l mi n- l og 1 0 o . d . s mi n 
t 5 - t1  

75 

0 . 062 
0 . 04 1  
0 . 030 
0 . 073 

0 . 034 
0 . 000 
0 . 002 
0 . 049 

0 . 048 
0 . 0 1 1  
0 . 031 
0 . 046 

0 . 025 
0 . 044 
0 . 024 
0 . 022 

0 . 033 
0 . 038 

0 . 028 

0 . 028 
0 . 038 
0 . 030 
0 . 037 

0 . 049 
0 . 051  
0 . 047 
0 . 050 



TABLE 1 

NUMBER OF C I RCULAT I NG PLATELETS AFTER I NJECTION OF L I POSOMES 

The ves i c l es were i nj ected i . v . , b l ood was obtai ned v ia  a card i ac puncture 
and pl atel ets were counted as descri bed i n  the methods section . 

Type of ves i c l e  dose �mol /kg )  time after p l a tel ets/mm3 
i nj ecti on ( X10- 3 t S . E . )  

of ves i cl es ( h )  

Control 970 t 1 10 

suv 1250 1 1090 ± 90 

suv 1250 4 1040 ± 40 

REV 250 1 880 ± 140 

REV 250 4 940 ± 70 

the RES acti vity during at l east four hours after i njecti on , for a l l concen­

trati ons u sed . Twenty four hours after i nj ection the rate of carbon c l ear­

ance returned to the control l evel . However , SUV di d not reduce RES acti vi ty ;  

on  the  contrary there was  a cons i s tent i ncrease i n  the c l earance rate at  

one hour after i nj ection of the ves i c l es . 

Effect of pretreatment with non-labeled liposomes on the tissue distribution 

of a second dose of labeled liposomes 

Tab l e  3 shows the effect of pretreatment wi th a h i gh dose  of non- l abe l ed 

REV on the subsequent di s tri bution of a second , l ow dose of 1 4C- l abel ed 

i nu l i n  conta i n i ng REV ( co l umn A and B ) . The fi rst and second doses were 

separa ted by one hour and the ti s sue di s tri buti on was determi ned one hour 

a fter i nj ecti on of the l abel ed ves i c l es .  It can be seen that at  1 h after 

i njecti on of the l abel ed ves i c l es the b l ood l evel of l abel ed ves i c l es i n  

pretreated anima l s  was i nc reased several fol d  and hepati c uptake was "de­

creased two fol d .  I ncreased b l ood l evel s and decreased hepatic  uptake cou l d  

resu l t not only from a reducti on i n  c l earance due to reticu l oendothe l i a l  

depress i o n ,  b u t  a l s o  from a di l uti on o f  the ves i cl es i n  the b l ood , s i nce 

the fi rs t ,  h i gh ,  dose of non- l abel ed ves i c l es was not comp l ete ly c l eared 
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TABLE 3 

EFFECT OF PRETREATMENT WITH REV ON THE TISSUE DISTRI BUT ION OF  A S ECOND DOSE 

OF S IMILAR VES I CLES 

Non- l abel ed REV ( 250 �mo l/kg )  were i nj ected i . v .  and 1 h l ater 1 4C- l abe l ed 
i nu l i n  conta i n i ng ves i c l es ( 50 �mo l /kg )  were i nj ected . The ti ssue di stribu­
t ion was determi ned 1 h after the i nu l i n  contai ni ng ves i c l es were admi n i s ­
tered . The data g i ven represent mean ± S . D . of  4 mi ce . The resu l ts are 
expressed as % of dose per organ . 

A B c D E 
Pretreatment 250 250 dcse (�mol/kg) 

Test dose 50 50 250 50 50 
( �mo l /kg )  

opsoni zed l i rosomes 

B l ood 7 . 9  ± 2 . 9  40 . 1  * 4 . 1  1 5 . 3  ± 1 . 0 1 . 3  * 0 . 2  24 . 5  ± 10 . 8  

L i ver 5 2 . 6  ± 2 . 0  25 . 8  ± 4 . 8  28 . 2  ± 7 . 6  45 . 7  ± 5 . 4 30 . 0  ± 6 . 6 
Spl een 8 . 0  ± 3 . 7  6 . 3  ± 0 . 4  8 . 9  ± 0 . 4 7 . 3 ± 2 . 8  1 1 . 3  ± 1 . 2  
Lung 0.14 ± 0 . 05 0 . 39 ± 0 . 10 0.66 ± 0 .11  0.14 ± 0.01 0. 56 ± 0 . 17 

Ki dney 0.21 ± 0 . 04 0.89 ± 0 . 08 0.62 ± 0.06 0.19 ± 0.05 0 . 78 * 0 .06 
* Sma 1 1  o.73 ± o:l9* o .?B ± o.2t 1.11 ± 0.1:f 0.22 ± OIJ5* 0 . 12 ± 0 .06 

i ntesti ne 

* % of dose per g ti ssue 

upon i nj ection of the second dose of ves i c l es ( Tab l e  3 ,  col umn C ) . Pretreat­

ment wi th non- l abel ed ves i c l es has a qua l i tati vely s imi l a r  effect on the 

e l imi nati on from the b l ood and uptake by l i ver and sp l een , of opsoni zed 

ves i c l es ( Tab l e  3 ,  col umn D , E ) . 

Pretreatment wi th 250 �mo l / kg of non- l abel ed SUV had no s i gn i fi cant i n­

fl uence on the di stri buti on of a second dose of l abel ed SUV , as i s  shown i n  

Tab l e  4 ,  when the doses were separated by one hour . Bl ood l evel s i n  the 

p retreated anima l s  were s l i ghtly i ncreased . Th i s  aga i n  i s  l i kely to be due 

to d i l uti on of the ves i c l es s i nce SUV are c l eared very s l owly  ( 18 ) . 
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TABLE 4 

E FFECT OF PRETREATMENT W ITH S UV ON THE TISSUE DISTRIBUTION OF A S ECOND DOSE 

OF S I MI LAR VES I CLES 

Non- l abel ed S UV ( 250 �mol /kg)  were i nj ected i . v .  and 1 h l a ter l 2 5 I -l abel ed 
SUV ( 50 �mol /kg )  were i njected . The t i ssue d i stri bution was determi ned 4 h 
after admi n i stration of the l abel ed ves i c l es . The data g i ven represent mean 
± S . D. of 3 m i ce . The resul ts are expressed as % of dose per orga n .  

Pretreatment dose 250 ( �mol /kg )  

Test dose ( �mo 1 /kg )  50 50 

B l ood 45 . 9  ± 5 . 0 61 . 0  t 9 . 2  

Li ver 20 . 0  ± 1 . 1  18 . 4  t 3 . 1  

Spl een 1 . 7  ± 0 . 3  1 . 1 ± 0 . 2  

Lung 1 . 7  t 0 . 2  3 . 7  t 2 . 7  

Ki dney 2 . 1  ± 0 . 2  2 . 2  t 0 . 5  

Smal l i ntesti ne 2 . 1  ± 0 . 3  1 . 7  ± 0 . 1  
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DISCUSSION 

The resul ts i ndi cate that REV cause a revers i b l e  depress i on of RES acti­

vi ty ,  where as SUV do not . Large l i posomes are c l eared more qu i ckly than 

smal l l i posomes (18) , so that the total amount of ves ic le  l i pid taken up trf reti cul o­

endothe l i al  cel l s  wi thi n a few hours after i njection of equal doses of REV 

and SUV wi l l  be s i gni fi cantly l a rger upon admi ni strati on of REV . The s iupl est 

expl anati on of both depres s i on of the RES acti vi ty by REV and the i nabi l i ty 

of  SUV to generate such a depress ion , i s  a satu rati on of ret icu l oendothel i al 

cel l s  by REV due to the l arge amount of ves i c l e  l i pi d  taken up  i n  a short 

peri od of t ime .  The rapi d recovery of phagocyti c  acti vi ty i ndi cates that 

the saturati on i s  trans i ent ,  probab ly because the l i pi d  ves i c l es a re meta­

bol ized , as has been shown i n  other studi es ( 19 , 20 ) . 

RES depress i on by REV was most effecti ve at 250 �mol /kg but even 50 �mol / 

kg brought about a reducti on i n  the c l earance rate of carbon . Both 50 �mol�g 

and 250 �mo l/kg  a re doses that have been used i n  a nimal stud ies ( 18 and 

Mayhew et al .  unpubl i s hed data ) . As p rev ious ly menti oned a reducti on  i n  RES 

acti v i ty cou l d  be medi ated by depl eti on of opson ins  or  by a saturat ion of 

reti cul oendtohel i al cel l s  by the i ngested parti c l es ( 10 } . A great deal of 

speci fi ci ty exi sts in the i nteracti on of opsoni ns wi th the surfaces of 

forei gn parti c l es . Several authors have reported that they cou l d  not demon­

strate RES depress i on by one col l oi d  when a second , di ss imi l a r  col l o i d  was 

used as the test materi a l  ( 21 , 22 , 23 } . Thi s  observat i on was attri buted to the 

fact that the i ni ti al RES depressi on was caused by dep l et ion  of opson i ns ,  

spec i fi c  for the col l oi d  used for i nducti on , but not for the tes t  col l oi d .  

Al tough we cannot compl ete ly ru l e  ou t the poss i b i l i ty ,  i t  i s  u n l i kely that 

a reducti on i n  carbon c l earance after admi n i strat ion of REV was due to a 

depl eti on of opsoni ns . Fi rstly , s i nce SUV of a s imi l ar l i pi d  compos i t i on and 

at  equa l l i pi d  doses , g i v i ng the same surface area as REV and s i mi l ar s ur­

face properti es , di d not b l ock  carbon cl earance and secondly s i nce we demon­

strated a depress i on of RES acti v i ty us i ng carbon , wh i ch i s  a di fferent type 

of test parti c l e .  

A t  1 250 �mol /kg REV caused l ess reducti on i n  the c l earance rate o f  carbon 

than at 250 �mol /kg . At present we do not have an expl anati on for th i s  ob­

servation . 
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The di l uti on of l abel ed l i posomes i n  the bl ood of pretreated mice coul d 

account to a cons i derabl e extent for the decreased associ ati on of l i posomes 
wi th the l i ver .  On the other hand , i t  has been demonstrated that a dose of 

l i posomes as l arge as that used for the pretreatment causes a depress i on of 

RES acti vi ty ,  as measured by carbon cl earance and that i n  the l i ver l i poso­

mes are taken up by reti cul oendothel i a l  cel l s  ( 5 ) . Thi s wou l d make i t  l i ke­

ly ,  that apart from any d i l uti on , the decrease i n  l i posome accumu l ati on i n  

the l i ver i s  a t  l east parti a l ly caused by the prel oad of l i posomes . S i nce 

adsorpti on of l i posomes to cel l s  i s  a wel l known phenomenon , it is concei vab l e  

that the res i dua l " uptake" represents adsorption o f  l i posomes t o  Kupffer or 

other cel l s .  That mechani sms other than Kupffer cel l phagocytos i s  pl ay a 

rol e  i n  the hepati c uptake of l i posomes was a l so suggested by resu l ts of 

Souhami et al. ( 24) . 

rhe resu l ts of the ti s sue d i stri buti on experi ments wi th opsoni zed test 

ves i c l es a re cons i s tent wi th the hypothes i s  that the reducti on of RES acti ­

v , ty i s  not due to a dep l eti on of opson i ns . The l ow recoveri es i n  our ti ssue 

di stri bution experiments are probab ly due to l eakage of i nu l i n  from the l i ­

posomes . I t  i s  poss i b l e  that pretreatment of the anima l s  wi th un l abel ed 

l i posomes depl etes the pl asma of l eakage i nduci ng factors , thus resu l ti ng i n  

a s l ower c l earance of i nu l i n  from the b l ood . However , we found a pers i s tent 

di fference i n  b l ood cl earance between pretreated and control animal s when 

the test ves i c l es were i ncubated wi th serum ( opson i zed ) pri or to i nj ecti on , 

wh i ch wou l d  i ndi cate that the decreased c l earance i s  not due to a dep leti on 

of l eakage i nduc i ng factors from serum . Obvi ous l y ,  i t  cannot be exc l uded 

that l eakage i s  i nduced by factors other than serum protei ns , e . g. cel l 

surfaces ( 25 ) . I f  th i s  i s  the case , the i nh i b i tory effect of pretreatment 

on l i posome accumu l ati on i n  the l i ver  i s  underestimated , because of the hi gher 

speci fi c  acti vi ty of the ves i c l es i n  the pretreated anima l s . 

Our resu l ts are i n  agreement wi th fi ndi ngs of Abra et al .  ( 26 )  who showed 

that pretreatment wi th a h i gh dose of mul ti l amel l ar ves i cl es resul ted i n  a 

trans i ent decrease of b l ood c l earance and hepati c uptake of a second l ow 

dose of s imi l a r  ves i c l es .  
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C H A P T E R V 

METABOLISM OF L IPOSOME-ENCAPS ULATED Ara-C  I N  DOG AND MOUSE T ISSUES 

S UMMARY 

The effect of l i po some-encapsul ation on the metabol i c  acti vation { phos­

phoryl ation)  and degradati on {deami nation )  of arabi nofu ranosyl cytos i ne 

(Ara-C )  i n  l i ver and spl een of  dogs and mi ce was i nvesti gated . Ara-C i n  free 

or l i posome-encapsu lated form was admi ni stered i ntravenous ly  to dogs and 

DBA2/CR mi ce bea ri ng l eu kem i a  L 1 2 1 0 • At vari ous times after i njection the 

concentration of Ara-C and Ara-C metabol i tes i n  the bl ood , l i ver  and spl een 

was measured . It was shown that l i posome-encapsu l ation resu l ts i n  an i n­

creased Ara-C/Ara-U ratio i n  the l i ver and spl een of dogs and l eukemi c mi ce and 

that encapsul ated Ara-C  generates a susta i ned l evel of arabi nofuranosyl cytosi ne 

tri phosphate in the l i ver and spl een of l eu kemi c m i ce .  These resul ts cl early 

i ndi cate that { 1 )  encapsul ated Ara- C  i s  protected agai nst deami nation { 2 ) 

encapsu l ated Ara-C i s  s l owly rel eased from l i posomes i n  l i ver and spl een and 

( 3 )  that l i posomes may act as  a l ocal depot for Ara-C in these ti ssues . 

I NT RO DUCTI ON 
1 -B-D  arabi nofuranosyl cytosi ne (Ara-C )  i s  an S-phase s pec i f i c  anti tumor 

agent wi th acti v i ty aga i nst some animal  and human tumors { 1 -4 ) . The acti ve 

metabol i te a rabi nofuranosyl cytos i ne tri phosphate (Ara- CTP ) i nh i b i ts DNA re­

pl i cation ( 5-8) . The effi cacy of Ara-C  depends on the mai ntenance of thera­

peutic  l evel s in bl ood and ti ssues for a peri od l ong  enough to i nh i b i t  the 

DNA synthes i s  of nearly a l l tumor cel l s  ( 9 ) . Ara-C  i s  rap id ly  deami nated to 

the i nactive metabol i te 1-a-D  arabi nofu ranosyl urac i l  { Ara-U )  by the enzyme 

pyrimi d i ne nucl eos i de deami nase ,  the ti ssue d i stri but ion and k i neti c charac­

teri sti cs of  whi ch vary wi del y  among species ( 10- 1 2 ) . 

Severa l  strategi es have been empl oyed to eva l uate the rol e  of deami nat ion 

i n  the therapeut i c  efficacy of Ara-C . One approach has been through the 

synthes i s  of potent i nh i bi tors of the deami nase , such as tetrahydrou ri d i ne 

( 13 ) . Admi ni stration of tetrahydrou ri d i ne prior to Ara-C  has been shown to 
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i ncrea se Ara-C l evel s i n  bl ood and ti ssues wi th a concom i tant dec rease i n  

Ara-U  l evel s ( 1 3 - 16 ) . However , the combi nation of tetrahydrouri d i ne and 

Ara-C d i d  not resul t i n  an  i ncreased therapeu ti c i ndex in most  anima l  tumors 

tested ( 1 5 ) . Another approach i nvol ved the use of agents wh i ch are not sus­

cepti b l e  to deami nati on .  An exampl e of thi s i s  cycl ocyt idi ne ( 2 , 2 ' -anhydro-

1 - B-D  arabi nofuranosyl cytosi ne )  ( 1 7 ) . Cycl ocyt idi ne can onl y exert i ts 

antitumor acti vi ty after hydro lys i s  to Ara-C ( 18 , 1 9 ) . I t  serves a s  an  Ara-C 

depot and ha s acti v i ty against  anima l  and human tumors ( 20-23 ) . 

A more recent approach to the protection of drugs agai nst metabol i c  de­

gradati on i s  the u se of macromol ecu l a r  drug carri ers such as l i posomes . En­

capsu l ation i n  l i posomes reduces metabol i sm and excreti on of Ara-C  ( 24 ,25 ) , 

and i t  has been shown that l i posome-entrapped Ara-C  i s  more effecti ve 

aga i nst L 1 2 1 0 l eukemia  i n  mi ce than free Ara-C ( 26-29 ) . Thi s effect i s  

the 1ght to be due to a s l ow rel ease of Ara-C from the l i posomes , resu l ti ng 

i n  a prol onged ava i l abi l i ty of the drug at therapeuti cal l y  effecti ve con­

c�ntrations ( 7 , 29 , 30) . L i posomes a re taken up  ma i nl y  by l i ver and spl een , 

where a substantia l  proportion becomes associated wi th cel l s  of the reti cu­

l oendothel i a l  system ( 3 1-33 ) . 

I n  th i s  study we compared the metabol i c  degradati on of  free and l i posome­

encapsu l ated Ara-C i n  the l i ver and spl een of dogs and we measured degrada­

tion and acti vat ion of free and encapsul ated Ara-C  i n  l i ver a nd s pl een of 

l eukemi c m ice . The potent ia l  usefu l ness of l i posomes as drug carri ers in the 

treatment of tumors i n  l i ver and spl een i s  d i scussed . 

MATERI ALS AND METHODS 

Materials 

Chol esterol  was obta i ned from A . B .  Fl uka (Buch , Swi tzerl and)  and was re­

crysta l l i zed twi ce from methanol . Uni pore polycarbonate fi l ters were from 
B i orad . [5- 3H ]  Cyto s i ne a rab i nos i de ( s pec . act . 10 . 2  Ci /mmol ) ,  the t i s sue 

sol ubi l i zer NCS and the sc inti l l ation sol utions OCS and L i qu i scint were 

purchased from the Rad i ochemi cal Centre Jlmersham . [2- 1 4C]  Cyto s i ne arabi ­

nos i de ( s pec . act .  55 �Ci /mmol ) was obta i ned from Moravek B iochemi ca l s  

( Cal i f) . Al l organ i c  sol vents used were reagent grade . 
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Methods 

Preparation of phosphol i p ids  

The preparation of phosphol i pi ds has  been descri bed prev i ou s ly  ( 28) . 

Preparation of Reverse Phase Evaporation Ves i cl es (REV) 

The ves i cl es were prepared essenti al l y  a s  descri bed by Szoka and Papahad­

jopou los  ( 34 ) . A chl oroform sol ut ion of phosphat idyl glycerol , phosphati dyl ­

chol i ne and chol esterol  (mol ar  rat io  1 : 4 : 5 )  was evaporated to dryness on 

a rotary evapo rato r .  The dry l i p i d  fi l m  was di ssol ved i n  d iethyl ether to a 

fi nal concentration of 20 mM . The d i ethyl ether was redi sti l l ed from sodi um 

bi su l fi te i mmedi ately before use . To 3 ml of the l i p i d  sol ut i on was added 

1 ml of a 345 mM Ara-C  sol ution i n  10% phosphate buffered sal i ne ( contai n i ng 

l abel ed Ara-C ) . The mixtu re was soni cated for 5 m in  under a N2 atmosphere i n  

a bath type soni cato r .  I n  thi s  way a homogeneous suspensi on o f  i nverted mi ­

cel l es was formed . The ether was removed i n  a rota ry evaporator and the 

ves i c l es thus obtai ned were extruded through a Un i pore pol ycarbonate fi l ter 

wi th a pore s i ze of 0 . 4  �m ( 35 ) . The ves i c l es were d i a lyzed overni ght 

against  3 changes of phosphate buffered sal i ne to remove non-encapsu l ated 

Ara-c .  

Ani ma l s 

A .  Dogs . Wel l fed , dewormed mongrel dogs weigh ing approx . 20 kg were 

anestheti zed and mechani cal l y  vent i l ated . A generous thoraco-abdom ina l  i n­

c i s i on a l l owed access  both to the ri ght pl eu ral cavi ty and i ntra-abdomi nal 

vascu l a r  s tructures to be i nfused or  sampl ed . The r i ght  i nternal jugu l ar  

vei n was exposed , a catheter i nserted and  the  ti p pos i tioned in  the  r ight  

atri um . E i ghteen-gauge pl asti c catheters were pl aced in  the portal vei n ,  

ri ght suprahepatic vei n  and femoral vei n ,  for i nj ecti on ( portal vei n )  and 

sequential  sampl i ng ( ri ght atri um ,  suprahepati c ve i n  and femoral vei n ) . A 

tota l of  three dogs recei ved a 50 ml bol u s  of  l i posome-encapsu l ated and free 

Ara-C ,  10  mg/kg  of both . The fi rst dog recei ved a mixture of  14 c  l abel ed 

free Ara-C  ( 500 �Ci ) and 3H l abel ed encapsu l ated Ara-C  (1 mCi ) , the second 

dog recei ved 3H- l abel ed encapsu l ated Ara-C ( 1  mCi ) and the thi rd dog re­

cei ved 3H- l abel ed free Ara-C ( 1  mCi ) .  Al l dogs recei ved 900 �mol of l i poso­

mal l i pi d .  I n  the fi rst dog , both the uri nary bl adder and gal l bl adder were 

cannu l a ted for sampl i ng and b iops i es from the l i ver were taken dur i ng the 
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course of the experi ment .  Sodi um hepari n ( 1 . 5  mg/kg )  and normal sal i ne sol ution 

were used to prevent cl otting and mai ntain normovol emi a respect i ve l y .  Bl ood , 

bi l e  and u ri ne sampl es were col l ected i n  tubes conta i ni ng 1 mM tetrahydro ­

uri di ne. At the concl u s i on of the experiment , the anima l s were sacri fi ced and 

biops i es were taken from the major organ sytems . 

B .  Mi ce . Fema l e  DBA2/CR mi ce ( 10- 1 2  weeks o l d )  were i nocul ated i ntrave­

nous ly  wi th 106  L 1 2 1 0 cel l s .  Ti ssue d i stri bution and metabol i sm stud i es of 

free and l i posome-encapsu l ated Ara-C were performed three days after i nocu­

l ation , when there was a l eukem ic  i nfi l trat ion in l i ver and spl een ( 9 ) . The 

m ice recei ved 70 mg/kg of free or encapsul ated 3H-l abel ed Ara-C ( 66 �Ci  3H 

Ara-C  and 5 �mol of l i posoma l l i p i d  per mouse )  and were sacri fi ced a t  30 min  

or 3 h after i njection . B l ood was obta i ned v ia  a card i ac  puncture under 

l i ght chl oroform anesthes i a .  Ti ssues were col l ected and rap id ly  frozen i n  

a mi xtu re o f  methanol and dry i ce .  

B l ood cl earance and t i s sue d i stri buti on 

Bl ood sampl es (0 . 1  ml ) were d i s sol ved in 1 . 2  ml NCS and wei ghed sampl es 

( 10-50 mg ) of  vari ous ti s sues were d i s sol ved i n  1 ml NCS . The sol uti ons were 

bl eached wi th 20% benzoyl perox i de i n  tol uene ( 0 . 3  ml or 0 . 4  ml was added to 

ti ssue or bl ood sampl es respecti vel y ,  fol l owed by a 30 m i n  i ncubati on at 

50°C ) . 

Ara-C  metabol i sm 

A .  Analys i s  of bl ood sampl es . Bl ood sampl es were centri fuged at  500 x g 

for 3 m in  and 0 . 5  ml p l a sma was extracted wi th 0 . 3  ml 6% perchl ori c ac i d  

and centri fuged at 1000 x g for 5 mi n .  The supernatant was neutral i zed wi th  

2 M  KOH to  pH  7 . 0 .  Al i quots of the ac id  sol ubl e fracti ons were anal yzed by 

h i gh pressure l i q u i d  chromatography (HPLC) . Ara-C pl us phosphoryl ated 

deri vati ves were separated from Ara-U on a � Bondapak C18 reverse phase 

col umn , 30 em x 3 . 9  mm ( i ns i de d i ameter) , 10 �m parti cl e s i ze (Waters 

Assoc i ates , Mi l ford , MA) . The col umn was el uted wi th 2 . 5  mM potass i um phos­

phate buffer pH 7 . 0 ,  conta i n ing 0 . 75% acetoni tri l .  The retention times for 

Ara-C p l u s  phosphoryl ated deri vati ves and Ara-U were 7 . 9  and 12 . 1  m in  res­

pect i vel y .  The effl uents were col l ected d i rectly i nto counti ng v i al s .  
B .  Anal ys i s  of ti s sues sampl es . Frozen sampl es of l i ver and spl een were 
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homogeni zed wi th 1 ml of 1 2% perch lor i c  aci d per gram of t i ssue and centri ­

fuged at  25000 x g (at 4°C)  for 10  m i n . The ac i d  sol u bl e  fraction was neu­

tral i zed wi th 4 M KOH to pH 7 . 0 .  Separation of Ara-U  from Ara- C pl u s  phos­

phoryl ated deri vati ves was as descri bed abov e .  In the mou se experiments the 
i ntracel l u l a r  nuc l eoti de pool s of Ara-C  were separated u s i ng an  HPLC method 

prev ious ly  descri bed ( 36 ) . A Dupont model 830 equi ped wi th an ABX an ion ex­

change col umn ( 1 m x 2 . 1  mm ,  i ns i de d i ameter) and a 254 and 280 nm detector 

was uti l i zed for the separation and quanti tat ion of  Ara-CTP pool s .  The co­

l umn was el uted wi th a phosphate buffer gradi ent ( 2 . 5  mM KH 2P04, pH 3 . 0  to 

0 . 5  M KH2P04, pH 4 . 5 ) at  a rate of  0 . 3%/m i n  a nd at  a constant pressure o f  

600 psi , yi el d i ng a fl ow rate of 0 . 5  ml /mi n .  Under these condi t i ons the 

retenti on times of Ara-CMP , Ara- CDP and Ara- CTP were 4 . 1 ,  1 5 . 3  and 24 . 8  mi n 

respect i vely .  The effl uents were col l ected d i rectl y i nto count ing  v i al s .  

Radi oacti vi ty was measured i n  a Packard Tri carb Model 330 l i qu i d  sc inti l l a­

t ion spectrometer .  The l evel s of Ara -C ,  Ara - U ,  Ara- C  nucl eotides and Ara-CTP 

i n  the t i s sues were based on the mol ar rati o between the metabol i tes a s  de­

termi ned by HPLC a nd on rad i oacti v i ty per gram of ti ssue . 

RESULTS 

Blood clearance of free and liposome-encapsulated Ara-C in dogs following 

intravenous injection 

Fi gure 1 s hows the c l earance of radioacti v i ty ( Ara- C  and metabol i te s )  

from the suprahepati c  vei n ,  after i nj ecti on of  free a nd  l i posome-encapsu l a­

ted Ara-C i nto the portal vei n .  The correspondi ng l evel s of  Ara-C  pl u s  

phosphoryl a ted deri vati ves and  Ara-U  a re s hown i n  Fi gure 2 .  The cl earance 

of  rad ioacti v i ty from ri ght atrium and femoral vein (not shown ) fol l owed essential ­

l y  the same pattern . I t  can be seen that l i posome-encapsul ated Ara-C  d i s ­

appeared from the bl ood more s l owly than free Ara -C .  The concentration of 

Ara - U  was l ow a t  a l l t imes for both free and encapsul ated Ara-C  a nd d i d  not 

change g reatly duri ng  the fi rst hour after i nj ection . 

Tissue distribution of radioactivity following injection of free and 

liposome-encapsulated Ara-C in dogs 

The time course of the u ptake of  radioacti v i ty (Ara-C  p l u s  metabol i tes ) 

87 



Fi g .  1 .  ( Upper panel ) .  Bl ood cl earance of free and l i posome-encapsul ated 
Ara-C i n  dogs . Bl ood l evel s of radioacti v i ty ( Ara-C and metabol i tes ) were 
measured at vari ous times after i njecti on . The dogs recei ved a mi xture of 
10  mg/kg free Ara-C and 10  mg/kg encapsu l ated Ara-c .  The fi rs t dog (A)  
recei ved a mi xture of 1 4 C-l abel ed free Ara-C  ( 500 �Ci ) and 3H- l abel ed encap­
su l ated Ara-C ( 1  mCi ) .  The second and thi rd dog {B) recei ved 3H-l abel ed en­
capsu l ated Ara-C ( 1  mCi ) and 3H-l abel ed free Ara-C ( 1  mCi ) respecti vel y .  
Al l dogs recei ved 900 �mol of l i posoma l l i pi d .  1---t , encapsual ted Ara-C ; 
X---X free Ara-C .  

Fi g .  2 .  ( Lower panel ) .  Bl ood l evel s o f  Ara-C pl us phosphorylated deri va­
ti ves and Ara-U were measured at vari ous t imes after i nj ecti on of free and 
l i posome-encapsu l ated Ara-C .  For adm i n i stered doses see l egend to Fi g .  1 .  
Ara-C pl us phosphoryl ated deri vati ves and Ara-U were extracted and quanti ­
tated as descri bed i n  the methods secti on . 1---t, encapsul ated Ara- C ;  
X---X ,  free Ara-C ;  1� -1 , Ara-U from encapsul ated Ara-C ;  X- - X ,  Ara-U  from 
free Ara-C .  
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TABLE 1 

T IME COURSE O F  THE UPTAKE OF RADI OACTI VITY I N  THE L I VER AFTER I . V . I NJECTI ON  

O F  FREE AND L I POSOME-ENCAPSULATED Ara-C I N  DOGS 
The dog recei ved a mi xture of free 1 4C-l abel ed Ara- C ( 1 0  mg/kg ; 500 �Ci )  and 
3H l abel ed encapsul ated Ara-C ( 1 0  mg/kg ; 1 mCi ; 900 �mol of l i posomal l i p i�. 
At vari ous times after i njection l i ver  bi ops i es were taken and ana lyzed for 
radi oacti v i ty (Ara-C  and metabol i tes )  as descri bed i n  the methods sect ion . 

Ti ssue 

Li ver 

Time after 
i njection 

1 5  m in  

30 m in  

1 h 

2 h 

3 h 

4 h 

Encapsu l ated Ara-C*  
(nmo l /g )  
Dog I 

244 . 5  

3 1 2 . 2  

249 . 9  

1 74 . 0  

1 70 . 8  

1 65 . 0  

* The total o f  Ara-C and Ara-C  metabol i tes 

Free Ara-C*  
(nmo l / g )  

Dog I 

159 . 3  

74 . 8  

40 . 1  

42 . 2  

24 . 0  

23 . 6  

i n  the l i ver i s  shown i n  Tab l e  1 .  The l i posome-encapsu l ated Ara-C  reached a 

maximum of 3 12 . 2  nmol per g at  30 mi n after i njection and fel l rap id ly  to 

1 74 nmol per g at  2 h .  After tha t ,  the decrease i n  rad ioacti v ity was very 

s l ow ,  about 4-5 nmol per gram per hou r .  Fol l owi ng i nj ection of free Ara-C  

rad ioacti v i ty was taken up by the  l i ver qu i ck ly ,  the  maximum l evel was 

reached before the fi rst bi opsy was taken and after that d i sappeared rap i dly. 

The ti s sue d i stri buti on of radioact iv i ty at  1 and/or 4 h after i njection i s  

shown i n  Tabl e 2 .  The uptake o f  encapsul ated Ara-C  i s  h i ghest i n  the l i ver 

( 1 65 . 0  and 197 . 3  nmol per g )  and spl een ( 546 . 0  and 7 1 9 . 9  nmol per g ) . After 

i njecti on of free Ara- C the hi ghest l evel i s  found i n  the ki dneys ( 1 90 . 5  

nmol per g ) . 

Deamination of free and liposome-encapsulated Ara-C in the liver and spleen 

of dogs 

The time course of the l evel s of Ara-C p l u s  phosphoryl ated deri vati ves 

and Ara - U  i n  the l i ver of the fi rs t dog i s  s hown i n  Fi gure 3 .  After 
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TABLE 2 

TISS UE D ISTR IBUTION OF RADI OACTI VITY AFTER I . V .  I NJECTION OF  FREE AND L I POSOME-ENCAPS ULATED Ara-C I N  DOGS 

The dogs recei ved a mi xture of free and l i posome-encapsul ated Ara-C ;  10  mg/kg of both . The fi rst dog ( I )  
recei ved free 1 4C l abel ed Ara- C ( 500 �Ci ) and 3H l abel ed encapsul ated Ara-C ( 1  mCi ) ,  the second dog ( I I )  
recei ved 3H l abel ed encapsu l ated Ara-C ( 1  mCi ) and the thi rd dog ( I I I )  rece i ved 3H- l abel ed free Ara-C 
(1 mCi ) .  Al l dogs recei ved 900 mol of l i posomal l i pi d .  The t i s sues were analyzed for radi oacti v ity ( Ara- C  
and metabol i tes )  a s  descri bed i n  the methods secti on . The numbers i n  parentheses refer t o  the dogs . 

Enc . Ara-c* Free Ara-c* 
( nmo l / g )  (nmol /g )  

Time after i njection 4 h 1 h 4 h 

L i ver  165 . 0  ( I )  4 0 .  1 ( I )  23 . 6  ( I )  
1 97 . 3  ( I  I )  56 . 0  ( I I I )  

Spl een 546 . 0  ( I )  3 5 . 8  ( I I I )  1 . 8 ( I )  

7 1 9 . 9  ( I I )  

Lung 14 . 0  ( I )  21 . 1  ( I )  

Smal l I n testi ne 1 4 . 0  ( I )  26 . 1  ( I )  

Kidney 7 1 . 6  ( I ) 1 90 . 5  ( I  I I ) 

Pancreas 25 . 1  ( I )  50 . 8  ( I I I ) 

Heart 26 . 5  ( I )  46 . 5  ( I I I )  
Mu scl e 17 . 2  ( I ) 67 . 7  ( I I I )  

* The tota l of Ara-C and Ara - C  metabol i tes 
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Fi g .  3 .  T ime course of Ara-C p l u s  phosphoryl ated der ivatives and Ara-U  con­
centrati ons in the l i ver after i njecti on of free and encapsul ated Ara- C .  
Sampl es o f  the l i ver were taken a t  vari ous t imes after i njection o f  free 
and encapsul ated Ara-C . For the admi ni stered dose see l egend to Fi g .  1 .  
Ara-C pl u s  phosphoryl a ted deri vati ves and Ara-U  were extracted and quanti ­
tated as descri bed i n  the methods secti on .  1---t encapsul ated Ara- C ,  
X---X free Ara -C ,  1-- - 1  Ara U from encapsul ated Ara- C ,  X-- -X  Ara-U from 
free Ara -C .  

i njection of the encapsul ated Ara-C the h i ghest l evel of Ara-C pl us phospho­

ryl ated deri vati ves was reached at 30 min and the h i g hest Ara- U l evel at 

60 mi n .  Fol l owi ng adm in i strat ion of the free Ara-C both Ara-C  pl u s  phospho­

ryl ated deri vati ves and Ara- U reached a max imum concentration before the 

fi rst bi opsy was ta ken . The fraction of radioacti v i ty associ ated wi th Ara-U 

was hi gher after i njection of the free Ara- C ,  and when encapsul ated Ara-C 

was adm in i stered the production of  Ara-U  in the l i ver was del ayed . Tabl e 3 

summari zes the l evel s of Ara-C  pl u s  phosphoryl ated deri vati ves and Ara-U  i n  

the l i ver and spl een o f  the dogs a t  1 and/or 4 h after i njecti on . I t  can be 

seen that the fracti on of rad ioac ti v i ty associated wi th Ara -U  i s  l ower for 
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TABLE 3 

LEVELS OF  Ara-C PLUS PHOSPHORYLATED  DERI VATI VES AND Ara-U  I N  LI VER AND SPLEEN OF DOGS AFTER I . V .  I NJECTI ON 

OF FREE AND LI POSOME-ENCAPS ULATED Ara-C 

The dogs  recei ved a mi xture of free and l i posome-encapsu l ated Ara - C ;  10 mg/kg of both . The fi rst dog re­
cei ved 1 4C-l abel ed free Ara-C  ( 500 �Ci ) and 3H- l abel ed encapsu l a ted Ara-C  ( 1  mCi ) .  The second and thi rd 
dog rece i ved 3H-l abel ed encapsu l ated Ara-C  ( 1  mCi ) and 3H- l abel ed free Ara-C ( 1  mCi ) ,  respect i vel y .  Al l 
dogs recei ved 900 �mol of l i posoma l l i pi d .  T i ssue sampl es were extracted and Ara-C pl us phosphoryl ated 
deri vati ves and Ara-U were separated and quanti tated as descri bed i n  the methods section . 

Dog I Dog I 
Encapsu l ated Free 

nmo l / g  nmol /g 

Ara-C and Ara-u  Ara-c a nd 
phosphoryl a ted phosphoryl ated 

deri vati ves deri vat i ves 

L i ver :  1 h 234 . 9  1 5 . 0  26 . 1  

4 h 153 . 6  1 1 . 5  12 . 5  

Spl een : 1 h N . D . N . D . N . D . 

4 h 534 . 9  1 1 . 1  1 . 4  

* N . D . : Not Determi nated . 

Ara-u 

14 . 0  

1 1 . 1  

N . D . 

0 . 4  

Dog I I  
Encapsu l a ted 

nmol /g  

Ara - C  a nd Ara-U  
phosphoryl ated 

der i vati ves 

N . D . * N . D . 

1 67 . 5  29 . 7  

N . D . N . D . 

690 . 9  28 . 6  

Dog I I I  
Free 

nmol /g 

Ara-C a nd Ara-U  
phosphoryl ated 

derivati ves 

26 . 1  29 . 9  

N . D .  N . D .  

30 . 1  5 . 7  

N . D . N . D . 
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Fi g .  4 .  Radi oacti v i ty excreted i n  Uri ne after i nj ection of free and l i po­
some encapsul ated Ara-C . Uri ne was col l ected at various times a fter i nject­
ion of free and encapsul ated Ara-C and was analysed for rad i oacti v i ty .  For 
the admi n i s tered dose see l egend to Fi g .  1 .  t---1 encapsul ated Ara-C , 
X---X free Ara-C .  The resu l ts are expressed as cumul ati ve % of the i njected 
dose . 

the encapsul ated Ara-C than for the free Ara-C . At 4 h after i njecti on about 

10% of the radi oacti v i ty of the encapsu l ated Ara-C i n  the l i ver i s  assoc i a­

ted wi th Ara-U ,  wh i l e  for the free Ara- C 50% i s  associated w i th Ara- u .  Due 
to the excess i ve upta ke of encapsu l ated Ara-C however , the absol ute l evel s 

of Ara-U  i n  the l i ver are reasonab ly  s imi l ar .  

Excretion of radioactivity in urine and bile 

The excretion of rad ioacti v i ty i n  the uri ne i s  shown i n  Fi gure 4 .  Three 

hours after i njection  of free Ara-C  a total of 23% of the rad ioacti v i ty was 

found i n  the uri ne , as compared to only 5% for the encapsul ated Ara- C .  For 

both free and encapsul ated Ara-C smal l amounts of radi oact i v i ty were re­

covered from the bi l e  ( Fi g .  5 ) . I t  must  be noted that excretion of radio-
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Fi g .  5 .  Radioacti v i ty excreted i n  bi l e  after i njection o f  free a nd l i po­
some-encapsul ated Ara-C .  B i l e  was col l ected at various t imes after i njection 
of free and encapsul ated Ara-C  and was analysed for rad i oacti v i ty .  For the 
admi n i s tered dose see l egend to Fi g .  1 .  1---1 encapsul ated Ara-C , 
X---X free Ara-C . The resu l ts are expressed as cumul ati ve � of i njected 
dose . 

acti v i ty i n  the bi l e , fol l owing  admi n i strati on of the encapsul ated Ara-C 

conti nued duri ng the peri od when the decl i ne i n  the l evel of rad ioacti v i ty 

i n  the l i ver was very s l ow ( 2-4 hrs after i njecti on ) . More than 70% of the 

rad ioacti v i ty i n  the bi l e  was assoc i ated wi th Ara-C pl us  phosphoryl ated 

deri vati ves , as determi ned by HPLC , the rest  represented Ara-U .  

Tissue distPibution and metabolism of fPee and liposome-encapsulated APa-C 

in £ 1 2 1 0 heaPing mice 

I n  order to exam i ne whether l i posome-encapsul ated Ara-C i n  l i ver and 

spl een becomes avai l abl e for phosphoryl ation to Ara-CTP , we measu red Ara-C ,  

Ara-U and Ara-CTP l evel s i n  mouse l i ver and  spl een , i nfi l trated w ith  Ara-C 

sens i ti ve l eu kem i c  cel l s .  Tabl e 4 shows the t i s sue d i stri but ion of rad io-
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TABLE 4 

T I SSUE DISTRIB UT I ON OF RADIOACTI VI TY AFTER I . V .  I NJECTI ON OF FRE E  AND 

L I POSOME-ENCAPS ULATED Ara-C  I N  LEUKEMI C MI CE 

The mi ce recei ved an i . v .  i njection of 70 mg/kg free or  l i posome-encapsu­
l ated Ara-C ( 66 �Ci 3H-Ara-C  and 5 �mol of l i posomal l i p i d  per mouse )  and 
were sacri fi ced at 30 m i n  or  3 h after i nj ection . The ti s sues were analyzed 
for radioact i v i ty (Ara-C  and metabol i tes ) as descri bed i n  the methods 
sect i on . The numbers are mean val ues ± S . D .  of 3 mi ce 

B l ood 

L i ver 

Spl een 

Lung 

K idney 

30 mi n 

3 h 

30 m in  

3 h 

30 m i n  

3 h 

30 mi n 

3 h 

30 mi n 

3 h 

Smal l  i n testi ne 30 mi n 

3 h 

REV Ara-c* 
( nmol /g )  

530 . 1  � 23 . 4  

155 . 8  � 89 . 0  

1496 . 0  � 90 . 0  

975 . 5  � 259 . 1  

4002 . 9  � 1920 . 6  

2478 . 0  ! 826 . 7  

1407 . 1 ! 180 . 0  
366 . 5  ! 125 . 5  

1219 . 3  ! 1 7 . 2  

342 . 8  232 . 1  

493 . 6  � 27 . 5  

203 . 4  � 77 . 9  

* The tota l o f  Ara-c  and Ara-C  metabo l i tes . 

FREE Ara-c* 
( nmol /g )  

65 . 2  � 9 . 4  

4 . 5  ! 0 . 8  

351 . 0  � 72 . 6  

57 . 4  � 17 . 2  

417 . 7 ! 2 1 2 . 0 

39 . 7 ! 5 . 5  

763 . 8  ! 230 . 8  

40 . 6  � 6 . 6  

829 . 0  � 254 . 6  

38 . 1  ! 5 . 7  

499 . 8  � 105 . 0  
81 . 6  � 40 . 2  

acti v i ty {Ara-C  pl u s  metabol i tes )  at 30 mi n and 3 h after i nj ection of free 

or l i posome-encapsu l ated Ara-C .  I t  can be seen that the uptake of Ara-C  and 

metabo l i tes by 1 i ver and s p l een is several times h i gher after i nj ection of 

encapsul ated Ara-C .  The Ara-C , Ara - U ,  and Ara- CTP l evel s i n  l i ver and spl een 

are shown i n  Tabl e 5 .  After i nj ection of encapsul ated Ara-C ,  the fracti on of 
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TABLE 5 

Ara- C ,  Ara - U ,  Ara-C  NUCLEOTI DES AND Ara- CTP LE VE LS I N  LI VER  AND SPLEEN OF LEUKEMI C MI CE AFTER I NJECTI ON 

OF FREE OR  LI POSOME-ENCAPS ULATED Ara-C 

The mi ce recei ved an i . v .  i njection of 70 mg/ kg free or  l i posome-encapsu l ated 3H - l abel ed Ara- C  (66 � Ci , 
3H-Ara- C ,  5 �mo l of l i posomal l i p i d  per mou se )  and were sacri fi ced at  30  m i n  or  3 h after i nj ecti on . 
Ti ssues were extracted as descri bed i n  the methods secti on . The numbers are mean val ues ± S . D . of 3 m i ce . 

Ara-C Ara - U  Nucl eoti des Ara-CTP 
nmo l /g nmo l / g  nmo l / g  nmo l /g 

REV Ara-C 30 mi n 1261 . 7  ± 76 . 8  + 1 7 1 . 1 - 13 . 1  66 . 2  ± 4 . 5  35 . 4  ± 6 . 3 

L i ver 3 h 849 . 3  ± 209 . 2  65 . 5  ± 43 . 4  61 . 1  ± 18 . 3  22 . 5  ± 6 . 7  

"'-J FREE Ara-C  30 mi n 1 24 . 3  ± 27 . 7  1 1 0 . 6  ± 44 . 3  75 . 6  ± 1 5 . 4  16 . 1  ± 3 . 8  

L i ver 3 h 5 . 9  ± 1 . 2  1 2 . 8  ± 3 . 5  38 . 8  ± 13 . 0  3 . 6 ± 0 . 7  

RE V Ara-C 30  mi n 3592 . 3  ± 1232 . 4  262 . 8  ± 87 . 5  147 . 5  ± 62 . 0  52 . 1  ± 6 . 4 

Spl een 3 h 2220 . 7  ± 722 . 4  1 3 9 . 2  ± 60 . 9  1 1 7 . 2  ± 44 . 4  42 . 9  ± 21 . 8  

FREE Ara- C 30  mi n 169 . 3  ± 82 . 1  154 . 3  t 72 . 9  94 . 0  ± 53 . 1  44 . 1  ± 22 . 3  

Spl een 3 h 1 0 . 7  ± 7 . 0  9 . 7 ± 2 . 0  1 9 . 4  ± 3 . 8  3 . 2  ± 0 . 4  



rad ioac ti v i ty i n  l i ver and spl een , a s soci ated wi th Ara-U  and Ara- CTP , i s  

l ower but the Ara- CTP concentrati ons are h i g her than after i nj ecti on of 

free Ara-c .  Moreover the encapsu l ated Ara-C  generates a sustai ned l evel of 

Ara- CTP in the l i ver and s p l een . 

DISCUSS I ON 

Ara-C  i n  dogs i s  c l ea red by the k i dneys and deami nated i n  the l i ve r ,  al ­

though deami nation i s  not as fa st  as i n  monkey or  human l i ver ( 1 1 , 1 3 , 14 ,36 ) . 

Our data cl earl y i nd i cate that l i posome-encapsul ated Ara-C  i n  dog s  i s  to a 

con s i derabl e degree protected aga i nst  deami nation i n  the l i ver and from 

excret ion  i n  the u r i n e .  As has been s hown prev ious ly  i n  m i ce ( 24 ,3 7 ) , l i po­

some-encapsu l ated Ara-C  i s  cl eared from the bl ood more s l owly than free 

Ara-C and the uptake of encapsu l ated Ara-C  i s  h i g hest i n  l i ver a nd spl een . 

There was a cons i derabl e di fference between the dogs , i n  the d i sappear­

ance of l i posomes from the bl ood . I t  i s  known that l arge l i posomes are 

c ' eared more qu i ck ly  than smal l l i posomes (38) . However , i t  i s  not very 

l i ke ly  that th i s  woul d  expl a i n  the d i fference between the dogs i n  our  expe­

riment ,  s i nce the l i posomes we u sed were passed through a Uni pore pol ycarbo­

nate fi l ter ( 0 . 4  �m) and , therefore , were of a rel at i ve ly  u n i fo rm  s i ze ( 35 ) . 

The dogs  wei ghed 1 7  kg and 2 0 . 4  kg wi th l i ver wei ghts of 550 g and 300 g ,  

respecti vel y .  B i ozzi et al .  ( 39 )  reported on the pos i t i ve correl ation be­

tween l i ver and spl een s i ze and the rate of cl earance of col l o i dal  parti cl es 

from the bl ood . Thu s ,  the d i fferences in  l i ver s i ze between the dogs cou l d 

account for the observed d i fference i n  cl earance rate of l i posome-encapsu­

l ated Ara-C .  Th i s  impl i es that i f  l i posomes are to be used c l i n i cal l y  the 

effect of the rel ati ve l i ver and s pl een s i ze on the cl earance rate of 

col l o i dal  part i c l es has to be taken i nto account . 

The rel ati ve Ara- U producti on  i n  the l i ver was del ayed after i njection 

of l i posome-encapsu l ated Ara-C  as compared to free Ara -C .  There was a good 

agreement between the dogs as far as protecti on agai nst  deami nation was 

concerned . I n  a l l probabi l i ty the rate at wh ich  Ara-C  i s  rel eased from the 

ves i cl es is the s l ow step regu l at i ng the in vivo metabol i sm and pharmacoki ne­

ti cs of encapsul ated Ara-C. The del ayed production of Ara-LJ, the conti nuous appearance 

of radi oacti v i ty i n  the b i l e  and the ex i stence of a s teady state Ara-U  l evel 
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i n  the l i ver  al l suggest that Ara-C i s  gradual ly rel eased from the ves i c l es .  

I t  i s  only after Ara-C  i s  rel eased that i t  becomes avai l abl e for deami nation 

and/or wou l d  be abl e to be taken up  and phosphoryl ated to the acti ve metabo­
l i te Ara-CTP i f  sens i ti ve tumor cel l s  were present .  

The  ex i s tence of  two phases i n  the  d i sappearance of  encapsul ated Ara- C 

pl u s  phosphoryl ated deri vati ves from the 1 i ver , a rap i d  fal l i n  concentration 

between 30  mi n and 2 h and a very s l ow decrease after 2 h may i nd i cate that 

l i posomes are bound by the l i ver  at  two d i fferent l ocat i ons and a s  a conse­

quence rel ease thei r Ara-C  at d i fferent  ra tes . Al though i t  i s  c l ea r  that 

l i posomes are taken up by Kupffer cel l s ,  ( 3 1 , 3 2 ,33 ) there i s  ev i dence that 

Kupffer cel l phagocytos i s  i s  not the only mechan i sm that i s  respons i bl e  for 

the retenti on of l i posomes by the l i ver (40 ) . Data not s hown here i nd i cate 

that part of  the l i posomes mi ght be adsorbed to cel l surfaces , wi thout 

actua l l y  be i ng phagocytosed . I f  i ndeed l i posomes at d i fferent l ocati ons 

rel ease the i r  Ara- C at d i fferent rates , then the bal ance between uptake of 

ves i cl es by Kupffer cel l s  and adsorpti on to Kupffer or  other cel l s  wi l l  de­

termi ne the overal l rate at whi ch the encapsul ated drug i s  rel eased from the 

ves i c l es . Uptake of l i posomes by Kupffer cel l s  provi des an  extra barri er  

between the  cytotox i c  agent and the tumor cel l s  and a l so may resu l t i n  tox i ­

c i ty to the macrophages , a l though thi s  wou l d  not be s o  for Ara- C ,  s i nce 

Ara-C i s  tox i c  only to cel l s  synthes i z i ng DNA and Kupffer cel l s  do not have 

a very acti ve DNA synthes i s (41 ) . The bal ance between upta ke and adsorption  

of  l i posomes in  the l i ver can  presumably be  i nfl u enced by the  dose of l i po­

somes o r  by saturati ng the  macrophages wi th empty l i posomes before i njection 

of the dru g  conta i n i ng l i posomes (40 ,42 ) . The rate at  wh i ch Ara- C or any 

other drug  encapsul ated i n  l i posomes becomes b i oavai l abl e ,  wi l l  al so depend 

on the type and l i p i d  compos i ti on of the ves i c l es (43 ) . 

Hunt et  a l .  ( 3 7 )  observed a rap i d  excretion  of  Ara-C (or  Ara-C metabo­

l i tes ) i n  the u ri ne dur ing  the fi rst hour after i njection of l i posome­

encapsu l ated Ara-C  i n  m i ce .  After that the excretion rate decl i ned . As a 

pos s i bl e  expl a nat i on for thi s  phenomenon the authors ment ion the i nteracti on 

of l i posomes wi th prote i n s , resul ti ng i n  a rap i d  l eakage of Ara-C from the 

outer few aqueous l ayers of mu l ti l amel l a r  vesi cl es , where the trapped vol ume 

per l ayer i s  l argest ,  fol l owed by a s l ow equ i l i brat i on of i n s i de and l eaky 
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outs i de l ayers . S i nce we used reverse phase evaporat ion ves i cl es wh i ch are 

l argely un i - or ol i gol amel l ar ,  and conta i n  mos t  of thei r trapped vol ume i n  

the i nner compartment and a s  a consequence probably  rel ease the i r  entrapped 

Ara-C  a l l at once our observati ons on  Ara- C l evel s i n  the l i ver cannot be 

expl a i ned by a s im i l ar reason i ng .  

I n  order to i nh i b i t  90% of the DNA synthe s i s  of  L 1 2 1 0  cel l s  grovti ng i n  the 

l i ver of mi ce ,  the ti s sue l evel of Ara-CTP has to be 1 nmo l /g ( 5 ) . I n  our 

experiments the rate of decrease in the l evel of Ara-C (or phosphoryl ated 

deri vati ves ) i n  the dog l i ve r ,  after 2 h i s  approx imately 4-5  nmo l / g  per h .  

I f  we as sume that ( 1 )  4-5 nmol /g per h becomes ava i l abl e  for deami nati on 

and i nteract ion wi th tumor cel l s ,  (2) the data for L 1 2 1 0  tumor cel l s  hol d 

for other Ara - C  sen s i t i ve tumor cel l s  as wel l and ( 3 )  most  of the Ara-C  

taken up  by Ara-C  sens i t i ve tumor cel l s  i s  phosphoryl ated to  the  acti ve 

meta ·e l i te Ara- CTP , then a rel ease of 4-5 nmo l /g per h wou l d resu l t in a 

s i gni fi cant i nh i bi t ion  of  DNA synthes i s  of tumor cel l s  i n  the l i ver , over a 

pet 1 0d as l ong as thi s rel ease wou l d conti nue ,  even i f  part of the Ara-C 

was deami nated . The aim wou l d  be to del i ver a substanti a l  cytotox i c  l evel 

of Ara-C  i n  the l i ver over a peri od l ong enough so that al l cel l s  i n  the 

suscepti bl e tumor cel l popu l at i on woul d be i nhi b i ted as they underwent DNA 

synthes i s .  I t  shoul d be noted that the dose u sed i n  our experi ments wi th 

dog s ,  10  mg of  encapsu l ated Ara-C/ kg bodywe i g ht , i s  a dose succesfu l l y  used 

i n  the treatment of L 1 2 1 0  bear ing  m i ce ( 27-29 ) . 

The sustai ned l evel s of l i posomal Ara-C ,  Ara- U ,  Ara-C nucl eoti des and 

Ara-CTP  i n  l eu kemi c mouse l i ver and spl een and the sma l l fracti on of l i poso­

mal Ara-C  that becomes phosphoryl ated (compa red to free Ara-C )  concomi tant 

wi th a marked protection agai nst  deam i nat ion al l i nd i cate that Ara- C is  gra­

dual l y  rel eased from the l i posomes and subsequentl y becomes ava i l abl e for 

deami nation ard phosphoryl ati on . Rustum et al. (44) recently reported that it was not 

poss i bl e  to overcome Ara-C  res i stance in L 1 2 1 0  cel l s  wi th encapsul ated Ara­

CTP , i nd i cati ng that the cel l s  do not i nterna l i ze l i posomes . I n  al l probabi ­

l i ty the Ara-C  i n  l eukem i c  mouse l i ver and spl een i s  rel eased from the 

l i posomes e i ther extracel l ul ar ly  ( i . e .  adsorbed to tumor cel l s  or other 

cel l s ) or i ns i de cel l s  other than tumor cel l s  ( i . e .  Ku pffer cel l s  i n  the 

l i ver ,  macrophages i n  the spl een ) . 

100 



Our resul ts s how that l i posomes protect Ara-C from deami nation and might 

act a s  a l ocal depot for Ara-C i n  both l i ver  and spl een . However , thei r u se­

ful ness in the treatment of Ara-C  sens i t i ve tumors in l i ver and spl een , re­

mai ns to be establ i shed . Al though we have in thi s report only i nvesti gated 

Ara-C ,  i n  pri nci p l e s imi l ar l ocal depot effects coul d be expected for the 

treatment of tumors i n  l i ver and spl een , sens i ti ve to di fferent drugs . 
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C H A P T E R V I  

EFFECT OF L I POSOME-ENCAPSULATION O N  ANTITUMOR ACT IV ITY O F  ADRIAMYCIN  

AND  ARABINOFURANOSYLCYTOS INE  I N  THE  TREATMENT OF LYMPHOSARCOMA 

BEARI NG MICE  

SUMMARY 

The anti tumor acti vi ties  of free and l i posome-encaps u l ated adri amyci n  

(ADM ) and a rabi nofuranosyl cysoti ne (Ara C )  were exami ned i n  l ymphosarcoma­

beari ng mi ce . The anti tumor acti v i ty of free and entrapped ADM was measured 

as the effect on the wei ghts of tumorous l i ver  and spl een seven days after 

i nocu l at i on of 106 tumor cel l s  and on the survi val time of the tumor mi ce . 

Li posome-encapsul ati on resu l ted i n  a decrease of the anti tumor acti v i ty of 

AD� measured as the effect on wei ghts of tumorous l i ver and spl een and on 

the survi val t ime .  Free nor encapsul ated Ara C had any effect on the survi ­

val of lymphosarcoma-beari ng mi ce ,  whi l e  in vitro uptake of the drug i n  the 

l ymphosarcoma cel l s  was very l ow .  Thi s i s  taken to i ndi cate that the res i s ­

tance t o  thi s drug i s  caused by a n  i nsuffi ci ency i n  Ara C uptake , wh i ch 

coul d not be overcome by l i posome-encapsul ation . In vivo , evi dence was ob­

tai ned that l ymphosarcoma cel l s  do not take up l i posomes : after i ntravenous 

i nj ecti on l i posome-entrapped peroxi dase acti v i ty cou l d never be observed i n  

tumor cel l s .  I t  i s  concl uded therefore that anti tumor effects o f  encapsu l a­

ted drugs on  thi s tumor must  be  attri buted to  drug bei ng rel eased from the 

l i posomes and s ubsequently taken up by tumor cel l s  rather than to i nterna­

l i zati on of l i posomes by tumor cel l s  per se . 

I NTRODUCTI ON 

Li posomes have attracted a great deal of attenti on as a carrier system 

for anti neop l a sti c agents over the past decade ( 1-3 ) . On ly i n  a few i nstan­

ces , however ,  systemi c app l i cati on of l i posome-encapsu l ated drugs resul ted 

i n  an enhanced therapeuti c i ndex compared to a s imi l ar dose of free drug , 

e . g. the treatment of L 1 2 1 0 l eukemi a i n  mi ce wi th arabi nofuranosyl cytos i ne 
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( Ara C )  and adri amyci n  (ADM ) ( 4-9 ) . 

Adri amyci n ,  an anthracyc l i ne anti bi oti c ,  exh i b i ts anti tumor acti v i ty 

a ga i nst a wi de vari ety of animal  and human tumors . I ts usefu l ness , howeve r ,  

i s  l imi ted by i ts potent ia l l y  fatal toxi c i ty .  The drug has two k inds o f  

toxi c effects : a n  acute hi gh dose effect i nvol v ing  mye l osuppressi on ( 10 )  

and a chroni c l ow dose effect whi ch i s  cumul ati ve and resul ts i n  i rreversi ­

b l e cardi omyopathy ( 1 1 ) .  

Coupl i ng of ADM to a macromol ecul a r  carri er such as DNA ( 12 , 13 )  or encap­

sul ation of ADM in l i posomes ( 9 , 14 )  has been shown to a l ter i ts di stri bution 

and to resul t i n  a decreased accumu l ati on i n  cardiac  t i ssue ( 9 ,15 ) . Thi s i s  

l i ke ly  to be the reason why encapsul ati on i n  l i posomes resul ts i n  a p rotec­

t ion agai nst both acute and chron i c  toxi c i ty of ADM . I n  mi ce the LD50 was 

i ncreased two-fo l d  for both ki nds of toxi c i ty ( 8 ) , whi l e  the anti tumor acti ­

vi ty agai nst L 1 2 1 0 l eukemi a was not a l tered ( 8 , 14 ) , thus resul ti ng i n  an 

i ncreased therapeuti c i ndex . In another study the acti v i ty of encapsul ated 

adri amyci n aga i nst L 1 2 1 0 l eukemi a was even shown to be i ncreased ( 9 ) . 

Ara C i s  a cel l cycl e  speci fi c ( S  phase )  anti tumor drug wi th acti vi ty 

agai nst an ima l  and human tumors . The drug i s  converted i ntrace l l ul arly to 

the acti ve metabol i te arabi nofuranosyl cytos i ne tri phosphate (Ara CTP) whi ch 

i nh i b i ts DNA repl i cati on ( 15 ) . The effi cacy depends on the mai ntenance of 

suffi ci ently  hi gh l evel s of Ara CTP in the target cel l s  for a period suffi ­

ci ently l ong to i nh i b i t  DNA synthes i s  of ( nearly )  a l l tumor cel l s .  

I n  thi s chapter prel i mi nary experiments are presented on the anti tumor 

acti vi ty of free and encapsul ated ADM and Ara C agai nst a murine lymphosar­

coma . Earl i er ,  Koni ngs and coworkers ( 16 }  showed that i n  v i vo treatment wi th 

free ADM or Ara C causes a substanti a l  i nh i b i t i on of the i ncorporation of 
3H-thymi d i ne i nto the DNA of these tumor cel l s  i n  the spl een . To gai n  more 

i nsi ght i nto the mechani sm of anti tumor acti vi ty of drug-conta i n i ng l i poso­

mes , we investi gated the capaci ty of lymphosarcoma cel l s  to take up  l i poso­

mes , in vitro as wel l  as in vivo. 

MATERIALS AND METHODS 

Chol esterol was obtai ned from A . B .  Fl uka ( Buch , Swi tzerl and ) and was re­

crystal l i zed twi ce from methanol . Di pal mi toyl phosphati dyl chol i ne and di pa l -
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mi toyl phosphati dyl glycerol were from Avanti . Egg phosphati dyl chol i ne and 

egg phosphati dyl glycerol were a gi ft from Dr . Mayhew and were prepared as 

descri bed i n  ref . 6 .  n-Tocopherol was purchased from Supel co ( Be l l efante , 

Pa . ) .  Bov ine bra i n  sphi ngomye l i n  was from S i gma . Uni pore polycarbonate fi l ­

ters were from Bi orad . Fi col l and Sepharose 2B-Cl were from Pharmaci a .  Ara­

bi nofuranosyl cytos i ne was obtai ned from Si gma and adri amyc i n  from Farmi tal i a  

( Mi l an ,  I ta ly) . 5- 3H arabi nofuranosyl cytosi ne ( spec . act . 10 . 2  Ci /mmol ) and 

5- 3H tymi di ne ( s pec .  act . 1 7 . 7  �Ci/mmo l ) were from the Radi ochemi cal  Centre 

Amersham . RPMI 1640 medi um was from Fl ow Laboratori es . Horse-radi sh  peroxi ­

dase grade I I  and 3 , 3 ' -di ami nobenzi di ne tetrahydrochl ori de ( DAB ) grade I I  

were from Si gma . The di ammoni um sal t from 2 , 2 ' -azi no-di - ( 3-ethyl benzth i azo­

l i n  s u l phon i c  aci d )  ( ABTS ) was from Boehringer.  

Preparat ion of l iposomes 

Adriamyain-aontaining muZtiZamellaP liposomes 

The ves i cl es were prepared es senti a l l y  as descri bed by Ol son et al.  ( 8 ) . 

ADM was di s sol ved i n  methanol and was mi xed w i th egg phosphati dyl gl ycerol , 

egg phosphati dyl chol i n e ,  chol esterol and n-tocopherol di s so l ved i n  a 1 : 4 : 4 :  

0 . 09 mol ar rati o i n  ch l oroform . n-Tocopherol was added to protect the l i pi d  

agai nst oxi dati on ( 18 ) . Per 6 0  �mol of total l i pi d  1 . 5  mg of adri amyci n  was 

added . The l i pi d  mi xture wi th ADM was dri ed on a rotary evaporator . To the 

dry l i pi d  fi l m  1 ml of phosphate buffered sal i ne ( PBS , 137 mM NaCl , 2 . 6  mM 

KCl , 6 . 4  mM Na2HP04 , 1 . 4  mM KH2P04 , pH 7 . 4 ) was added per 60 �mol total l i pi d 

and the mi xture was s haken overni ght i n  a 37°C waterbath .  The l i posomes thus 

formed were extruded through polycarbonate membranes wi th 0 . 4  �m pores ( 18 ) . 

The l i posomes were d i a lyzed overn i ght a t  37°C a gai nst three changes of PBS 

to remove non-encapsu l ated ADM . The amount of encapsul ated ADM was determi ned 

by fl uorescence ( 19 ) .  

Ara-C aontaining reverse phase evaporation vesiales 

The ves i cl es were prepared essenti a l l y  as descri bed by Szoka and Papaha­

djopoul os ( 20 ) . A ch loroform sol ution of d ipa lmi toyl phosphatidyl g lycerol , 

d i pa lmi toyl phosphati dyl chol i ne and chol esterol (mol ar  rat io  1 : 4 : 5 )  was evapo­

rated to dryness on a rotary evaporator .  The dry l i pi d  fi l m  was d i s sol ved 

to a fi nal concentrati on of 10 mM i n  a 1 : 1  mi xture of di -i sopropyl ether and 
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chl oroform . The di - i s opropyl ether was redi sti l l ed i n  the presence of sodi um­

bi su l f ite i mmedi ately before use . Per 6 ml of the organic phase 1 ml of a 

345 mM Ara C sol ution i n  10% PBS was added , ( conta in i ng a trace amount of 
3H- l abel ed Ara C ) . The mi xture was soni cated for 5 mi n under a N 2 atmosphere 
i n  a bath type soni cator ( at  0°C ) . Thus  a homogeneous suspens i on of i nverted 

mi ce l l es was formed . The organi c phase was removed i n  a rotary evaporator 

and the ves i c l es obtai ned were extruded through pol ycarbonate membranes wi th 

0 . 4  �m pores ( 2 1 ) . The ves i c l es were d ia lyzed overni ght at 4°C agai nst three 

changes of PBS to remove non-encapsul ated Ara C .  The amount of encapsul ated 

Ara C was cal cu l ated from l i posome-associ ated radi oact i vi ty .  

Horse-radish peroxidase eontaining reverse phase evaporation vesieles 

A chl oroform sol ution of sphi ngomyel i n/chol esterol /phosphati dyl seri ne 

( 4 : 5 : 1 )  was evaporated to dryness . The dry l i pi d  was di ssol ved to a fi nal 

concentrati on of 20 mM in di ethyl ether.  The di ethyl ether was redi sti l l ed i n  

the presence o f  sodi umbi su l fi te i mmedi ate ly  before use . Per 3 ml ether 1 ml 

of Tri s -buffered sal i ne ( 0 . 15 M NaCl , 5 mM Tri s , pH 7 . 4 )  was added , conta i ­

n ing 3 0  mg horse-radi sh  peroxi dase per ml . The mi xture was soni cated under 

N2 in a bath type soni cator , at  room temperature , unt i l  an apparently stabl e 

suspensi on was formed . The organi c phase was removed on a rotary evaporator 

and the ves i cl es obtai ned were extruded through polycarbonate membranes wi th 

0 . 4  �m pores . Peroxi dase conta i n i ng l i posomes were separated from non-entrap­

ped enzyme by ge l chromatography on Sepharose 2B-Cl . Peroxi dase acti v i ty as­

soci ated wi th the  l i posomes was measured by a modi f icati on of  the method of 

Stei nman and Cohn ( 22 )  as descri bed by Roerd i nk et al. ( 23 ) . ABTS was used 

as a chromogen . Latency of the entrapped enzyme i s  defi ned a s : 

free enzyme acti vi ty (measured i n  the absence of Tri ton X- 100) X 100% 
tota l enzyme acti v i ty (measured i n  the presence of 1% Tri ton X- 100 ) 

The l atency found for the ves i c l es used was 94% . 

I n  vi tro studi es 

L 1 2 1 0 cel l s ,  mai ntai ned by i ntraperi toneal pas sage in DBA2/CR mi ce , were used 

on day s i x  after i nj ecti on of 106 cel l s .  Lymphosarcoma cel l s  were used 0 n  dey 

107 



seven after i njecti on of 106 cel l s  ( see bel ow ) . Tumor cel l s  were i ncubated 

at 37°C i n  RPMI 1640 medi um s uppl emented wi th 10% heat-i nacti vated fetal 

cal f serum and 2% HEPES ( pH 7 . 4 ) . Ara C uptake and phosphoryl ati on i n  L 1 2 1 0 

cel l s  and i n  lymphosarcoma cel l s  were measured as fol l ows . Tumor cel l s  ( 107/ 

ml ) were i ncubated i n  medi um ( 5  ml ) conta i n i ng 5 �g/ml Ara C and 4 �Ci /ml 
3H-Ara C. After 30 mi n the cel l s  were pel l eted and washed twi ce by centri ­

fugat ion with i ce-col d PBS . The ce l l  pel l et was extracted wi th 100 � 1  6% 

perchl ori c aci d .  The aci d-sol ubl e fracti on was assayed for radi oacti vi ty 

( total uptake of  Ara C i ncl udi ng metabol i tes ) .  The extract was then neutra­

l i zed wi th 2 M  KOH and was analyzed by H PLC for Ara CTP as descri bed i n  

chapter V .  

The effect o f  free and encapsul ated Ara C o n  the 3H-thymi di ne i ncorpora­

t i on i nto DNA was measured as fol l ows ( 24 ) . Lymphosarcoma cel l s  ( 5x 106/ml ) 

wer� i ncubated i n  medi um ( 1  ml ) wi th or wi thout vari ous concentrations of 

fr�e Ara C or Ara C encapsu l ated i n  REV ( composed of bov i ne bra i n  phospha­

t� dyl seri ne/egg phosphati dyl chol i ne/chol esterol 1 : 4 : 5 ) . The fi nal l i posomal 
l i p i d  concentrati on i n  al l i ncubati ons was 0 . 2  �mol total l i pi d/ml . I n  con­

trol i ncubations and i n  i ncubati ons wi th free Ara C "empty" l i posomes were 

added not conta i n i ng any Ara C .  At 30 or 60 mi n 0 . 5  �Ci 3H-thymi d i ne 

was added ( 30 mi n was found to be a s uffi c i ently l ong peri od for Ara C to 

penetrate i nto  these cel l s  ( 16 ) ) .  The 3H-thymi d i ne i ncorporation was stopped 

15 mi n l ater by add i t i on of 1 ml i ce-col d Tri s -buffered sal i ne ,  conta i ni ng 

2 mM unl abe led thymi d i ne ( S i gma ) and fol l owed by i mmedi ate centri fugation 

a t  4°C .  The pel l et was resuspended i n  6% perchl ori c aci d and was was hed 

three t imes wi th 6% perch l ori c aci d .  The preci pi tate was d i s sol ved i n  Luma­

sol ve (Baker Chemi cal s ,  Hol l and ) and assayed for rad i oact i vi ty wi th Li po­

l uma (Baker  Chemi cal s )  as a sc i nti l l ati on fl u i d .  

Leakage o f  Ara C from the l i posomes duri ng the i ncubat i on was measured 

as fol l ows .  3H-Ara C conta i n i ng l i posomes ( 0 . 2  �mol total l i pi d/ml ) were 

i ncubated at 37°C for 30 mi n or 60 mi n i n  medi um wi th 5x106 lymphosarcoma 

cel l s/ml . The cel l suspens ion was then l ayered on a 20% Fi col l sol uti on i n  

Tri s -buffered sa l i ne and centri fuged for 10 mi n a t  1400xg . The supernatant 

wi th the l i posomes and the free Ara C was chromatographed on Sepharose 2B-Cl . 
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Tumor model 

A lymphosarcoma whi ch ori gi nated spontaneous ly  i n  a C57Bl mouse ( 25 )  was 

transp lanted week ly .  The l ymphosarcomatous sp l een was exci sed and squeezed 

through nyl on gauze i nto ten parts of i ce-col d PBS . The s i ngl e-cel l suspen­

s i on thus obtai ned was used for tumor transpl antation . Mi ce recei ved 106 

cel l s  i ntraperi tonea l l y .  For a detai l ed descri pti on of th i s  tumor model the 

reader i s  referred to chapter I .  

Therapeutic  effect of free and encapsul ated adri amyc i n  and arabi nofuranosyl ­

cytos i n e .  

Groups of  C57Bl /6J mi ce were i nocul ated i ntraperi tonea l ly wi th 1 0 6  tumor 

cel l s  and were treated 48 h l ater with e i ther PBS , vari ous doses of free or 

encapsu l ated ADM { femal e  mi ce )  or vari ous doses of free or encapsul ated Ara 

C (ma l e  mi ce ) . Hal f  the number of the mi ce from the groups treated wi th ADM 

were sacri fi ced seven days after i nocul ati on and l i ver  and sp l een were ex­

c i sed and wei ghed . For tri v ia l  reasons , i n  the experiments with Ara C mal e  

mi ce were used , whi l e  the ADM experiments were done wi th fema l e  mi ce . Mi ce 

were observed for 75  days and the day of death was recorded . 

Mi croscopic  stud i es 

Horse-radi sh  perox i dase conta i n i ng REV were i njected i ntravenous ly  i nto 

3 months o l d  { C57Bl x Gr } F1 mi ce . The mi ce recei ved 2 . 8  �mol of l i posomal 

l i p i d ,  conta i n i ng 0 . 13 mg perox i dase . Two types of  contro l s  were i nc l uded : 

( 1 )  mi ce recei v ing  nei ther  l i posomes nor perox i dase and ( 2 )  mi ce rece i v i ng 

l i posomes mi xed wi th free perox i dase . After 2 h the mi ce were anestheti zed 

wi th ether and the l i ver was perfused in situ { fl ow rate 2 ml/mi n ) , at room 

temperature , v i a  the portal vei n ,  fi rst with cacodyl ate buffer ( 0 . 1  M wi th 

2% polyvi nyl pyrro l i done and 0 . 4% NaN02 , pH 7 . 4) for 1 mi n to remove b l ood , 

then wi th 2% g l utara l dehyde i n  0 . 1  M cacodyl ate buffer for 7-8 min  to fi x 

the t i s sue and fi nal l y  a ga i n  wi th cacodyl a te buffer to remove the fi xati ve .  

From the l i ver  30-40 �m v ibratome sections ( Oxford v ibratome ( R ) sect ioni ng  

sys tem) were cut .  The  sect i ons  were thoroughly washed wi th PBS  and  i ncubated 

for peroxi dase reaction wi th 0 . 075% DAB and 0 . 001% H 202 in PBS , for 30 mi n 

i n  the dark at  37°C .  The secti ons were washed i n  PBS and cacodyl ate buffer 

( 0 . 1  M wi th 6 . 8% s ucrose , pH 7 . 4) and post-fi xed wi th 1% Os 04 i n  cacodyl ate 
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buffer ,  dehydrated i n  an ethanol seri es and embedded i n  Epon 8 12 .  Semi thin 

(1  �m )  and u l trath i n  secti ons were cut ( LKB u l tratome ) . Semi thi n  sect ions 

were sta i ned w ith tol u i d ine b l ue .  From these secti ons areas were sel ected 

for u l trath i n  secti oni ng . Ul trath i n  secti ons were doubl e-stai ned wi th uranyl 

acetate and l ead ci trate and exami ned i n  a Phi l i ps EM 300 mi croscope . 

RESULTS 

Anti tumor acti vi ty of free and encapsul ated adri amyci n 

Lymphosarcoma beari ng mi ce were d i vi ded i nto seven groups of 14 animal s 

and i nj ected i ntraperi toneal ly wi th free or l i posome-encapsul ated adri amy­

c i n .  The control mi ce recei ved the same vol ume of PBS . Hal f the number of 

mi ce of each group were sacri fi ced seven days after tumor i nocul ati on and 

l i ver and spl een were exci sed and wei ghed . Tabl e 1 shows that the lympho­

sarcoma cel l s  were very sensi t ive to the free dru g .  A dose a s  l ow as 2 mg/kg 

a l ready showed an effect on tumor growth in l i ver and spl een . The wei ghts 

of the organs i n  the treated mi ce were cl early bel ow those i n  the untreated 

control s .  I n  the groups treated wi th 5 and 10 mg/ kg the effect was even more 

TABLE  1 

EFFECT OF FREE AND ENTRAPPED ADRIAMYC IN  ON THE GROWTH OF LYMPHOSARCOMA 

CELLS IN L I VER AND SPLEEN . 

Tumor cel l s  were i nocul ated i ntraperi tonea l ly i n  femal e  C57Bl /6J mi ce and 
the anima l s were i njected i ntraperi tonea l ly wi th the drugs 48 h l ater .  The 
mi ce were sacri fi ced a� day 7 , l i ver and spl een were exci sed and wei ghed . 
The numbers are means - S . D .  of seven mi ce . 

Group Treatment Li ver wei ght (mg ) Spl een wei ght (mg ) 

1 0 . 2  ml PBS 2081 ± 274 706 ± 85 

2 2 mg/kg  free ADM 1362 ± 302 341 ± 147 

3 5 mg/kg free ADM 1020 ± 138 92  � 16 

4 10 mg/ kg free ADM 1007 ± 124 58 � 8 

5 5 mg/ kg  ADM-MLV 1361 ± 192 378 ± 50 
6 10 mg/kg  ADM-MLV 1 108 ± 131  88 ± 24 

7 20 mg/ kg ADM-MLV 1007 ± 102 62 ± 6 
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Fi g .  1 .  Anti tumor act i v i ty of free and encapsul ated adri amyc i n .  Tumor cel l s  
were i nocul ated i ntraperi toneal ly  i n  femal e  C57Bl /6J mi ce .  The mi ce were 
treated i ntraperi toneal ly  48 h l ater . 

1 1 1  



pronounced . Adri amyc i n  i n  mul ti l amel l ar ves i cl es had a s i mi l ar effect .  

However ,  the dose requ 1 red to bri ng about the same effect a s  free adri amy­

c i n  was doub l ed .  I n  Fi g .  1 the survi va l of the other seven mi ce i n  each 

group i s  shown . The control mi ce d i ed ei ght days after tumor transp l antat ion . 

The average survi val times of mi ce treated wi th 2 mg/kg free adri amyci n  and 

5 mg/kg encapsul ated adri amyc i n  were 10 . 7  and 9 . 6  days respect i ve ly .  In the 

groups treated wi th the hi gher doses there were l ong-term survi vors (more 

than 75 days ) .  

TABLE  2 
ANTITUMOR E FFECT OF  FREE AND ENCAPSULATED ARAB INOFURANOSYLCYTOS INE  

Tumor cel l s  ( 106 ) were i nocul ated i ntraperi toneal ly i n  mal e  C57Bl /6J mi ce . 
The mice were i nj ected i ntraperi toneal ly w i th the drugs 48 h l ater . 

Group Treatment Average survi val  time ( days ) 

1 0 . 2  ml PBS 9 . 2  � 0 . 5  

2 100 mg/kg free Ara c 9 . 4  � 0 . 6  

3 500 mg/kg free Ara c + 10 . 2  - 0 . 5  

4 10 mg/ kg REV Ara C 9 . 2  � 0 . 5  

5 20 mg/kg REV Ara c 8 . 8  ± 0 . 5  

6 40 mg/kg REV Ara C 10 . 4  � 1 . 5  

Anti tumor acti v i ty of free and encapsul ated arabi nofuranosyl cytos i ne 

Treatment wi th a s i ngl e i . p .  dose of free or encapsul ated Ara C had no 

effect on the survi val t ime of lymphosarcoma beari ng mi ce (Tabl e  2 ) . I t  

s hou l d  b e  noted that the same dose o f  encapsul ated Ara C was very effect i ve 

aga i nst Ara C-sensi ti ve L 1 2 1 0 l eukemi a ( 6 ) . I n  compari son to the l 1 2 1 o 

cel l s ,  the in vitro Ara C uptake i n  the lymphosarcoma cel l s  was very l ow 

and a l so the Ara CTP l evel was a l most negl i gi b l e  ( Tabl e  3 )  i ndi cat i ng that 

i nsuffi ci ency in uptake i s  a l i kely cause of the observed res i stance of the 

lymphosarcoma cel l s  to thi s drug .  Di fferences i n  sensi t i v i ty of vari ous 

tumor cel l types to Ara C have been rel ated to di fferences in i ntracel l ul ar 

Ara CTP pool s ( 24 ) . Drug res i stance due to uptake defi ci ency cou l d  concei ­

vably be overcome by encapsu l ation of the drug i n  l i posomes , provided that 
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TABL E  3 

ARA C UPTAKE AND PHOSPHORYLATI ON I N  LYMPHOSARCOMA CELLS AND L 1 z 1 o CELLS 

Tumor cel l s  (5x107)  were i ncubated at 37°C i n  5 ml RPM! 1640 , contai n i ng  
10% heat i nacti vated feta l cal f serum , 2%  HEPES , 5 �g/ml Ara C and 4 �C i /  
m l  3H Ara C .  At  30 mi n the cel l s  were washed and extracted as descri bed i n  
the methods sect ion . The aci d-sol ubl e  fraction was assayed for radi oacti v i ty 
and ana lyzed by HPLC for Ara CTP . 

lymphosarcoma cel l s  
L 1 2 1 0  cel l s  

Ara C ,  i nc l udi ng metabol i tes 
( pmo l / 107  cel l s )  

7 . 2  

208 

Ara CTP 
( pmol / 107  cel l s )  

3 . 1  

178 

the l i posomes as s uch are taken up by the cel l s  ( 26 ) . However ,  the resu l ts 

presented i n  thi s  chapter show that , at l east  i n  our tumor model , thi s i s  

not the case (Tab l e  2 ) . The in vivo observati ons summari zed i n  thi s tab l e 

are con s i stent wi th resul ts on the in vitro i nh i b i ti on of thymi d i ne i ncor­

porati on by free and encapsul ated Ara C ,  wh i ch demonstrated that encapsul a­

ted Ara C caused l es s  i nh i bi t ion than free Ara C ( Tabl e 4 ) . I n  cel l s  i ncu­
TABLE 4 

I NH IB ITION  OF  3H-THYMID INE  I NCORPORATI ON I NTO DNA OF LYMPHOSARCOMA CELLS BY 

FREE AND ENCAPSULATED ARA C 

Lymphosarcoma cel l s  ( 5x106/ml ) were i ncubated at 37°C i n  RPM! 1640 conta i n­
i na 10% heat-i nacti vated fetal cal f serum , 2% HEPES and various concentra ­
ti ons  of free or  encapsul ated Ara C .  A t  3 0  m in  or 6 0  mi n 3H-thymi d i ne i n­
corporation was measured as descri bed i n  materi a l s and methods . 

control 

free Ara C 

REV Ara C 

drug concen-
trati on (mM)  

10-5 

10-6  

10-7  

10-5 

10-6  

10-7  

30  mi n 

0 

9 1 . 3  

49 . 7  

8 . 6  

62 . 6  

3 1 . 3  

1 1 . 7  

113  

% i n h i b i t ion 

60 m in  

0 

9 1 . 8  

57 . 1  

26 . 9  

69 . 0  

40 . 3  

17 . 2  



bated wi th encapsul ated Ara C ,  the i n h i bi t i on of thym id i ne i ncorporati on 

i nto DNA coul d even be partly ( or comp l etely )  accounted for by Ara C rel ea­

sed from the ves i cl es i nto the med i um duri ng  the i ncubat ion . After 30 and 

60 mi n of i ncubation the l ea kage from the l i posomes was 30 . 3% and 3 3 . 6 % res­

pecti ve ly .  Consequently ,  i n  the i ncubat i ons  wi th 10-5 , 10-6 and  10-7 M en­

capsul ated Ara C , the concentration of free Ara averaged approximately 3x 

J0-6 , 3x10-7  and 3xl0-8 M, respecti ve ly .  

L ight and el ectron mi croscop i c  l ocal i zation of l i posome-entrapped horse­

rad i sh peroxidase acti v i ty 

Peroxi dase-conta i n i ng REV were i nj ected i n  norma l mi ce and i n  mi ce one 

or·. s i x  days after i ntraperi toneal i njection of lOG lymphosarcoma cel l s .  Fi g .  

2 shows the l i ght mi croscop i ca l  d i s tri but i on of the horse-radi sh peroxi dase 

react ion product . 2 h after i nject i on of the l i posomes in a norma l mouse . 

The reacti on product was concentrated i n  the Kupffer cel l s ,  but coul d a l so 

be detected i n  endothel i a l  cel l s  and hepatocytes . When free peroxi dase mi xed 
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Fi g .  3 .  L i vers of normal mi ce 2 h after i ntravenous i nj ect ion wi th "empty" 
l i posomes mi xed wi th free peroxi dase ( 2 . 8  �mol of l i posomal l i p i d  and 0 . 1 3 
mg peroxi dase ) ( a ) . Peroxi dase react i on product i s  present excl us i ve ly  i n  
endothel i a l  cel l s  ( ec ) . Peroxi dase reacti on product i s  neg l i gi bl e  i n  the 
l i ver  of  a mouse that d i d not recei ve l i posomes or  peroxi dase ( b ) .  Bar i s  
10 �m ( Courtesy of Dr . C . E .  Hul staert ) . 
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Fi g .  2 .  L i ver of a normal mouse 2 h after i ntravenous i njecti on of l i posomes 
wi th entrapped peroxi dase ( 2 . 8  �mol of l i posomal l i p i d conta i n i ng 0 . 13 mg 
peroxi dase ) . Peroxi dase reacti on produc t ,  i n  1 �m secti ons counter-stai ned 
wi th tol u i d i ne b l ue ( a ) , or wi thout counter-sta i n i ng ( b ) , i s  conspi cuous ly  
present i n  Kupffer cel l s  ( kc )  but  can a l so be  detected i n  endothe l i a l  cel l s  
( ec )  and i n  hepatocytes ( a rrows ) .  Bar i s  10 �m ( Courtesy of Dr . C . E .  Hul ­
staert ) . 

1 15 



wi th empty l i posomes was i njected , peroxi dase reaction product was detected 

i n  endothel i a l  cel l s ,  but not i n  Kupffer cel l s  or hepatocytes ( Fi g .  3 ) . The 

endogenous peroxi dase acti v i ty of Kupffer cel l s  can eas i ly be di sti ngu i s hed 

from the exogenous enzyme on the bas i s  of a negl i gi b l e  l ow stai n i ng i ntensi ­

ty and enti re ly  di fferent l oca l i zati on (nucl ear envel ope , endopl asmi c reti ­

cu l um )  of the endogenous enzyme . 

Fi g .  4 .  shows the l i ght mi croscopi cal  di stri buti on of peroxi dase reacti on 

product i n  the l i ver of a mouse s i x days after i nj ection of the tumor cel l s .  

The d i stri buti on of the reaction product i s  essenti a l l y  s imi l ar to that ob­

served i n  normal mi ce.  Tumor cel l s  are c l earl y  vi s i b l e  i n  the s i nusoi ds , 

but conta i n  no peroxi dase reacti on product . Apparent ly ,  the tumor cel l s  do 

not take up  l i posome-encapsul ated or free peroxi dase , whi l e  i n  Kupffer cel l s ,  

l ocated i n  c l ose proximi ty to the tumor cel l s ,  peroxi dase reaction product 

i s  abundantly present . In Fi g .  5 e l ectronmi crographs are shown of the l i vers 

of a norma l and a s i x-day tumor mouse that recei ved peroxi dase-conta i n i ng 

l i posomes . Peroxi dase act i v i ty i s  l ocated i n  membrane-bound vacuol es i n  the 

cytopl asm of Kupffer cel l s .  In  agreement wi th our l i ght microscopi cal obser­

vati ons no peroxi dase acti v i ty was detected i n  the tumor cel l s .  L i ght and 

el ectronmi croscopi c  observati ons on the l ocat ion of the peroxi dase react ion 

product i n  the l i ver of one day tumor mi ce ( resu l ts not s hown ) were s i mi l ar 

to those made on normal and s i x-day tumor mi ce .  

D ISCUSS ION 

Li ght and el ectronmi croscop i c  observat ion of the l i vers of  mi ce that re­

cei ved l i posomes wi th entrapped peroxi dase reveal ed that the peroxi dase 

reaction product was concentrated in the Kupffer cel l s  but cou l d a l so be 

detected in endothel i a l  cel l s  and hepatocytes . Compari son wi th the adequate 

control s ( Fi g .  3) reveal ed that the presence of peroxi dase in the Kupffer 

cel l s  and presumably a l so i n  the hepatocytes coul d  be attributed to uptake 

of l i posome-entrapped enzyme s i nce free peroxi dase at  thi s dose i s  seen only 

in endothel i al cel l s .  The l i posomes were prepared as descri bed by Szoka et 
at . ( 20 , 2 1 )  and accordi ng  to these authors a fracti on of the l i posomes wi l l  

have a d i ameter sma l l er than 100 nm . They cou l d  therefore , i n  theory , be 

abl e  to pas s  the fenestrati ons in the endothel i al s i eve p l ates and s ubse-
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Fi g .  4 .  L i ver  of  a s i x-day tumor mouse 2 h after i ntravenous i njecti on of 
l i posomes wi th entrapped peroxi dase ( 2 . 8  �mol of  l i posomal l i pi d  conta i n i ng 
0 . 13 mg peroxi dase ) . Peroxi dase reacti on product i n  1 �m secti ons counter­
stai ned wi th ... o l u i d i ne b l ue ( a ) , or wi thout counter-sta i n i ng ( b ) , i s  present 
i n  Kupffer cel l s  ( kc ) . but can a l so  be detected i n  endothel i al cel l s  ( ec ) 
and i n  hepatocytes ( arrows ) .  Tumor cel l s  ( tc ) are devoid  of peroxi dase ac­
ti vi ty .  Bar is  10 �m ( Courtesy of Dr . C . E .  Hul s taert ) . 
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Fi g .  5 .  E l ectron mi crographs of the l i vers of mi ce i njected wi th l i posome­
encapsu l ated perox i dase .  ( a )  Norma l mouse . Detai l s  as i n  Fi g .  2 .  Peroxi dase 
reacti on product is present i n  vacuol es in the cytopl asm of the Kupffer 
cel l s  ( k c ) . h = hepatocyte , s = s i nusoi d .  ( b )  Si x-day tumor mouse . Detai l s  
as i n  Fi g .  4 .  Peroxi dase reaction product i s  present i n  vacuol es i n  the cy­
topl asm of the Kupffer cel l ( kc ) .  Tumor cel l s  ( tc )  are devoi d of perox idase 
acti v i ty .  Bar i s  2 . 5  �m ( Courtesey of Dr.  C . E .  Hu1 staert ) . 
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quently be taken up  by hepatocytes . The observati ons descri bed here are 

d i fferent i n  some respects from observati ons on the l ocati on of l i posomes 

i n  rat l i ver  reported by Roerdi nk  et aL. ( 23 , 2 7 ) . After i ntravenous i njec­

t i on of peroxi dase-conta i n i ng MLV ( 80-150 nm) , these authors d i d not detect 

s i gni fi cant peroxi dase acti vi ty a s soci ated w i th hepatocytes on l i ght and 

e l ectronmi croscop i ca l  exami nati on of the l i ver  ( 23 ) . Us ing  a d i fferent ex­

perimental approach ( i sol ati on and separation of the ma i n  cel l types of the 

l i ver i n  a hepatocyte fracti on , a Kupffer ce l l  fract i on and an endothel i a l  

cel l fract ion )  they found a very l ow assoc i ation o f  i ntravenous ly  i nj ected 

l i posomes ( i n  part of the same type and s i ze as the ves i c l es we used } wi th 

hepatocytes ( 27 ) . The d i screpancy between the i r  resul ts and ours mi ght be 

due to d i fferences i n  an imal  spec i es . Macrophage acti v i t i es are known to be 

di fferent in rat and mouse and there may a l so be di fferences i n  the s i ze of 

the endothel i a l fenestrati ons . In  add i ti on ,  the l i pi d  dose per kg body 

wei ght used by Roerd i n k  et aL.  was a factor ten l ower than the dose per kg 

body wei ght used i n  our experiments . Saturati on of Kupffer cel l s  ( i n  our 
' 

experiments ) and a subsequent overfl ow of the sma l l er ves i cl es to the hepa-

tocytes may a l so contri bute to the parti a l l y  parenchyma l l ocal i zat ion of 

peroxi dase i n  our experiments . Reacti on product i n  the endothel i a l  cel l s  

coul d be due to the uptake of free peroxi dase that had l eaked from the l i po­

somes , as was  a l so suggested by Roerd i nk et aL .  ( 23 ) . No doubt rema i ns as 

to the absol ute l ack of uptake of l i posomes by the tumor cel l s .  

The i nh i b i tory act i v i ty of ADM on the growth of lymphosarcoma cel l s  ap­

peared to be decreased about two-fol d by encapsul ation . As lymphosarcoma 

cel l s  fai l  to tak� up l i posome-encapsul ated horse-radi sh  peroxi dase in vivo , 

the effect of encapsul ated ADM on tumor growth i s  most l i ke ly  to resu l t 

from drug being  ( s l owly)  rel eased from the l i posomes and subsequently taken 

up by the tumor cel l s .  S i nce the tumor cel l s  i n i ti al ly  mai n ly  prol i ferate 

i n  l i ver  and sp l een , t i s s ues wh i ch a l so happen to have a h i gh affi n i ty for 

i nj ected l i posomes , encapsul at ion of ADM i s  l i kely to resu l t in a l ocal ly  

h i gh drug concentrati on , even if  i n i ti a l l y ,  the drug i s  mai n ly  encapsu l ated . 

Subsequent rel ease of the drug from l i posomes depos i ted i n  these ti s sues 

coul d a l so , concei vabl y ,  res u l t  in prol onged e l evated t i ssue l eve l s  of thi s 
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poorly water-sol ubl e drug i n  l i ver and spl een . For Ara C we demonstrated 

that l i posomes coul d ,  i ndeed , act as an effecti ve l ocal depot i n  l i ver and 

sp leen ( chapter V ) . However , ADM , i n  encapsul ated form , i s  substanti a l ly 

l ess  effecti ve i n  thi s tumor model . I t  must be concl uded that for thi s drug 

the establ i s hment of an e l evated ti ssue l evel i n  l i ver and spl een by means 

of l i posome-encapsul at ion is  counter-producti ve .  The l i posomes , poss i bly  

by the i r  hydrophob i c  nature , apparently add to the retenti on of thi s l i po­

phi l i c drug in cel l s/ti ssues other than the target tumor cel l s .  

I n  genera l , the usefu l ness of l i posome-encapsu l ation wi l l  depend on the 

rel at i ve effects of l i posome-encapsul at ion on toxi c i ty and anti tumor act i ­

v i ty .  S i nce l i posomes are ma i n ly  taken u p  by macrophages , i t  i s  conce i vab l e  

that toxi c i ty to the host defense system i ncreases upon admi n i strati on of 

encapsul ated cytotoxi c agents , espec i a l ly  i n  the case of ADM , s i nce ADM i s  

known to be tox i c  towards muri ne macrophages ( 28 , 29 ) . Th i s  cou l d res u l t  i n  

a decreased therapeut i c  i ndex and may contri bute to the decreased effecti ve­

ness of encapsul ated ADM i n  our tumor model . The toxi c i ty of encapsul ated 

ADM was reported to be decreased two-fol d i n  norma l hea l thy mi ce . However , 

i ncreased tox i c i ty of the encapsul ated drug towards the host defense system 

may rema i n  undetected when tox i c i ty data are obta i ned i n  norma l hea l thy 

mi ce as was the case i n  refs . 8 and 9 .  

Res i stance to Ara C has been reported for a number of tumors ( 30-32)  and 

may be due to i nsuffi c i ent cel l ul ar uptake ( 3 1 ) . The i nabi l i ty of l i posomes 

to overcome res i s tance as observed i n  thi s study woul d  then be i n  agreement 

wi th our observati on that the lymphosarcoma cel l s  do not take up l i posomes . 

These observations woul d a l so be compati b l e wi th the observat ion that en­

trapped Ara C produces a sma l l er degree of i nh i b i t i on of thymi d i ne i ncorpo­

rat ion than the same amount of free Ara C. It must be noted that the degree 

of i nh i b i ti on of thymi d i ne i ncorporati on provi des a measure of the amount 

of Ara C ,  that i s  i ntracel l ul ar ly  ava i l abl e for i nh i b i t ion of DNA synthes i s .  

I t  does not i nc l ude any l i posome-entrapped Ara C whi ch i s  sequestered and/ 

or i nacti vated i n  l ysosomes . Si nce lymphosarcoma cel l s  do not appear to 

take up  any l i posomes , l i posome-encapsul ated Ara CTP cannot be expected to 

overcome the type of res i s tance that is due to reduced l evel s of cyti d i ne 

ki nase ( 33 )  the enzyme that phosphoryl ates Ara C to the acti ve metabol i te 
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Ara CTP .  

I n  summary , i t  was shown that encapsul ated ADM i ncreased the survi val 

t ime of lymphosarcoma beari ng mi ce and was effecti ve aga i nst  the growth of 

lymphosarcoma cel l s  i n  l i ver and spl een , but l ess so than free ADM . Free 

nor encapsul ated Ara C had any effect on the survi val t ime of the mi ce . The 

tumor cel l s  were shown not to take up l i posomes and therefore anti tumor 

effects of encapsul ated drugs on thi s tumor must be attri buted to drug bei ng 

rel eased from the l i posome s .  I n  v iew of the mas s i ve uptake of l i posomes by 

macrophages i t  i s  to be expected that the toxi ci ty of encapsul ated drugs 

towards these cel l s  wi l l  be i ncreased . 

I gratefu l l y  acknowl edge the col l aboration wi th Ruby Ka l i charan and Dr . 

caesar Hul staert from the I nsti tute for Medi ca l  E l ectron Mi croscopy i n  the 

morpho l i ca l  a spects of thi s study . 
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C H A P T E R V I I  

CONCLUD I NG REMARKS 

The non-sel ect i v i ty of cytotoxi c drugs i n  thei r acti on on norma l and 

tumor cel l s  and the devel opment of res i stance duri ng treatment are two i m­

portant factors respons i bl e  for the fai l ure of cancer chemotherapy i n  many 

i nstances . When l i posomes were fi rst i ntroduced as potenti al  carri ers for 

cytotoxi c drugs i t  was hoped that l i posome-encapsu l ati on woul d resul t i n  a 

sel ecti ve drug del i very to tumors and that thei r use cou l d overcome res i s ­

tance due to l imi ted ce l l ul ar uptake o f  the drug . I ndeed i n  1976 , Poste and 

Papahadjopoul os ( 1 )  showed that l i posome-encapsu lated acti nomyci n-D cou l d 

overcome cel l ul ar res i stance aga i nst the drug i n  Chi nese Hamster cel l s  in 

vitro . The authors attri buted th i s  effect to the di rect i ntroduct i on of the 

encapsul ated drug i nto the cytopl asm of the cel l s .  Kos l os k i  et al. ( 2 } , i n  
1978 , were abl e to demonstrate an enhanced effect of encapsul ated metho­

trexate i n  the treatment of methotrexate res i stant P 1798 mouse lymphosarcoma . 

Contrary to these promi s i ng reports evi dence has been accumu l ati ng  more 

recently that tumor cel l s  do not usual ly  i nterna l i ze l i posome-encapsul ated 

drugs . Al l en et al. ( 3 )  produced evi dence wh i ch argues agai nst uptake of 

drug-contai n i ng l i posomes by vari ous tumor cel l s  in vitro. Kaye et al. ( 4 )  

reported the fai l ure o f  act i nomyci n-D encapsu l ated i n  l i posomes to overcome 

drug res i stance i n  R i dgeway osteosarcoma . S imi l arly Kedar et al.  ( 5 )  repor­

ted that acti nomyci n-D fa i l ed to prol ong the survi val of mi ce beari ng rena l 

cel l adenocarci noma . Rustum et al.  reported the i nabi l i ty of encapsul ated 

arabi nofuranosyl nucl eoti des to overcome drug res i stance i n  L 1 2 1 0 l eukemi a 

ce l l s  in vivo ( 6 ) . I n  th i s  thes i s  i nd i rect ( chapter I I I )  and d i rect ( chap­

ter V I ) evi dence i s  presented that mouse lymphosarcoma cel l s  do not i nter­

nal i ze l i posomes . 

Nonethel ess an enhanced therapeuti c i ndex of l i posome-encapsu l ated drugs 

has been demonstrated i n  several studi es in vivo ( 7-9 ) . The presently  

avai l ab l e evi dence suggests that i n  these stud i es i t  i s  not a sel ecti ve 

del i very of encapsu l ated drugs i nto tumor cel l s ,  but rather the occurrence 
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of changes i n  pharmacoki neti cs and ti ssue di stribution that a re res pons i b l e  

for the i ncreased anti tumor effects of  l i posome-encapsu l ated drugs ( 4 ,6 ) . 

Th i s  wi l l  have i mportant consequences for the appl i cati ons of l i posomes as 

drug carri ers i n  cancer chemotherapy .  The type of drug to be encapsul ated 

and the type and dose of l i posomes to be emp l oyed have to be rel ated to the 

tumor to be treated . 

I t  i s  concei vabl e that rapi dly excreted and/or i nacti vated drugs can be 

protected agai nst excreti on and degradati on by encapsul ati on i n  l i posomes 

as was demonstrated for arabi nofuranosyl cytosi ne (Ara C) ( chapter V ) . S l ow 

rel ease of such a drug may then add to i ts potenti a l  useful ness i n  cancer 

treatment.  Phase-speci fi c  drugs are toxi c  to cel l s  only duri ng a speci fi c  

phase o f  the cel l cycl e and the effect o f  treatment wi l l , amongst other 

factors , depend on the time duri ng whi ch cytotoxi c l evel s of the drug are 

present i n  the tumor cel l s .  Non-phase speci fi c drugs are equal l y  toxi c to 

cel l s  i n  di fferent phases of the cel l cycl e .  For that reason l i posome-encap­

sul ation of non-phase-speci fi c  drugs coul d even be counter-producti ve s i nce 

peak concentrati ons of the bi oavai l ab l e  drug in the b l ood wi l l  be permanently 

reduced when the drug is admi n i stered in entrapped form . Al so , in treatment 

wi th drugs that are s l owly el i mi nated from the body , such as adri amyci n  

(ADM ) , l i posome-encapsul ati on cannot be expected to resul t i n  such drasti c 

i mprovements i n  therapeuti c effecti veness as were found wi th encapsul ati on 

of Ara C in the treatment of L 1 2 1 0 l eukemi a .  Only of course i f  encapsul ati on 

woul d resul t i n  l ocal ly  hi gh drug concentrati ons at the s i te of the tumor 

cel l s, coul d drug encapsul ation i n  l i posomes be benefi ci a l  i n  treatment wi th 

s l owly excreted and/or non-phase-speci fi c drugs . 

The type and dose of l i posomes that woul d  be most su itabl e for the treat­

ment of a parti cul ar tumor wi l l  depend , amongst other factors, on the l oca­

t ion of the tumor cel l s .  When these cel l s  are separated from the ci rcu l ati on 

by an endothel i al barri er as is the case in most tumors , an encapsul ated 

cytotoxi c  drug can exert i ts effect only after i ts rel ease from the l i poso­

mes i nto the b l ood .  In such a case i t  may be advantageous to use smal l l i po­

somes wh i ch have a rel ati vely l ong  c i rcul ati on time , or to i ncrease the ci r­

cul ati on time by us i ng  a hi gh l i posome dose ( chapter I I I ) .  Th i s  a l so appl i es 

when the target tumor cel l s  do not have an organ s peci fi c  l ocal i zation but 
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are rema 1 n1 ng i n  the b l ood stream . Depress i on of the reti cul oendothel i a l  

system ( RES ) wi th , for i nstance , La ( N0 3 ) 3 ( chapter I I I )  o r  dextran-sul phate 

( 10 )  wi l l  resul t in favorably i ncreased ci rcu l ati on times of l arge l i poso­

mes . However , these agents are toxi c i n  thei r effects on Kupffer cel l s  

whi l e ,  i n  mi ce , recovery of hepati c phagocytos i s  from such treatments takes 

four days to be compl eted ( 1 1 ) . The noti on that Kupffer cel l s  and other 

macrophages may p l ay an i mportant rol e  i n  host defense mechani sms agai nst 

neopl as i a  l eaves RES depres s i on an unfavorabl e appraoch to achi eve l onger 

c i rcul ati on times . It woul d rather seem preferabl e to i ncrease the l i posome 

dose so as to saturate the RES acti v i ty .  Such saturat ion by l i posomes was 

shown to be readi l y  revers i b l e  ( chapter I V ) . 

L i posomes that are taken up by l i ver  and spl een may act as a depot for 

the l ocal sustai ned rel ease of encapsu l ated drugs ( chapter V ) . If tumor 

cel l s  are l ocated i n  the l i ver ( a  target organ for metastas i s i ng tumor cel l s  

of several types ) o r  spl een , l i posomes coul d be useful i n  creati ng l oca l l y  

h i gh and susta i ned l evel s o f  the drug i n  cl ose proximi ty to the tumor cel l s .  

I f  l i posomes a re to be used for such l ocal  susta i ned rel ease one woul d pre­

ferably not a im  for a l ong  ci rcul ation ti me ,  but rather for an extens i ve 

l ocal accumul ation of l i posomes . However ,  the useful ness of such an approach 

rema i ns to be establ i s hed . The mouse  lymphosarcoma used i n  chapters I I I  and 

VI may provi de an i nteresti ng  model for testi ng  l i posomes i n  th i s  respect 

s i nce thi s  tumor i ni t i al ly  mai nly  prol i ferates i n  l i ver  and spl een , where 

l i posomes preferenti al ly  accumul ate as wel l . 

For ADM wh i ch i s  l ess  acti ve agai nst the lymphosarcoma when the drug i s  

encapsu l ated , the mechani sm o f  l ocal s ustai ned rel ease i n  l i ver and spl een 

apparently  i s  of l i tt l e  val ue ( chapter V I ) .  Whether or not the pharmaco lo­

g i cal acti v i ty of  a drug as a resu l t of  i ts sustai ned rel ease from an encap­

su l ated form wi l l  i ncrease , depends on the rate of drug rel ease i nto the 

l ocal compartment and on the rate of redi stri buti on of the free drug i n  the 

systemi c c i rcul ati on . The rate of drug rel ease from l i posomes i s  dependent 

on the type of drug ( 12 )  and the type of l i posome ( uni l amel l ar versus mul ti ­

l amel l ar ) . Furthermore , the rel ease may take pl ace from l i posomes i n  the 

extracel l ul ar space o r ,  after uptake by for exampl e a macrophage , from 

wi thi n such a cel l . The rate of rel ease and redi stri buti on wi l l  u l t i mately 
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determi ne the concentrati on of bi oavai l abl e drug i n  the l ocal compartment .  

Toxi ci ty of the encapsul ated drug wi l l  al so determi ne the overal l effect 

of encapsu l at ion on the therapeut i c  i ndex . Regarding  the uptake of l i posomes 

by macrophages i t  i s  to be expected that the toxi ci ty of encapsul ated drugs 

towards these ce l l s  wi l l  be i ncreased . Thi s may be parti cul arly di sadvan­

tageous in treatment wi th non-phase-speci fi c drugs . I n  treatment wi th phase­

speci fi c drugs ti ssue macrophages may not s uffer from the toxi c effects 

s i nce cel l s  wi th a l ow DNA synthes i s  acti vi ty ( 13 )  wi l l  presumably not be 

affected . 

I n  th i s  connection  i t  shou l d  be noted that i t  has been demonstrated re­

peatedly that ADM pos sesses a h i gher anti tumor acti vi ty than the structu­

ral l y  cl osely rel ated anal og daunomyci n ( DNM) ( 14 , 15 ) . ADM was shown to be 

l es s  tox i c  towards muri ne macrophages than DNM ,  in vitro as wel l  as in vivo 

( 16 , 1 7 )  and several authors have put forward the hypothes i s  that i nter­
ference wi th host defense mechani sms may be an important determi nant of the 

s uperi ori ty in anti tumor acti v i ty of ADM over DNM ( 18 , 19 ) . 

The useful ness of l i posome-encaps u l at ion of a drug wi l l  depend on the 

rel ati ve extents to wh i ch overal l toxi ci ty and speci fi c anti tumor acti v i ty 

are i nfl uenced . Often an i ncreased anti tumor effect wi l l  be accompan i ed by 

an i ncreased toxi c i ty and vice versa. At present too l i ttl e i s  known about 

the mul t i p l e  factors that affect the u l t imate cytoci dal effect of free 

versus encapsu l ated drugs to draw general ly  val i d  concl usi ons . Probably only 

in sel ected cases wi l l  l i posome-encapsul ati on resu l t in an i ncreased thera­

peuti c i ndex . 
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SAMENVATTING 

Het s l agen of fa l en van een chemotherapeuti sche behandel i ng is  nauw ver­

bonden met de farmakol ogi sche ei genschappen van het gebrui kte geneesmi ddel . 

Het farmakol ogi sch gedrag van een geneesmi ddel kan worden beinvl oed door 

het geneesmi ddel te verpakken i n  een drager ( " carri er" ) . In dat geva l 

zul l en het de ei genschappen van de drager zi j n  d ie  i n  bel angri j ke mate bepa­

l end z i jn  voor het l ot van het i nges l oten geneesmi ddel . Vanaf het beg i n  van 

de jaren zeventi g worden liposomen getest  op hun toepasbaarhei d  a l s drager 

voor geneesmi ddel en . Li posomen z i j n  mi kros kopi sch k l ei ne ,  bol vormi ge parti ­

kel s (met een di ameter vari erend van 25 nm tot enkel e mi crons ) ,  opgebouwd 

u i t een of meerdere , concentri sch gerangschi kte , twee-mol ekul en di kke fosfo­

l i pi de-l agen { " bi l agen " ) , di e evenzovel e wateri ge compartimenten oms l ui ten . 

In  deze comparti menten kunnen t ijdens de vormi ng van de l i posomen waterop­
l osbare mol ekul en worden i nges l oten , terwi j l  verbi ndi ngen met een meer hydro­

foob karakter i n  de fosfol i pi de-bi l aag  kunnen worden i ngebouwd . 

I nd ien l i posomen i ntraveneus worden toegedi end a l s potenti e l e  "drug­

carri er", raken ze voor een bel angri j k  deel geas soci eerd met de l ever en de 

mi l t .  H iervoor z i jn  naar a l l e  waarschi j n l i j khei d  vooral de tot het reticu l o­

endothel i a l e  systeem ( RES ) behorende makrofagen verantwoordel i j k .  Deze nemen 

de l i posomen en de daari n i nges l oten verbi ndi ngen op vi a endocytose .  Di t 

maakt l i posomen wel i swaar b ij  u i tstek geschi kt al s carri er voor s toffen d i e  

bedoe l d  z i jn  om i n  te  gri j pen i n  het metabol i sme van deze makrofagen , maar 

vormt tevens een beperki ng voor de potenti e l e  toepasbaarhei d  van l i posomen 

i n  o . a .  de chemotherapi e van kanker .  

Chemotherapi e van kanker i mpl i ceert het handhaven van een evenwicht 

tussen therapeuti sche en toxi sche effekten van de gebrui kte cytostati ka en 

het i s  denkbaar dat rel at ief k l ei ne veranderi ngen i n  de verdwi jn i ngssnel hei d  

u i t  het b l oed e n  i n  de weefsel verdel i ng van een cytostati kum kunnen l e i den 

tot een verhoogde therapeuti sche i ndex . I ns l ui ting van een cytostati kum in l i po­
somen zal i n  het a l gemeen de k l ari ng ervan u i t  het b l oed vertragen en boven­

di en een beschermi ng vormen tegen een voorti j di ge i nakti veri ng en zal tevens 

aanl ei d i ng geven tot accumul ati e van het cytostati kum in de l ever en de 

mi l t . 
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Het i n  di t proefschri ft beschreven onderzoek handel t over verschi l l ende 

aspekten van het gebrui k van l i posomen a l s "carri ers"  voor cytostati ka .  Daar  

de  meeste d i erl i j ke en  mensel i j ke tumor-eel typen n i et van  nature fagocyte­

ren en d i entengevol ge waarschi j nl i j k  geen , of s l echts i n  geri nge mate , l i po­

somen op zul l en nemen , i s  veel aandacht besteed aan het mogel i j ke funktio­

neren van l i posomen al s depot waarui t het cytostati kum l angzaam vr i j  komt . 

Een dergel i j ke depot-werk i ng zou vooral van nut kunnen z i j n  b i j  het gebrui k 

van zogenaamde fase-speci fi eke cytostati ka .  Deze cytostati ka oefenen a l l een 

ti jdens een speci a l e ,  kortdurende fase in de cel -cycl u s  een cytostati sche 

werki ng ui t .  Een behandel i ng zal a l l een dan effekti ef kunnen z i j n , wanneer 

het cytostati kum i n  vol doende hoge concentrati es i n  de tumorcel l en aanwezi g 

i s  en voor een peri ode d i e  zo l ang i s  dat de meeste tumorcel l en de gevoel i ge 

fase kunnen berei ken . 

Na een al gemene i n l e i di ng over het gebrui k van l i posomen i n  medi sch ge­

ori enteerd onderzoek , en een beschri j v i ng van de karakteri sti eken van het i n  

del en van d i t onderzoek gebrui kte tumormodel ,  een lymfosarcoom ( hoofdstuk I ) ,  

wordt i n  de daaropvol gende hoofdstukken I I  en I I I  het l ot van i ntraveneus 

en i ntraperi toneaal toegedi ende l i posomen beschreven . Intraperi toneaal toe­

gedi ende l i posomen b l i j ken grotendeel s i ntakt , en n i et geassoci eerd met eel ­

l en ,  vanui t de peri toneal e hol te naar het b l oed vervoerd te worden , waar­

sch i jn l i j k  met de lymfestroom . Evenal s i ntraveneus toegedi ende l i posomen 

raken i ntraperi toneaal toegedi ende l i posomen dan ook voornamel i j k  geasso­

c i eerd met de l ever en de mi l t ,  waar ze i ntracel l ul a i r  opgenomen en ook ge­

metabol i seerd kunnen worden . Aangetoond wordt dat in mui zen de sne l he i d  van 

verdwi jn i ng  van i ntraveneus  geinj i ceerde l i posomen u i t het bl oed dosi s ­

afhankel i j k  i s .  Hoge doses l i posomen veroorzaken k l aarbl i j ke l i j k  een ver­

zadi g i ng  van de fagocytoti sche capaci te i t  van de reti cul o-endothel i a l e  eel ­

l en .  De akti v i te i t  van het RES b l eek beinvl oed te kunnen worden door de aan­

wezi ghei d van tumorcel l en .  Een dag na i ntraveneuze toed ien ing  van lymfo­

sarcoma cel l en aan mui zen was de RES akti v i te i t  aanzi en l i j k  geremd en d i en­

tengevol ge was de verdwi j n i ng van l i posomen u i t het bl oed vertraagd ten op­

z i chte van die i n  norma l e ,  gezonde mui zen . Hoewel de lymfosarcoma cel l en 

zel f  geen l i posomen bl i j ken op te nemen kan hun aanwezi ghei d  i n  het proef­

dier  kennel i j k  wel van i nv l oed z i j n  op de k l ari ng van l i posomen uit het 

bl oed . 
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In  hoofdstuk I V  wordt nader i ngegaan op het effekt van l i posomen op de 

RES akti vi te i t .  De i n  d i t  hoofdstuk beschreven resul taten dui den erop dat 

de door l i posomen veroorzaakte remmi ng van de RES akti v i te i t  revers i bel i s ,  

afhankel i j k  i s  van de di ameter van de l i posomen en n i et kan worden toege­

schreven aan een depl eti e  van fagocytose -bevorderende pl asma-faktoren ( op­

soni nes ) .  

I n  hoofdstuk V wordt het effekt van i ns l u i t i ng i n  l i posomen op de meta­

bol e akti veri ng  {fosforyl eri ng)  en afbraak { deami neri ng )  van het fase­

speci fi eke cytostati kum arabi nofuranosyl cytos ine (Ara C) beschreven . In  l i po­

somen i ngesl oten Ara C i s  beschermd tegen enzymati sche deami neri ng en komt 

l angzaam vri j u i t o . a .  met l ever en mi l t  geassoci eerde l i posomen . Bovendi en 

geeft i n  l i posomen i nges l oten Ara C aan l e i d i ng tot een l angduri g verhoogd 

arabi nofuranosyl cytos ine tri fosfaat (Ara CTP , de cytostati sch akti eve meta­

bol i et )  geha l te i n  de l ever en mi l t  van l eukemi sche mui zen . Li posomen kunnen 

kl �drbl i j kel i j k  fungeren al s l okaal depot van Ara C i n  de l ever en mi l t  en 

k1 1nnen er toe b i jdragen dat de concentrati e  van het i ntracel l u l a i r  gevormde 

akti eve deri vaat gedurende l angere t i jd  verhoogd bl i j ft .  

I n  hoofdstuk V I  wordt aangetoond dat de lymfosarcoomce l l en in vivo geen 

l i posomen opnemen . Ant i tumor effekten van i n  l i posomen i ngesl oten cytostati ­

ka op deze tumor moeten dus oak op grand van deze waarnemi ng worden toege­

schreven aan vri j gekomen en vervol gens door de tumorcel l en opgenomen cyto­

stati kum en n i et aan een di rekte opname van het i n  l i posomen i ngesl oten cyto­

stati kum door de tumorcel l en .  Verder worden i n l e i dende experimenten beschre­

ven waarin  de therapeuti sche akti v i te i t  van vrij  en i n  l i posomen i nges l oten 

adri amyci ne (ADM) en Ara C i n  lymfosarcoom-dragende mu i zen wordt gemeten 

aan de hand van de overl evi ngsti j d  van de mui zen . I n  l i posomen i nges l oten 
ADM veroorzaakt een verl eng ing  van de overl evi nqst ijd  van de mui zen maar i s  

mi nder effekti ef i n  d i t  opzi cht dan vri j ADM , terwi j l  vrij noch i n  l i posomen 

i nges l oten Ara C eni g therapeuti sch effekt heeft , waarsch i jn l i j k  tengevol ge 

van een beperkte Ara C opname-capac i te i t  van de tumorce1 1 en .  Deze vorm van 

res i stenti e  zal i n  de lymfosarcoomcel l en ui teraard n i et kunnen worden opge­

heven door i ns l u i ti ng van Ara C i n  l i posomen . 

In  het l aatste hoofdstuk ( V I I )  worden een aantal aspekten besproken d i e  

van bel ang  kunnen z i j n  b i j  het gebrui k van l i posomen al s depot van cytosta-
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ti ka en d ie  dee l s i n  de verschi l l ende experimente l e  hoofdstukken naar voren 

z i j n  gekomen . De a l gemene conc l us i e  i s  dat de toepas s i ngsmoge l i j kheden van 

l i posomen a l s carri ersysteem voor cytostati ka b i j  chemotherapi e van tumoren 

aanz i enl i j k  mi nder ru im  z i jn  dan we l werd en wordt beweerd , maar dat er 

anderzijds  tach i n  bepaa l de ,  zorgvu l d i g  gesel ecteerde geva l l en een verhogi ng 

van de therapeuti sche i ndex van een cytostati kum , al s gevol g van i ns l ui t ing  

in  l i posomen ,  haa l baar geacht moet worden . 



ABTS 

ADM 

Ara-C 

Ara-CMP 

Ara-CDP 

Ara-CTP 

Ara-U 

DAB 

HDL 

HE PES 

HPLC 

HRPO 

I gG 

I gM 

MLV 

PBS 

RES 

REV 

RPMI 

S . D . 

SRBC 

suv 
TLC 

Tri s 

L I ST OF ABBREVIAT IONS 

2 , 2 '-azi no-di - ( 3  ethyl benzthi azol i n  su l phon i c  aci d )  

adri amyci n  

1-a-D-arabi nofuranosyl cytos i ne 

1- a-D-arabi nofuranosyl cytosi ne monophosphate 

1- a-D-arabi nofuranosyl cytos i ne di phosphate 

1- a-D-arabi nofuranosyl cytosi ne tri phosphate 

1- a-D-arabi nofuranosyl urac i l  

3 , 3 ' -di ami nobenzi d i ne tetrahydrochl ori de 

h i gh den s i ty l i poprote i n  

N-2-hydroxyethyl -pi peraz i ne-N ' -2-ethanesul phon i c  

aci d 

hi gh pressure l i qu id  chromatography 

horse-radish  peroxi dase 

i mmunogl obul i n  G 

i mmunogl obul i n  M 

mul ti l amel l ar vesi c l e  

phosphate buffered sal i ne 

reti cul oendothel i al system 

reverse phase evaporati on ves i cl e  

Roswel l Park Memori al I nsti tute 

standard devi ation 

sheep red b l ood cel l s  

sma l l  uni l amel l ar ves i cl e  

thi n  l ayer chromatography 

tri s { hydroxymethyl ) ami nomethane 

134 



STRUCTURAL FORMULAS 
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Bas i c  structure of 3-sn-phosphoglyceri des . 

R 1 and R2 represent the hydrocarbon moi eti es 

of the fatty acyl cha i n s  
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HO 
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sphi ngomyel i n  

chol esterol 
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OH 

1-a-D-arabi nofuranosyl cytosi ne 
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