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ABSTRACT 

Antiiody-mediateci targeting of liposomal anticancer dnigs to specific antigens 

expressed on malignant ceUs could improve the therapeutic effdveness of the liposornai 

preparations as weii as reduce adverse side effects associated with chemotherapy. 

Liposomes (SL) were composed of either high phase transition hydrogenated soy 

phosphatidylcholine, HSPC, or low phase transition partially hydrogenated soy 

phosphatidylchoiine, PC40, in combination with cholesterol, and were stericaiiy stabilized 

with lipid derivatives of polyethylene glycol (PEG). Monoclonal antiodies (mAbs) were 

attached to the terminus of the PEG, creating sterically stabilized imrnunoliposomes (Sa). 

SIL containhg entrapped anticancer dmg, doxorubicin (Dm) are predicted to be usefùl 

in the treatment of hernatologid malignancies such human B e l l  lymphornas or multiple 

myeloma, where diseased cells are present within the vasculature. 

The specific in vitro bindimg and antïneoplastic activity of DXR encapsulateci in 

SE,, prepared by couphg liposomes to the m A .  anti-CD19, were investigated against 

CD 19' B lymphoma cell Line (Namalwa) and a CD 19' multiple myeloma ce11 line 

(-77). Binding experirnents showed a two- to three-fold higher association of the 

SIL[anti-CD191 compared to SL (no mAb) or isotypematched cuntrol NSILDgG2al for 

both cd lines, and was cornmensurate with the expression of CD19 on target celis. The 

selectivity of fluorescent-labeled SIL[anti-CD 191 to B celis was demonstrateci in a 

heterogenous mixture of cells composed of peripherd blood mononuclear cells from MM 

patients. Internalization of SIL[anti-CD191 into a low pH cornpartment, likely endosornes 

or lysosomes, was observed for both N d w a  and -77 cells using a pH-sensitive 

probe, 1 -hydroxypyrene-3.6.8-trisulfonic acid (WTS). The endocytosis and intracellular 



fâte of liposomal DXR fomulations were also studied using confocal microscopy. At 

eady times (1 h), the dmg appeared mainly at the ceIl surface with some DXR sequestered 

within vesicular structures withlli ceils (probably endosomes). The cellular Ievels of 

DXR-SIL[anti-CD 191 increased appreciably d e r  longer incubation periods, resulting in 

substantial nuclear m g ,  and this could be inbibited by metaboiic inhibiton of 

endocytosis. The abiiiw of DXR-SXL[anti-CD 191 to target the nucleus was demonstrateci 

using an in vitro proliferation assay and by measdg the DNA content in ceus by flow 

cytometry. The t argeted DXR-SIL[anti-CD 191 displayed a significantly higher 

cytotoxicity to B c d s  relative to DXR entrapped in non-targeted SL. 

Therapeutic experiments in S C D  mice implanted with Namalwa ceiIs by the i.v. or 

i.p. routes resulted in significantiy greater therapeutic eEectveness of DXR-SIL[an& 

CD191 compared to similar amounts of fiee D m  Dm-SL (no mAb) or DXR- 

NSIL[IgGZa]. Single doses of 3 mgkg DXR given as DXR-SIL[anti-CD 191 administered 

i.v. redted in signifïcantly improved therapeutic benefit, includiing sume long-tenn 

survivors. Monoclonal antibody treatments, when given in conjunction with fke DXR 

and various liposomal DXR formulations, were found to be additive with the h g  

treatments in therapeutic effectiveness. The observed therapeutic effect was found to 

depend on a number of factors induding: the dmg formulation (fiee or liposomal dmg, 

etc.), tumour burden, and dosing schedde. 

Our results indicate that antiiody-mediated targeting approach using DXR- 

SIL[antiWCD19] targeted agaiost the intemalizing CD19 antigen may be an effective 

strategy for selective targeting of malignant CD 19' B lymphocytes in B-cd malignancies 

(Le., leukernias, lymphomas and multiple myeloma). 
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CaAPTER 1 

Introduction and hypothesis 



1.1 IJWRODUCTION 

Cancer is the second leadiig cause of death in North America, responsïble for 

approxiinately 25% of ail deaths in Canada and the United States. At present, 

chemotherapy, surgery, radiation therapy, or a combination of these therapies are the most 

wmmon interventions in cancer. In spite of the wide variety of treatment options, a 

majonty of malignancies are stïli  incurable. Chemotherapeutic agents are widely used in 

anticancer therapy, but these agents have poor target specificity leading to adverse drug 

effects and dose-lùniting toxicities. Some selectivity of a few anticancer dmgs against 

cancer c d s  cornes fkom their activity against actively dividiig celis, hence, dmgs that are 

cytotoxic to cancer cells also exhibit cytotoxicities to normal proliferating celis of the 

body. Senous bone marrow depression, alopecia, gastrointestinal toxïcity, muwsitis, 

cardiotoxicity, hepatic, and rend damage are some common effects of chemotherapy that 

limit the number of therapeutic cycles which can be administered to patients. The 

utiiization of anticamer dmgs, is therefore, dependent upon the critical balance between 

effective patient therapy and overail quality of Me. The design of a dmg delivery system 

that could alleviate some of the adverse dmg effects, as well as impart some specificity to 

the therapeutic agent, would radically improve the h r e  of cancer treatment. 

The concept of dnig targeting was first proposed by Ehrlich in the early 1900's (1). 

He conceptualized the "magic bullet", in which therapy was targeted to the desired site of 

action of the dru& with no involvement of normal host tissues (1). One of the first 

demonstrations of targeting was £tom work by Komgoid and Pressman in 1954 that 

descriied the first radiolabelleci polyclonal antibody as an imaging agent in rat 



lymphosarcoma tumours in vivo (2). More recently, the development of monoclonal 

antiiody technology has revolutionized the area of targeted drug delivery (3). The high 

specificity of anti'bodies (or iigands) for epitopes expressed on select tissues confers the 

potential of target selectively for drugs to diseased cells thus sparing normal tissues (4, 5). 

Several strategies have employed antibodies or other ligands to impart specificity to the 

intended therapeutic: radiolabelled Abs, Ab-dmg conjugates, Ab-polymer conjugates, Ab- 

targeted liposomes (ïimmunoliposomes) are just a few systems that have generated interest 

over the last decade (5-16). Although there have been important advances in this area of 

research, there is no targeted therapeutic agent that is currently approved for ciinical use 

in humans. 

With recent advances in drug development, several new drug entities with novel 

mechanisms of biological activity are being generated at an acceierated rate. Some of 

these dmgs, although extremely effective in vitro, cannot be administered in vivo due to 

several formulation problems, short biological haKlives, a d o r  adverse drug reactions. 

As a result, research has been focusseci on ways to deher these drugs in vivo. One 

intensively researched area is the use of drug b e r s .  An ideal h g  d e r  would direct 

dmg specificdy to the site of action, increase its therapeutic response, and prevent 

indiscriminate toxicities, Le., it would increase the therapeutic index of the dru& defined 

as the ratio of the drug's effective dose to its toxic dose. 

A nurnber of particdate or colloïdal systems have been investigated as dnig 

&ers including: liposomes, polymeric delivery systems (e.g., micropartides, 

nanoparticles, microspheres, hydrogels), polymer-drug conjugates, micella. systems (non- 



ionic surfactant vesicles), rnacromolecde complexes, enzyme-dmg conjugates ligand- 

wnjugated delivery systems. Biowmpatibiïty, biodegradability, and toxicity profiles are 

important fêctoa in the choice of a clmg carrier system. Physiologicd compatibility of 

liposomes has led to their extensive investigation as dmg caniers and they are the firt 

dmg carrier to be approved for clinid use. 

1.1.1 Liposomal dmg delivery systems. 

Liposomes were fht desmïed by Alec Bangharn and colleagues in 1965 (17). 

Upon hydration, amphiphilic molecules like phospholipids (PL) in aqueous media 

spontaneously assemble into highly organized, closed concentric membrane bilayers 

enclosing aqueous wmpartments (Fig. 1.1). Liposomes can be prepared with a variety of 

phospholipids of naturai and synthetic sources (Table 1.1, Fig. 1.2). 

Phosp holipids exhiiit a characteristic phase transition behaviour, i. e., molecules in 

the "solid-state" (or "gel-state") undergo a phase transition to a disorganîzed fluid "Iiquid- 

crystalfiney' state above the phase transition temperature of the phospholipid (Tc) (18) 

(Table 1.1). This thermotropic behaviour of liposomes results in increased mobility of the 

phospholipid molecules above the Tc, and as a consequence influences the stabiiity of the 

bilayer and the rate of dnig release (19). In addition to the phospholipids, choIestero1 

(CHOL) is often present as a "stabilimng" lipid (Fig. 1.1) (20). The inclusion of 

cholesterol in fluid-state bilayers rigidifies the bilayer by increashg the degree of 

phospholipid acyl chah packing, making the vesicles less penneable to solutes, Le., 

reducing the rate of drug release in part by decreasing adsorption of serum proteins that 

play a role in the destabüisation of liposomes (2 1,22). 



Table 1.1. Transition temperatures of common phospholipids. 

Phospholipid 

Dimynstoyi phosphatidylcholule 
Dipalmitoyl phosphatidylcholine 
Distearoyl p hosp hatidylcholine, HSPC 
PartiaUy hydrogenated soy 
phosphatidylcholine, PC40 

Acyl chains Transition 
temperature C C )  

1.1.2 Types of liposomes and methods of preparation. 

Liposomes haWig a variety of physico-chernicd properîies can be formed by 

manipulating the lipid composition, phospholipid headgroup, fatty acyl chah length, and 

method of preparation (reviewed in (23)). 

Various methods have been used to prepare liposomes of a vaiety of sizes (0.03 to 

10 pm in diameter), and number of bilayer lamellae (FGg. 1.3). Liposomes are classified in 

t e m  of their size and number of bilayers, as either small or large unilamelfar vesicles 

(SUV or LW), or mdtilamellar vesicks (Fig. 1.3). MLVs fom spontaneously 

upon hydration of dned phospholipid films (17,24) and are heterogenous in size (300- 

2000 nm in diameter) (Fig. 1.3). The aqueous trapped volumes of MLVs are relatively 

low (approximately 0.5 pl entrapped aqueous contentdpmol iipid) due to close packing of 

the conceatnc bilayers (25). ln some cases, incorporation of charged lipids, rnay 

significantly increase intralarnellar spacing and the resulting trapped volumes up to 10 

pL/pmol due to electrostatic repulsion between larnellae (25). 



Classical liposome 

Hydrophilic 

Figure 1.1. Structure of ciassical liposomes. 
Phospholipid and cholesterol forrn lipid bilayers, where the hydrophilic polar head groups 
of the phospholipids orient towards the aqueous media, and the non-polar fatty acid tds 
orient towards the membrane interior- 



Structures of  some phospholipids 

fate CH2-0 -P -0 -R2 - headgroup 
ucyl chains t I 
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backbone 

saturuted fatiy acids 

L auric CH3(CH2)loCOOH 

Myristic CH3(CH2)12COOH 

Palmitic CH3(CH2),,&OOH 
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Pahitoleic CH3(CH2)5CH-CH(CH2)7COOH 
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Arachidonic CH3(CH2)4(CH=CHCH2)3CH=CH- 
(CH2)3COOH 

Neutrai phospholipids 
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serine - c H ~ ~ H - N H ~ '  
(phosphati- 
dy lserine) I 

coo- 

(ph0 sphatidyl- 
g lycerol) O H  I 

dylino sitol) 

OH 

Figure 1.2. Chernieal structures of commonly used phospholipids. 
The basic chernical structure of PLs combines a polar head group with two non-polar fatty 
acid chah within a single m o l d e .  The type of polar head group, length of  the fatty acid 
ch* and the degree of unsaturation can infiuence the physicochemical properties of 
liposome bilayers. The presence of positive, negative, or neutral lipids can wntrol the net 
membrane d a c e  charge of the resulting liposome. 
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S m d  unilamelIar liposomes (25-50 nm) (Fig. 1.3) have been prepared by ethanol 

injection (26) or fiom MLVs by mechanical-disruptive procedures Iike hi&-sheer 

homogenization (27). fiench press (28), or ultrasonication (29). Vesicles of this size 

typically exhibit excess iipid in the outer monolayer compareci with the inner monolayer 

due to their low radius of mature and have extrernely Iow trapped volumes 

(approxïmately 0.2 pllpmol Iipid) (28,29). The low radius of curvature and the surface 

fiee energy associated with such small vesicles can sometimes lead to instability problems 

resulting in spontaneous aggregation to form larger vesicles, andior premature release of 

dmg. 

Large unilamellar liposomes (LWy 50-300 nm) (Fig. 1.3) are usudly prepared by 

reverse-phase evaporation (30). detergent dialysis (3 1) or by fieeze-thawing of MLVs 

(32). Sequentid extrusion through membrane fdters of defined pore sizes is one of the 

most wmmon methods to produce LUVs of monodisperse, narrow particle size 

distribution LUVs (33, 34). These liposomes are characterized by their large trapped 

volumes, Le., for 100 nm L w  trapped volumes of as high as 3 p1Ipmol Iipid have been 

achieved (3 5). 

1.1.3 Association of drugs with liposomes. 

Since the first realization that dmgs w d d  be trapped in liposomes, they have 

generated enormous interest in their potential as a dmg carrier systems (36). Dmgs can 

interact with liposomes in several merent ways (Fig. 1.4). The ease of association of 

dmg molecules with liposomes depends upon the drug solubility characteristics, Le., their 

octanoVwater partition coefficients (Pd (37). Hydrophilic dmgs, like ara-C are 



Classification of liposomes 

SUV L W  

(srnaII unllameIlar veslcle) (large unllarnellar vestcle) 

(2560 nm diameter) (60400 nm diameter) 

Figure 1.3. Classification of liposomes. 
Liposomes have been classined depending b a s 4  on their size and bilayer larneiiarity, as 
either srnalI unilameIIar (SUV), large unilarnellar (LSjV) or rnulti-lamellar (MLV) vesicles. 



Association of d ~ g s  with liposomes 

rqueoiu lipasome fntmrior 

iowPod I hlgh Pod 
Phosphollpld 

Figure 1.4. Possible interactions of dmgs with liposomes. 
Most hydrophilic dmgs with low P, do not interact witb bilayer lipids and are 
encapsulatecl in the aqueuus compartment(s) (A). Dmg moleailes can be accommodateci 
in bilayer interior, depending on their hydrophobicity (high Pa and the strength of dmg- 
lipid interactions within the bilayer (B). Charged moledes, e.g. DNA associate with the 
bilayer d a c e  through Van de Waal's interactions (C). Molecules with intermediate P, 
wiU be in equilibrium between the membrane intenor and exterior and wiii not easily form 
a stable association with liposomes (ID). (adapted fiom T . U  Allen). 
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physicaiiy entrapped in the aqueous interior of liposomes (38). whereas, hydrophobic 

molecules with low aqueous solubility, e.g. cortiwsteroids, taxol or lipophilic dmgs like 

hydrophobic analogues of cisplatinun are incorporated into the hydrophobic bilayers of 

liposomes (39) (Fig. 1 -4). 

There are two basic techniques for the encapsulation of dmgs into liposomes, 

passive or active entrapment. Passive encapsulation is a physical process where water 

soluble drugs are dissolved in the aqueous media and entrapped during vesicle formation 

or lipid soluble h g s  are included in the organic solvent and spontaneously associate with 

the Lipid biiayer. The active encapsulation procedure, on the other hand, requires the 

ability of certain molecules, e.g., arnphiphilic weak amines, to distribute across bilayers of 

preformed liposomes having a chemicallor ion gradients (40,41). Uncharged drug 

molecules fieely cross the bilayer into the liposome interior, where they acquire a net 

charge (usualiy protonated) and are unable to traverse back across the membrane. This 

procedure has been widely used for dmgs Wre doxorubicin (Dm) (40,42), daunorubicin 

(43) and vincristùie (44,45). A schematic of the ammonium sulphate loading method (41, 

42) is illustrateci in Fig. 1.5. 

1.1.4 Advantages of liposomes as a dmg delivery systems. 

Liposomes can carry large numbers of h g  moleailes, relative to, e.g. drug- 

polymer conjugates, and can have high h g  to lipid ratios. Liposomes with a variety of 

weil dehed physicochemical characteristics can be prepared by altering the bilayer 

components of liposomes, e.g., formulations of rigid or fluid Iipids, ksogenic components, 

etc. (46)). The resuiting effect may be either modulation of drug release fiom 



Ammonlum sutfate gradlent 
method for dnig loadlng 

Figure 1.5. Remote loading of DXR using an ammonium sulphate gradient 
The liposomes contain ammonium sulfate in the liposome interior. Uncharged DXR 
molecules cross the liposome membrane and are protonated in the liposome interior and 
fom a highiy insoluble doxorubicin-sulphate precipitate (42). This procedure dows 
preferential accumulation of the dnig DXR witfün the liposomes pennitthg encapsulation 
efficiencies as high as 100% (42,53) (adapted fiorn (42)) 
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liposomes or enhanced interaction with ceiis. Liposomal encapsulaiion wiii protect dmgs 

fiom the extemai environment and wiü retard the degradation of drugs that rnay be, e-g., 

photolabile or sensitive to enzymatic degradation (38). Liposomes can alter the 

pharmacokinetics of entrapped agents, offen increasing the drug's area under the 

concentration tirne curve (AUC), and hence its therapeutic availabiiity (38). Examples 

include liposomaf doxorubicin (Dm) (47). daunombicin (DNR) (48). vincristine (45) or 

cytosine arabinoside (Ara-C) (38). Alteration in the biodistniution of drugs can result in 

decreases in toxicities, eg., reduction in the cardiotoxicity of DXR (49) or decreased 

nephrotoxicity of amphotericin B (50). Furthemore, encapsulated drugs have been shown 

to accumulate passively at sites of increased capillary permeability like tumours, sites of 

inflammation, or areas of infdons (5 1, 52). 

1.1.5 Applications of liposomes. 

Liposomai dnig deiivery systems have been used in a broad range of 

phannaceuticai applications includiig, cancer (39,48,54-57); infecfions (52,58-61); as 

antigen presenting systems for modmg an immune response (62); for the delivery of 

genes (63); as imaghg agents (64); for topical formulations of drugs (65-68); for 

pulmonary delivery (69); and in cosmetic creams and lotions (70). Research in some these 

areas has Ied to a number of iiposomd therapies that are in clinicai trials or approved for 

clinical use in humans (Table 1.2). 

1.1.6 Interaction of liposomes with plasma proteins and the mononudear 

phagoqte system WS). 

After i.v. administration, liposomes are disiributeci mainly in the blood 
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Table 1.2. A list of some üposomil and lipid-based drngs in clinical development. 

I Liposomai drug m c a l  
indication 

1. Liposomal 
arnphotericin B 
(AmBisom8) 

Approved (Europe NeXstar Pharmaceuticais, 
Mexico, USA) CO. 

2. Amphotericin B- 
Iipid cornplex 
(ABLCR) 

Systemic h g a l  
infections 

Approved (Europe, The Liposome Co., N.J. 
USA) 

- 

3. Amphotericin B 
colloiclal dispersion 
(AmphocilR) 

systemic fungal 
infections 

Approved (Europe7 Sequus Pharm;rceuticais, 
USA) CA 

4. Liposomal 
nystatin 

SystemicfilIlgal 
infections 

Phase IVIII (USA) NeXstar Pharmaceuticals, 
CO 

Phase RI Aronex Phannaceuticais, 
TX 

Bacteriai 
i n f i o n s  

Phase IT (Europe) NeXstar Pharmaceuticals, 
CO. 

- 

Phase III (USA) The Liposome Co., N. J. 

Approved (Europe) Swiss S e m  Inst, Beni I 
- 

t o p i d  cancer 

Advanceci breast 
cancer 

10. Liposomal 
tram-retinoic acid 
(Atragen) 

Kaposi's sarcoma Phase LI/III (USA) 1 Aronex Pharmaceuticais, 1 

Non-Hodgkin's 
fymphoma, 
p a n c d c  cancer 

Phase III (USA) Ciba-Geigy I 12. Liposomal 
muramyl tripeptide 



I Kaposi's sarcoma 

m e m i a ,  
lymphoma, breast, 
Iung cancer 

14. Liposomal 
doxorubicin (TL,C 
Dox-99) 

l 

Advanced Ilmg, 
breast cancer 
Soft tissue 

i !jarcomas in 
/ combination with 
GM-CSF) 

15. Longcirculating 
liposomal 
doxorubicin @oxilR 
or CaeIyx") 

Kaposi's sarcoma 

Advanced breast, 
  va ri an, lung 
cancer 

Lung cancer 

Approved (USA) NeXstar Pbamiacnmcds, 1 I CA 
Phase II (USA) I 

Phase II (USA) 

Phase III (üSA) The Liposome Co., N. J. 

Phase III (USA, 
-1 I 
Approved (Europe 
and USA) 

Phase I (USA) 1 :y Pharmaceutid, 

Sequus Pharmaceuticals, 
CA. 

cornpartment and to the rnononuclear phagocyte system (MPS) (71). In the blood stream, 

liposomes interact with several blood components, andlor the ceils of the immune system 

which eventually lead to their removal fiom cirdation and to the release of their contents 

(22, 72). Mer i.v. injection, the rate of liposome clearance from circulation and the rate 

of contents release both affect the overall drug therapeutic availability, and wwequently 

the amount of dmg reachhg the target celis. 

In the circulation, liposomes may interact with a varïety of lipoproteins and other 

opsonins that can mediate their removal nom blood. The mechanisms of liposome 

opsonization and its relationship to clearance may involve complex processes. In briec 

clearance mechanisms are believed to be due to activation of complement via the classical 

pathway, involving the binding of various senun opsonias (73, 74). The most important 



opsonin being complement activation fiagrnent of C3, C3b (74-76). 

S e m  proteins can lead to the release of encapsulateci components by contributhg 

to the disintegration of the liposomes (77,78). High density lipoprotein (HDL), 

apolipoprotein A-1, can rapidly exchange with the phospholipids in the liposome bilayer 

(78) causing liposome breakdown. Complement proteins or protein components that are 

capable of activating complement, have been implicated in the formation of complement 

complexes on the d a c e  of liposomes. The formation of this cornplex can be followed by 

cornpiement-mediated lysk of liposomes. 

Macrophages have an important role to play in the clearance of liposomes and 

other particulate matter f?om circulation. These may be either the resident macrophages in 

the liver (Kupffer ceus), spleen, lung, gut, skin, bone marrow or Nculating monocytes in 

blood (collectively cded the mononuclear phagocyte system, MES). These specialized 

ceils work by processing and presenting antigeos, secreting cytokines that regulate action 

of other ceiis, or by recognizing foreign particulate material, including liposomes, and 

mediating their removal fiom circulation. Macrophages contain an array of receptors, 

specific for glycoproteins, lipids, and Fc fiagrnents of irnmunogiobuluis. Adsorption of 

specific proteins (known as opsonins) on liposomes, in particular, complement proteins 

(Clq, C3, C3 b), fibronectin, IgG or IgM, lads  to their binding to and their removal fiom 

circulation by specific macrophage receptors (79). Liposomes are phagocytosed by the 

macrophages and subsequently degraded in the lysosomes. 

1.1.7 In vivo distribution of liposomes after intravenous administration. 

M e r  parenteral administration, most particulate carriers are restricted in their 



distribution. Their biodistriiution depends to some extent on the size of the carrier. 

Large particles, like multilameliar liposome vesicles MLVs with diameters in the micron 

range are rapidly filtered by the fÙst capillary bed they encounter, usually in the lung- 

Smaller liposomes avoid this filteMg mesh and cirdate until removed into the MPS. The 

ability of dmg delivery systems to extravasate h m  blood to an extravascular site largely 

depends upon the capillary structure of the site. Capillaries in most tissues Iike heart or 

muscle, are continuous. Here the endothelia1 cells are tightly aligned, with an 

unintempted basement membrane. As a redt, these capillaries are impermeable to large 

macrornolecuies and colloida1 particles, Uicluding liposomes. In tissues such as rend 

glomenili or gastrointestinal tract, fenestrations exists in capillaries where the endothelial 

ceUs are separated by gaps as large as 40-80 nm, but these gaps are Likely too s m d  to 

dow the passage of liposomes. The endothelial cells h g  the capillaries of organs like 

üver, spleen or bone manow are largely discontinuous. These blood vessels have 

openings that range fiom 100-1000 nm, with the basal lamina either fiagmented (bone 

marrow, spleen) or totaily absent (liver). Cleariy these capillaries would provide routes 

for the escape of s m d  liposomes and other particles fiom circulation should they escape 

the specialized MPS cds lining the capillaries in the liver (Kupffer cds) and spleen. 

Solid tumours, as they grow, recnùt new blood vessels in a process known as 

aogiogenesis. Angiogenesis is accompanied by increased vascular permeability (80, 8 1). 

Kence, angiogenic hMoun are permeable to a variety of macromolecules, including small 

liposomes less than approximately 200 nm in diameter (82). Certain pathologicai 

conditions like i n f d o n  and innammation can also erihance the penneability of blood 
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vessels in areas of disease and results in increased liposome uptake into these tissues (8 1- 

83). Factors capable ofïncreasing the permeability of the vascular endothelia, can also 

increase the localLation of liposomes into these tissues (84). Thus, a number of 

mechanisms exist which ailow liposomes to escape fiom circulation and to passively 

accumulate in tissues. This process is strongly dependent on the ability of the liposomes 

to maintain long CircuIation times and a direct correlation between long circulation times 

and increased distribution of liposomes into solid tumours has been shown in tumour 

models of C-26 colon carcinoma, J6456 lymphoma, M-109 lung carcinoma, metastatic 

marnmary carcinomas and ovarian tumours (85-89). 

1.1.8 Interaction of liposomes with cells. 

At the cellular b e l ,  there are several possible rnechanisms for liposomes and their 

associated dnigs to interact with target celis, as illustrated in the schematic (Fig. 1.6). 

These mechanisms depend upon the composition (Le., fluidity, fusogenicity), size (large 

versus small) or charge of the liposomes, the cell type, e-g., macrophage, lymphocyte etc., 

and the presence of specinc celi receptors or liposomes surface ligands (18, 90,91). 

Random, non-specific association ofliposomes with the cell surface is the most 

cornmon mechanism of iiposome-cell interaction Non-specific interactions with cells are 

mediated through Van der W d s  forces of between liposumal lipid and ceIl surface 

wmponents (FGg. 1.6A). This r d t s  in the liposomal contents being brought in close 

proxbity to the ce& with the possibility of release of the encapsulated material and 

cellular uptake occxmhg as a hct ion of t h e  via diffusion. Another mechanism of 

iiposome-cell interaction involves the transfer and/or exchange of lipid components 



Interaction of liposomes with cells 
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Figure 1.6. Schematic for the interaction of liposomes with ceus. 
A Liposomes adsorb to the c d  surface, resulting in the drug released locally at the ceii 
surfàce; B. Exchange of lipids or hydrophobie dmgs with the ceIl membrane; C. 
Endocytosis of liposomes into endosorne and/or lysosomes, result dismantling of 
liposomes within these compartments to release the dmg intraceiiularIy; D. Fusion of 
liposomes with the celi plasma membrane, r d t i n g  in delivery of the contents directly into 
the cytoplasrn. Adapted h m  (1 8 , 9  1). 



or hydrophobic drugs firom the liposomd membrane to the celI membrane (72) (Fig. 

MB). This mechanism however, does not d o w  transfer of dmgs fiorn the aqueous 

cornpartment of liposomes, but may help induce drug leakage by destabilizing the 

iiposome membrane (92). 

Adsorption of liposomes to the ce11 d a c e  may, for some types ofcells (e-g. 

phagocytic cells iike macrophages), r e d t  in endocytosis (Fig. 1.6C). This mechanisni 

involves intemaikition of the liposomes and delivery of the liposomal dmg package to the 

endosomes. This can also be triggered in non-phagocytic ceiis, through the coupling to 

the liposome d a c e  of ligands triggering receptor-mediated endocytosis. Early 

endosomes undergo intradular processing ultimately leading to the formation of 

lysosomes. The processing of liposomes within acid environment of the enzyme-eariched 

lysosomes may eventually lead to the release of drugs from the liposomes. Whether or not 

this lads to a therapeutic effect depends on the stability of the liposomes and the ability of 

the drug to withstand lysosomal degradation. Acid-labile drugs or those degraded by 

lysosomal enzymes, e.g., phospholipases, proteases, etc., may be destroyed in the 

lysosomes. Drugs that are chemicaüy resistant in the acid milieu of the lysosomes (Iike 

DXRL) rnay remain in the lysosomes until they are released into the cytoplasm 

Fusion of the iiposomal Mayer with the ceil membrane (Fig. 1.6D). with direct 

introduction of the contents into the cytoplasm, is another mechanism of liposome-ceU 

interactions. These liposomes usudy contain a fiisogenic component like a Wal surface 

Storm, G., Regts, J., Beijnen, J.F., Roerdllik, F.H. Processing of doxorubicin-containing 
liposomes by liver macrophages in vifro. I. Liposome Res. 1: 195-2 10, 1989. 



protein (virosomes) or membrane-destabilkg lipids îike DOPE reconsthted into the 

Iiposomal biiayer. The attractiveness of this interaction is that liposomai contents 

introduced directly into the cytoplasm of the ceii bypass the acid/enzyme environment of 

the endocytotic machinexy. Fusion between liposomes, lacking fûsogenic components, 

and ceiis is thought to occur rarely, ifever. 

1.1.9 CiassicPlliposomes (CL). 

Liposomes composed of phospholipids and (usudy) cholesterol, lacking engrafted 

glycolipids, polyrners or other stericaiiy stabilizing components (vide infr) are generally 

referred to as "conventional or classical" liposomes (CL). The normal route of clearance 

of CL is by recognition and uptake by phagocytic ceiis of the mononuclear phagocyte 

system MPS, also known as the reticuloendotheliaI system, subsequent to their 

opsonization by plasma proteins (93,94). At Iow doses of neutral CL (120 nm in 

diameter), approximately 80 % of CL are cleared by the Kupffer celis of the liver and fixed 

macrophages of the spleen within minutes of i-v. injection (71). Thus, CL have short 

circulation times, and non-linear, dose-dependent pharmaco kinetics (7 1,95,96), occurrhg 

as a result of their rapid uptake by the M P S .  The pharmacokinetics of CL, is &ected by a 

number of factors, including, route of administration, dose, size, or liposome compositioq 

e-g., the inclusion of cholesterol rigid iipids andor charged components (97-99). 

The rapid uptake of most formulations of CL by the MPS cds has been the basis 

of numerous applications involving infections within the MPS, e.g., in the treatment of 

leishmanaisis (60,100) or as a means of boosting macrophage h c t i o n  with immune 

stimulants encapsulated into liposomes (101). 



It was realized that if liposomes wuld h l a t e  for longer times in blood, they 

wouid be able to reach a variety of cells other than those of the MPS. Prior to the 

development of long h l a t i n g  (sterically stabilized) liposomes (describeci later), attempts 

to reduce MPS uptake of liposomes ied to the development of srnali, ri& neutral 

liposomes. Xncreasing the rigidity of CL by incorporating high phase transition 

temperature lipids (e-g. DSPC) can decrease their extent of distribution to the MPS. Thus 

rigid CL of s u d  size, such as DSPC:CHOL, 100 nm in diameter, have circulation haK 

lives of several hours, compared to formulations of more fluid CL showing half-lives on 

the order of minutes (96). This observation led to the development of liposomal 

daunorubicin and vincristhe (56, 102). 

1.1.10 Development of long circulating liposomes. 

Pnor to the advent of long circulating liposomes, a number of attempts were made 

to reduce the uptake of liposomes by the MPS, i.e., to increase their circulation times in 

blood. It was hypothesized that this would resdt in liposomes gaining improved access to 

sites outside the MPS, 

Some of the first attempts were airned at saturathg MPS uptake, achieved by pre- 

dosing with large doses of empty conventional liposomes (CL) (96). The redting effect 

was a spill-over of liposomes into circulation (96). Along similar lines, administration of a 

MPS-blocking substances like coiioidal carbon or dextran sulphate 500 were shown to 

moderately increase circulation times of liposomes (1 03). MPS blockade, in certain 

instances, can be achieved by cytotoxic drugs like doxorubicin encapsulated in CL which 

are toxic to M P S  cells (104). However, with such attempts, major complications may 



arise as a resdt of MPS blockade (105, 106) 

in the development of long-CircuIating liposomes, there were three distinct stages, 

a) decreasing liposomal sue, b) increasing biiayer ngidity, and c) modification of 

liposomes by surface! grafting of polysaccharides, glycolipids or polymers (reviewed in 

(107)). Previous work showed a direct relationship between the liposomal size and the 

rate ofremoval of liposomes eom circuIation. The smaller the diameter, the slower the 

clearance fkom circulation (108, 109). Mer i.v. administration, large MLV' s composed 

of PCICHOL demonstrated circulation half lives of 10 min, which is approximately 4-fold 

faster clearance than liposomes of mean diametw of 80 m (1 08). 

Formulations of liposomes nom high phase transition temperature phospholipids, 

e-g., saturated DSPC, and rigid lipids like sphingomyelins (99, 1 10) and the inclusion of 

cholesterol in the bilayer both increase circulation Gmes of liposomes as a result of their 

ability to decrease bilayer fluidity and lipid exchange (1 11, 112). 

Addition of sterically stabiIïzing components to the surface of liposomes has an 

interesting history (reviewed by (107)). Several years ago it was obsenred that some 

negatively charged Lipids, particularly GM,, sulfogalactosylceramide (dphatides) and 

phosphatidylinositol (PI) (1 13, 1 14) and recently, N-gIutaryVadipy1 derivatives of DOPE 

(1 15) were able to prolong blood circulation times of liposomes f ier  i.v. administration. 

However, most negatively-charged liposomes PG, PS, PA, were cleared at faster rates 

fiom circulation compared to neutral PC-containing liposomes (99, 108, 1 13, 1 14, 1 16). 

The decreased rate of clearance ofGM,- and PI-liposomes has been attributed to the 

decreased opsonization of liposomes by plasma proteins, resdting fiom increased 



hydrophilicity ofthe liposomal surface imparted by the sugar moieties present in these 

moleailes, and the "shieldmg" of the negative charge by the conformation of the sugars 

(1 17). 

hterestingly, the work with glycolipids came about through attempts to mimic the 

outer membrane of red blood ceils, which have a surface membrane enriched with 

glycoproteins and glycolipids with teminal sialic acid residues (1 18). In early 

experiments, gangiioside GM, was show to increase circulation times of PC/CHOL 

liposomes by 4-fold, compared to conventional PClCHOL liposomes (1 13, 114, 119). 

The increase in circulation times was even more pronounced for rigid liposomes composed 

of sphingomyelin (1 13) or distearoylphosphatidylcholine (1 14). 

Surface modiication of liposomes by inclusion of hydrophilic PEG, covalently 

attached to a lipid anchor significantly prolonged the circulation times of liposomes in 

vivo, as a result of their decreased uptake by the MP S (7 1, 120- 1 25). Some of the earliest 

work on the use of hydrophilic polymers was with polymer-coated particles, e.g., bovine 

semm albumin coated with methoxypolyethylene giycol(126) and rnicrosp heres coated 

with non-ionic surfactant block co-polymer polyoxamer 3 8 8 (1 03, 127). These 

experiments were the first to descnbe the ability of hydrophilic molecules to increase 

ciradation times of particles (103, 127). Later, carbohydrates like deman, pullalan and 

other hydrophilic polysaccharides were used to wat liposomes and were found to have 

reduced MPS uptake (128, 129). 

The addition of polyethylene glycol (MW 2000) at the liposome d a c e  results in 

stericaUy stabiiized liposomes (SL). The hydrate4 flexible polymer acts by h i n d e ~ g  
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adsorption of plasma proteins (opsonins) at the surface of liposomes (22, 12 1, 130- 132). 

This in turn reduces the rate of removal of liposomes f h n  circulation by the MPS, leadmg 

to prolongeci times in blood. Another advantage that occurred nom this approach was the 

conversion ofthe phannawkinetics fkom dosedependent to dose-independent 

pharmacokinetics (7 1, 86). 

A number of studies, cornparhg different PEG derivatives of different molecular 

weights (MW 120-5000), and varying compositions, have established that PEG of MW 

2000 incorporated into liposomes at 5 mol% of phospholipids is optimal for long 

circulation times. More recently new hydrophilic and flexible polymers have been 

descnbed including poly(acry1amide) and poly(viny1 pyrrolidone) (1 3 3), poly (oxazolines) 

(134), and poly(giycerols) (13 5),  which, when incorporated into liposomes, result in 

circulation times approaching or equivalent to PEG-liposomes. 

1.1.11 Pharmaco kinetics of liposomal anthracyclines. 

Doxorubicin (Dm) is the most widely used dmg of the anthracycline family (Fig. 

1.7). DXR is classifkd as an antitumour antibiotic and was fïrst isolated fkom strains of 

Streptomycespeucetius. The basic chernical structure of the molecule consists of a 

tetracyclic ring, the aglycone, of which one ring is a quinone (Fig. 1.7) . This part of the 

m o l d e  is water insoluble, and is a chromophore which has the ability to fluoresce upon 

excitation In addition to the aglycone backbone, the molecule contains an amino-sugar 

moiety, which is responsible for imparting a hydrophilic character to the dnig (136). 

DXR has a broad spectmm of antitumour activity, and is active against a range of 

malignancies including carcinomas of the breast, ovaries, lung, thymid, and 
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Figure 1.7. Structurd formulae of some anthracylines that are currently in dinical 
use. 
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gastrointestinai tract, as weii as tumours of mesenchymai origin such as acute lyrnphocytic 

and myelogenous leukemias, lymphomas, myelomas, and sarcomas (1 37). 

Some of the cornmon adverse effects of DXR are nausea, vomiting, bone rnarrow 

suppression, mucositis alopecia, cardiac toxicities, and extravasation injuries leading to 

tissue necrosis. Of these side effects, cardiac toxicities are the most serious. DXR 

exhibits both acute and chronic forms of cardiotoxicities (136). The acute version can be 

elicited within minutes of i.v. administration of DXR, and is commonly detected as cardiac 

arrhythmias, contractile defects, and wnduction abnormalities. The dose Iimiting 

toxicities of a single dose of DXR are myelosuppression and stomatitis (MTD for a 

single dose is approxknately 60 mglm2) (136). Delayed cardiotoxicity, including, late 

cardiomyopathies and congestive hart failure, can be fatal and is the dose Iimiting 

toxicity. The onset of delayed toxicities usually occurs at cumulative doses of 

approxirnateiy 550 mgh? DXR (1 36). 

DXR crosses liposornal membranes or enters cells Ma passive diffusion. The drug 

exists in equilibrium between a neutrai and an ionized fonn. OnIy dmg molecules in the 

unionized form are able to cross celi membranes. The amino group on the sugar moiety is 

protonated at acid pH, and due to the low membrane pemeability of the protonated 

species, the charged form of the dmg is unable to cross cell membranes. Io addition to the 

difnision of the drug Uito cells, DXR can also undergo active efnwc eom ceils expressing a 

transmembrane transport pump, P-glywprotein (P-gp). 

The exact cytotoxic mechanism of the anthracyclines is still unclear. One of the 

proposed mechanisrns is intercalation of the anthracycline with adjacent base pairs of 
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nucleic acids @oth DNA and RNA), leadmg to &'bition of DNA and RNA polymerases, 

and inhibition of protein synthesis (138). Altemate pathways for cellular cytotoxicity 

include the induction of topoisornerase II-mediated strand breaks. Free radical generation, 

anthracycline-mediated chelation of iron, and bioreductive activation (by one or two 

electron reduction) to superoxide andlor peroxide anions has also been implicated in 

widespread damage to DNA and celi membranes. 

DXR is one of the most commonly used liposomal drugs. The pharmacokinetics 

of both the liposomal drug and the fiee drug are well understood uable 1.3). Free D m  

when administered i.v. is rapidly cleared from plasma in a biexponential manner with initial 

distribution half-life (t,a) in humans of 0.06 h (51) and in rnice of 0.08 h (47). DXR has a 

slow terminal elimination phase with a half-Me (t,P) in humans of 10 h (5 1). and in mice 

of 8.6 h (47). L i e  most anthracyches, DXR has a high apparent volume of distribution, 

V, of 365 L, as resdt of extensive drug distribution into tissues. Doxorubicinol, a 

cytotoxic metabolite is the primary breakdown product of DXR upon its 

biotransfonnation by liver NADPH-dependent aldo-ketoreductase. Two additional 

inactive agiycone metabolites, narnely the Fdeoxy-  and 7-hydroxy-agiycones are products 

of reductases and hydrolases. A large fiaction ofDXR is excreted via the bile, both as the 

parent dru& metabolites or thei. glucuronides- and sulphated-conjugates. Renal excretion 

accounts for a small (cl0 %) proportion of the drug. 

Encapdation of DXR in liposomes changes its phmacolcinetic profile 

substantidy (Table 1.3). When entrapped in SL the liposome-associated dnig exhibits a 

primarily monoexponential c1earance pattern, indistinguishable fiom that of the carrier 



Table 1.3. A cornparison of pharmacokinetic parameters of free anthracyclines (doxorubicin (DXR) and daunorubicin (Dm)), 
and liposomal formulations of DXR and DNR that are in clinical use in humans. 

Treatment 

Free DXR 

t,,a, initial half-life; t,$, terminal hal'life; AUC, area under the concentration time curve; C, , peak concentration; CL, clearance; 
V,,, volume of distribution. 
* liposome composition: HSPC:CHOL:PEG2000-DSPE: a-tocopherol, 56.2:3 8.3 : 5.3 :0.2 molar ratio, 100 nm in diameter. 

liposome composition: egg PCCHOL, 55:45 molar ratio, 180 nm in diameter. 
"liposome composition: DSPC:CHOL, 2: 1 molar ratio, 45 nm in diameter. 
(Adapt ed from (1 39)). 

Free DNR 

i.v.dose 
(ms/m2) 

25 
50 

t,,a(h) 

0.07 
0.06 

1 

80 

t&h) 

8.7 
10.4 

0.4 5 5.4 O. 77 10.33 

AUC 
(~g*h/ml) 

1 .O 
3.5 

c,,, 
(MW) 

3.3 
5.9 
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and fke dmg in *o. Pharmacolcinetic studies of DXR-SL (HSPC:CHûL:PEG--DSPE 

or HSPC:CHOL:hydrogenated PI) in rodeuts and dogs show that the bulk ofthe drug was 

eIuninated with haif-lives (td ranghg fiom approximately 15 to 30 h (47, 140). V, was 

close to the estimated plasma volume, suggesting that DXR is confked largely to the 

central cornpartment. In humans, the circulation haKlife was found to be even longer 

with t, of approximately 2 days and V, of 6 L. A substantial increase in circulation times 

of DXR-SL was observai compared to solid formulations of DXR-CL (HSPC:CHOL:PG) 

which had a t, approxhately 1 h or fluid DXR-CL (eggPC:CHOL) which had a t, of 0.3 

b The AUC in mice was higher for DXR-HEWL (1 099 pgMml), compared to 58.5 

pgWd for DXR-CL and 3.9 pgh/ml for fiee DXEL There was also a decrease in 

clearance of the dnig by more than 200-fold for DXR-SL (0.2 m l h  for DXR-HPI-SL) 

compared to fiee DXR (5 1.3 mVh). The altered kinetics resuIted in a 3-fold reduction of 

the concentration of DXR in the heart, which is usefiil in eliminating some of the dose- 

limiting toxicities associateci with the fiee dnig. Similar reductions in the peak levels of 

DXR in heart was also reported for DXR-SL in rats (141). These results suggest that 

DXR-SL may dow greater cumulative doses of DXR to be administered clinicaily before 

cardia toxicities appear. 

Altering the lipid composition and the dnig content of liposomes has been shown 

to produce marked changes in the plasma levels of liposomal DXR High doses (20 mgkg 

Dm) of smaii neutral CL (DSPCCHOL), 100 nm in diameter when injected into mice 

were able to retain as much as 80 % of the injected dose in ciradation after 24 h (104). 

This effecî was partly due to the toxicity of DXR to cells of the MPS subsequent to its 
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deiivery to the MES via DXR-CL. Mice ïnjected with DXR encapdated in either 

HSPC:CHOL, 10: 8 @=-CL); HSPC:CHOL:HPI, 9:8: 1 @XR-HPI-SL) or 

HSPC:CHOL:PEG--DSPE (DXR-SL) r d t e d  in plasma DXR levels d e r  24 h of 3.6, 

12.5 and 34.8 pg DXR/rnl, respectively. However, altering the phospholipid in DXR-SL, 

fiom HSPC to either DPPC or eggPC, resulted in either a 2-fold or 50-fold reduction in 

the plasma concentrations of Dm respectively. The change in drug levels was attributed 

mainly to lower vesicle stability and increased membrane permeability of the liposomal 

biiayer to DXR when lower phase transition phospholipids were present in SL. 

Phase I, II and III clinid studies have been conducted in cancer patients to 

compare the pharmacokinetics of kee D m  DXR-CL (HSPC:CHOL:PG) and DXR-SL 

(HSPC:CHOL:PEG--DSPE) at two doses of 25 and 50 mglm2 (5 1,54, 142). Free DXR 

is characterized by rapid distribution (t, < 5 min), short elimination t, (approxhately 10 

h) and its signincantly greater clearance and V,, compared to DXR-SL. For DXR-SL, a 

minor portion (<5%) of the injected dose is distributeci with a t, of approximately 1-3 4 

and, the remainder (95%) was cleared with a t, approximately 45 h. Compared to fiee 

DXR or DXR-CL in humans DXR-SL had a decreased volume of distribution V, 

decreased clearance and a greater mean residence the,  di contributhg to increased 

therapeutic availabiiity of the drug (Table 1.3). 

1.1.12 Targeted liposomal drugs. 

The liposomes which have airrently received clinid approval rely on "passive" 

targeting for their increased uptake into solid tumours or regions of inflammation. This 

"passive" targeting strategy is not expected to increase targeting of liposomes within the 
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vasculatwe, as these Liposomes have low recognition to target celis, e.g., to circulating 

ceus fiom hematological malignancies, nor would there be any targeting to 

micrometastatic tumours prior to angiogenesis. Increasing the site-specific deiivery of 

dmgs in these instances requires a new approach. The ne- generation of iiposomes relies 

on a strategy of "active" or ligand-mediateci targeting. In this approach, antibodies or 

ligands which recognize ceii dace-associated antigens are attached at the surface of 

liposomes containing associated therapeutics. Binding of the liposomal drug package to 

its appropnate antigen will result in the selective deiivery of drug to the target ceUs. 

These targeted liposomes are calleci "immuno1iposornes" or "ligand-iiposomes". As 

outhed below, a number of chernical couphg techniques have been developed for the 

attachent of antibodies at the ceil suface- 

Monoclonal antiiodies have been widely used in liposomal targeting. A number of 

couphg strategies have been developed to attach antibodies or ligands to liposomes and 

have been used for targeted applications (reviewed in (15)). This has been made possible 

by the development of several cross W g  reagents that allow covalent wupling of the 

targeting moieties to either the surface of the liposomes, anchored to phospholipid 

headgroups, or to the termini of PEG chahs Vig. 1.8 and 1.10). Ideally the couphg 

method should be simple, rapid and combine a high coupihg efficiency, with retention of 

the biiding affinty of the Ab. There have been several covalent methods and one non- 

covalent method used to attach antibodies to liposomes (Fig. 1.8 and 1.10). 

The non-covalent method takes advantage of the strong a££inity of avidin (or 

streptavidin) for biotin (143). In this approach, biotinylated antïbodies are conjugated 
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Figure 1.8. Strategies for the formation of targeted liposomes (CIL and SE). 
Ligands can be linked covalently the surfiice of CL or SL, or Iinked non-covalently 
through avidh / biotin. For SIL, ligands can be attached to the tenninus ofPEG via end- 
group bctionalised PEGs. S E  can aiso be created Born SL, SL from CL or SIL fkom 
CIL, by transfer of polymers in the fom of micelles, which spontaneously incorporate into 
the liposomes (adapted £tom (1 5 ) )  



Figure 1.9. Binding of immunoliposomes to target celis. 
Ligands attached to the surface of immunoliposomes containhg PEG are stencally 
inhibited f?om binding to target epitopes on the cd d a c e  at low mAb/PEG molar ratios 
(1). Ligands can be conjugated to liposomes via a spacer molecule (e-g., avidin) and in 
this case, c d  binding can p r o d s  unhuidered by PEG (2). However, initial ligand 
coupling efficiency may be reduced by the presence of PEG on the liposomes. Two-step 
method of ce11 binding of ligand-liposomes has been achieved by biotin-labelleci liposomes 
to chase streptavidin conjugated A b s  (3). Ligands can be conjugated at the distal end of a 
spacer endgroup fbctionalised molecules (e.g., functionalised PEG-lipid denvatives) and 
ceii bmding proceeds unhindered by PEG. Adapted nom (1 5). 



B. MPB-PEG-PE Meaiod 

C. PDP-PEG-PE 
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D. Hydrazide-PEG Method 

Figure 1.10. Schematics of various stnitegies for coupling antibodies or ligands to 
SL. 
(Adapted fiom (53)) 
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to biotinylated Iiposomes vio an avidin or streptavidin bridge (144-150) (Fig. 1.8, 1.10). 

A variation on this is the two-step approach. In this case, a biotinylated antibody or ligand 

is first allowed to bind to the receptor, and subsequently is chased with streptavidin- 

Liposomes (Fig. 1 -9) (1 5 1, 1 52). Although this non-covalent ap proach appears to be 

simple, it has low coupling efficiency, is prone to liposome aggregation, and avidin and 

streptavidin are potentidy immunogenic. Hence the applicability of the non-covalent 

methodologies for human use may be limited. 

There are three main covalent methods for the attachent of ligands or antibodies 

to liposomes and they are illustrated in Figures 8- 10 with their variations. Pnor to the 

development of poIper-grafted long circulating liposomes, most of the coupling 

procedures involveci the attachent of the ligands directly to the surface of preformed 

liposomes by conjugating the antibodies to the polar head groups of phospholipids (53, 

153-156). Symmetric bifiindonal cross-linl8ng agents like glutyrddehyde, suberimidate, 

and carbodiimide aliow coupling between the amine group of PE and amino groups on 

anti'bodies. However, these bifunctional cross-linking reagents often result in the 

aggregation of the proteins or liposomes. As a result, heterobifunctional cross-Mers 

were developed and were able to minimize some of these problems as the two functional 

ends of the reagent have Merent cross-linking entities (53). 

Most heterobifhctional couphg reagents modify an amino group on the 

headgroup of phosphatidylethan01arnine (PE) (53), and usually relies on the formation of a 

thiolether bond between the ligands, antiody or antiidy hgments and pre-fonned 

liposomes (Fig. 1.9). Liposomes containhg N-pyridyldithiopropionyl-PE (PDP-PE) can 



be reduced to give fiee thiol groups and can be coupled via thiol-ether linkages to 

maleunide groups introduced ont0 proteins, using a heterobifunaional cross iinker such as 

N-succinimidyl-4-@-maleimidophenyl)butye (SMPB) (1 53, 1 57). The reaction can also 

be revend, presenting the maleimide groups on the iïposomes and the thiol groups on the 

proteins (158) (Fig. 1.9). 

Another approach cuvalently links the antibody to a phospholipid anchor, usudy a 

denvative of PE prior to the formation of the Liposomes (1 59). This method involves 

carbodümide activation of ligands followed by coupling to carboxyl groups on the lipid 

anchor N-giutaryl-PE advated with N-hydroxysulfosuccinimide (1 59- 164). 

Irnmunoliposomes using this method were prepared by either direct hydration of these Ab- 

lipid conjugates or by solubiiizing the Ab-Lipid conjugates in detergent in the presence of 

phospholipids and cholesteroi, and fomiing immunoliposomes by dialyzing away the 

detergent (15% 16 1). The major disadvantage of this approach is the orientation of an 

unlaiown portion of the Ab to the liposomes intenor, where they are unavailable for 

binding . 

W~th the development of polymer-graffed liposomes, alternative strategies have 

evolved to attach the antibodies to the distal ends ofhctionalised PEG-lipid conjugates 

(53, 165). The dynamic movement of PEG polymer chahs on the d a c e  of liposomes, 

was found to sterically hinder the approach of Ab to the phospholipid headgroup region of 

the liposomes surface and r d t e d  in low couphg eficiencies for PEG-liposomes (53). 

As a resulf new strategies are being developed to fom PEG-immunoliposomes, where 

ligands could first coupled to the liposome surface or attacheci to PEG, as previously 
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d e s c n i  and in a subsequent step, PEG in micellar form could then transferred into these 

immunoliposomes (166) (Fig. 1.8) . Altematively, thiolated antibodies could be coupled 

to maleimidophenyl butyrate-PE @!PB-PEI-containing liposomes, foUowed by the 

chernical cunjugation of PEG at the liposome surface- Although both methods were able 

to introduce antibodies to the outer surface of liposomes, the PEG chains on liposomes 

were found to sterically huider target biiding of the Ab (Fig. 1.8). 

The most successfid strategies have involveci direct attachrnent of antibodies to the 

terminus of PEG using fiuictionaiised PEG-lipid wnjugates. The lipid-PEG-ligand 

conjugate may be either incorporated either before or after Liposomes preparation. Thiol 

amino-succinimidyl-, carboxyl- and hydrazide groups have been introduced onto the PEG 

terminus. As described earIier, reactive thiols on antibodies or liposomes, fom stable 

thiol-ether Linkages with maleimide residues htroduced on Liposomes or antibodies, 

respecfively . 

Two commody used hctionalised PEGs are PDP-PEG-PE, which react with 

maleimide derivatized Abs to form immunoliposomes, and MPBPEG-PE, which reacts 

with thiol-derivatized Abs (Fig. 1.9). In a difFerent approach, proteins activateci by 

carbodiimide have been attached to the carboxyl-denvatized PEG (1 67). 

Iinmunoliposomes have also been prepared by inwrporating hydrazide-derivatized PEG 

into liposomes durhg their preparation (53, 168- 1 7 1). This method involves the oxidation 

of the antibody at carbohydrate residues on the antibody Fc regions (168). The reactive 

aldehydes generated during oxidation are capable of condensation with the hydrazides on 

the distal ends of PEG forming stable hydrazone linkages. This is a relatively simple 
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procedure which immobfies the antibody through the Fc region, exposing the binding 

regions. The hydrazide fùnctional group has a pKa of 3.0, so it is stable at physiological 

pH and dissociates at low pH (172). 

1.1.13 Targeted liposomaI systems. 

Several parameters determine the overall effectiveoess of antibody-targeted 

lipoçomal therapeutics. Among these factors, are the binding atnnties of the targeting 

m o l d e  to its antigen, the rate of dissociation of üiis cornplex, and the density of the 

antigen at the cell surface. Ideaily, the target antigen would be expressed only by tumour 

tissues, and not by normal tissues, which would improve the selectivity of targeting. 

While tumour-specific antigens are not wide-spread, several cancers overexpress antigens, 

e.g., HER2 (165), or express modified normal antigens, e.g., mucin-I(173). This provides 

a window of opportunity to target tumour ceus to a greater extent than n o d  tissues. 

Problems associateci with antibody-based therapies include: tumour ceII 

heterogeneity and down-regdation or Ioss of epitopes duMg tumour growth and lack of 

access of the Ab-particdates into the tumour interior (174). Some tumours shed antigens 

into the blood. This is useM as a diagnostic tool but creates problems for dnig targeting 

(175). Cirdating antigens will bind to antibody-targeted delivery systems trïggering their 

removal &om circulation and preventing them fiom reaching their desired targets. One 

strategy to hancile this wouid be the depletion, or inactivation of the soluble antigen by 

pre-injecîhg a mflicient quantity of free antibody prior to the targeted liposomai therapy. 

Additional problems &ses when atternpting to treat large soiid tumours with Ab-based 

therapies. The penetrability of immunoliposomes into solid tumours may be resüîcted by 



the "binding site barrie? (174). In this case, it is hypothesized that immunoliposomes 

would bind the first target c d s  they encounter, usually at the tumour exterior, restricting 

the penetration of the targeted liposomes into the inner tumour mass. 

A major concem with the use of antibody-based therapies is the potential of 

generating a host immune response to the foreign protein (4, 176-178). Most antibodies 

are aurently of murine origin, and murine antibodies when administered to humans, have 

been shown to elicit a human anti-mouse antibody response (HAMA) (4, 176, 179, 180). 

This results in part through the recognition of the Fc region of the antibody by the cells of 

the immune system, partiailady macrophages which have Fc receptors (1 8 1, 182). This 

problem can be addressed in several ways. Recent advances in the production of 

chimerized or humanized Abs reduces the potential for HAMA, but does not eliminate it 

completely (4, 176). The use of anti'body hgments, such as F(ab), Fab' (165), single 

chah (Sv) fragments (183) or humanized antibodies (1 84) rnay have decreased 

imrnunogenic potential, but this remains to be tested. Aiternatively, one could eliminate 

the potential for HAMA completely through the use of various endogenously ligands as 

targeting molecules, e-g., growth factors, folate, transfemîn, asialofetiun, peptide 

sequences to adhesion receptors, carbohydrates, glycoproteins or apolipoproteins. The 

potentid problems with this Iast approach is that these ligand receptors, although often 

overexpressed on tumours, are also expressed on normal tissues. Therefore, some non- 

specific activity against normal cells may occur. 

Over the years, the area of antibody-targeted liposomes has attracted increashg 

interest. Many different targetïng moieties directed to a variety of targeting sites have 



been attached to liposomes. Monoclonal antibodies have been the most widely used 

moleniles for liposome targeting, however, numerous other ligands have also been 

investigated to target various ceif antigens and receptors (1 5 1, 160, 167, 178, 185-203) or 

tumour associated antigens (162,204-207). These inchde, peptides (170), proteins and 

iipoproteins (208,209), carbohydrates (210-212). glycuprotelis (1 85,2l3,Zl4), growth 

factors and vit& (196,215) (and reviewed in (15, 16, 175,216)). 

1.1.14 In vivo therapeutics in experimental models. 

The fïrst demonstnition of in vivo targeting of long-circulating immunoliposomes 

was fkom Mamyama et al. (1 59). They demonstrated that as much as 50% of an injected 

dose of GM,-irnrnunoliposomes conjugated to a monoclonal antibody (34A) against a 

anticoagulant glycoprotein thrombomodulin expressed on capillary lung endothelial ceUs 

was shown to localize into lungs (159). The targeted liposomes demonstrated 

significantly increased binding and retention of liposomes in lung compared to 

immunoliposomes lacking the targeting antibody. SimiIarly, PEG-immunoliposomes 

conjugated to the same antibody 3 4 4  were able to show increased recognition of 

liposomes for rat lung endothelial tissue. 

Torchilin et al., have desaibed successfd in vivo targeting of PEG 

immunoliposornes to infarcted rabbit heart. Experimentdy induced-cardiac infarcts, were 

treated with PEG-immunoliposomes coupled to antimyosin Fab' fragments. Signiiïcantiy 

increased numbers of immunoliposomes bound to myosin, exposeci as a result of cellular 

hypoxic damage in the infarcted hearts (162,217). In another experiment, binciing of anti- 

myosin immunoliposomes to a cytoskeletai antigen of rat embryonic cardiocytes were 
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shown to increase ceU-viabiiity compared to untreated controls, presumabIy by sealing the 

sites where the cell membranes had been ruptured as a result of ischernic damage (21 8). 

On similar lines, oxidative injury in fetal lungs as a result of oxygen supplementation, is 

another interesting applications where targeted liposomes have been utilized in 

experimentally-induced conditions (2 19). pH-sensitive liposomes containhg surfactant 

protein-A were able to deliver five-fold higher enzyme superoxide dismutase to fetal rat 

lung distd epithelial ceus under oxidative stress, compared to non-targeted Liposomes 

(2 19). 

There are very few models where the therapeutic effectiveness of 

immunoliposomes have actuaiiy been studied. The first successfiil therapy with 

immunoliposomes was in a murine mode1 of lung squamous ceU carcinoma ceil line (KLN- 

205) (146, 147). Ahmad and Men demonstrated that KLN-205 celis, seeded into the 

mouse lung foiIowing i.v. injection, could be effectively targeted at day 3 after c d  

implantation with immunoliposomd DXR coupled to mAb 174x64 (146). A signincant 

improvement in therapeutic effectiveness, with some long-tem survivors was observed for 

the immunoliposomes compared to f i e  cimg or antiiody-fiee SL (146, 185). However, 

when mice were treated one to three weeks following ceil implantation, the 

immunofiposomes lost their effeciiveness (185). These resuits may reflect the restricted 

ability of the immu11oliposomes to penetrate into some types of large sofid tumours due to 

the "binding site banier", described earlier. 

Bankert et al. showed that liposomes loaded with Ara-C and bearing anti-idiotypic 

Abs to an idiotype specinc for an Ig receptor on the surfàce of a murine B-cell tumour, 
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2C3, was able to suppress the growth of tumour in the spleen of mice, but did not affect 

the growth of the sarne himour in the peritoneum (220). In other experiments, human 

ovarian carcinoma cells (OVCAR-3) were found to spdcaliy bind immunoliposomes in 

vitro but did not demonstrate any improved therapy with the targeted liposomes in i-p. 

xenografis of the ascitic tumour in nude mice (207,324). Lack of internaIization of the 

antiibody-targeted Liposomes &er target-ce11 binding, dong with leaky dmg formulations 

was suggested as an explanation. The drug released at the ceil surface in vivo fkom the 

le* formulations would rapidly redistribute away fiom target ceiis. 

EMT-6 mouse marnmary carcinoma cells, which seed into murine lungs d e r  i.v. 

injection, were targeted with GM,-immunoliposomes bearing the antibody 3 4 4  which 

bind to lung endothelid cells, and carrying the lipophilic prodmg 3',5'-O-dipalmitoyl-5- 

fluoro-2'-deoxyuridine (dpNdR) (201). In this case, the prodmg, released in close 

proximïty to the target EMT-6 ceus, dernonstrated a sipifkant effect (165% T/C) when 

the treatments were initiated one and three days post inoculation of tumour cells, and the 

immunoliposomes were superior to non-targeted liposomes or fke drug (201). In this 

model, the physiological characteristics of lung capillaries permitted drug molecules to be 

retained in close proxhity to the site of implantation of tumour cells, with the bound 

liposomes acting as depots for sustained h g  release in the lungs (201). As this targeting 

approach does not directiy target tumour celis but normal cens in the vicinity of the 

tumeur, clearly toxicities to the normal tissue would be expected. 

In other studies, Caov.3 ovarian xenografts implantai S.C. in nude mice were 

treated in an advanced stage of tumour development with immunoliposomal doxorubicin 
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coupled to mAb B43.13 by the i.v. route (185). Treatment with immunoliposomal DXR 

was less effective than the non-targeted liposomd DXR (185). This may reflect the 

greater penetrab'fity of the non-targeted wrsus the targeted liposomes into these larger 

tumours. 

Some promishg ment targeting results have been obtained with HERZm- 

overexpressing breast tumour xenogds in nude mice (16). DXR delivered via 

humanized anti-HEB.2-Fab' antibody hgments coupled to Liposomes significantly 

increased the antitumour activity and the irnmunoliposomai dmg resulted in improved 

cytotoxicity compared to either the fiee dmg or non-targeted liposomes in this solid 

tumour model(16, 165,206). The penetration of immunoliposomes in this soiid hunour 

model was not affected by the occurrence of the "binding-site" barrier (described earlier). 

These results may be explaineci by the Uiherent physiology of this breast tumour 

xenogdls, Le., extent of vascularization and presence of interstitial spaces, that may allow 

greater percolation of liposomes into the tumour. In this model, the breast cancer ceus 

expresseci a high density of the targeted antigen, there was a high binding affinity of the 

anti-HER2-Fab'-imrnuno1iposomes, and the binding resulted in intemalization of the 

liposome-drug package, all of which probably contribute to the observed results (165, 

206). 

With the exception of the results with the anti-m-immunoliposomes, the 

above r d t s  suggested that immunoliposomes performed better when they had 

unrestricted access to thei. target ceU, e.g., vexy srnall tumours, or sites accessible £kom 

the vasailature iike damaged heart ceus or lung endothelid cells. A consideration of the 



results to date suggest that hernatological rnalignancies, where immunoliposomes have 

unrdcted access to single ceils in blood, may r e d t  in successfbl therapy with 

immunoliposomes. 

1.1.15 Hematologieril malignancies: B-cell lymphomas and multipfe myeIoma* 

The majority of hematological cancers are B and T cell malignancies (221). 

Cirdating populations ofB and T lymphocytes originate fiom plunpotent stem cells at 

sites of hematopoiesis such as fetal liver and bone marrow (222,223) Vig. 1.11). Pnor to 

their differentiation into either B or T celis, lymphocytic precurson enter a highly 

regulated program of lymphocyte maturation. B ceils in the bone marrow and T cells in 

the thymus undergo stages of selection that removes lymphocytes that are defective or 

possess self-reactive antigen receptors (224, 225). Both ceii types use similar mechanisms 

for their immune receptor assembly, and they activate sunilar, but not identical, pathway s 

upon antigen-receptor and coreceptor stimulation In the peripheral system, B and T cells 

act on different celis, and have dinerent fiinctions. While T c d s  are primarily involved in 

mediating ceIIu1a.r b u n i t y ,  B cells are involved in the host humoral immune response. 

T cells mahue in the thymus, and develop specific antigen receptors, T-ceil 

receptors (TCR) that d o w  them to recognise specific endogenous antigens. Unlike the 

immunogiobutin (Ig) molecules, TCR do not recognize soluble antigens (223). TCR 

moIecules are associateci with a varieîy of SurEace receptors, oamely, CD2, CD3, CD4, 

CD8, CD45, or CD28 (226,227). Engagement of the receptors or coreceptors with 

cornplementary molecules forming receptor-complexes has been shown to be necessary for 

a complete response of T cells to recognized antigens. Different T lymphocyte 
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Figure 1.11. Stages of 5 and T-lymphocyte differentiation. 
B and T cells originate fiom the pluripotent stem ceUs in the bone rnarrow and mature 
through a senes of differentiation and maturation events as illustrated. B-cd lymphomas 
and MM are characterized by a regenerative, rnalignant lincage of B cds ,  which may 
derive f?om any ofthe B-ce11 subsets. In MM, malignant B ceIIs are suggested to 
continuously Werentiate into plasma ceUs which populate the bone marrow to cause 
overt symptoms of MU 



subpopulations exkt with different effector hctions, mainly T-helper (CD4) and T- 

cytotoxic (CD8) ceus (226) (Fig. l. 1 l). T celis interact with specific antigens presented 

on the surface of special antigen-presentation cells via the major histocompatibility 

cornplex, M C ,  displaying either class II MHC (CD4' T cells) (228) or class I MHC 

mo1ecules (CD8' T celis) (229,230). CD8' T ceiis mediate a variety of cytotoxic 

hctions, like destniction of virus-Sied ceIIs, and are referred to as cytotoxic T cens. 

In contrast, CD4' helper T celis are involved in the secretion of lymphokines, they 

support antigen-dependent differentiation and the expansion ofcytotoxic T celis (223). 

B cells are the major cell type invo1ved in humoral immunity (222, 23 1). EarIy B 

cell development starts in the fetal Iiver and then continues in the bone marrow (232) (Fig. 

1.11). The first ceII type denved fiom the pluripotent stem ceil which is cornrnitted 

towards B-limage is the "pro-B ceIl" (232). Ceils of the B lineage expand in the lymphoid 

organs and in the bone marrow. In these tissues, the presence of soluble mediators like 

cytokines and growth factors may be needed for early B-cell development. During 

maturation these ceus migrate towards the centre of the bone marrow, and exit into the 

circulation via the capillary sinuses. B ceUs initially reside in the'bone marrow, migrate 

into blood and fiaally the bone marrow where they mature into plasma ceUs (225,232) 

(Fig- 1.11). 

B-effector celis and particdarly plasma cells which are end-stage merentiated B 

cds, produce irnmunoglobulins that are capable of binding to soluble or cell-surfàce 

antigens (23 1). Naive B c d s  carry membrane recepton on thek celi surface that are 

necessary for ceildm activation and merentiation during B-ce11 &turation During B 



lymphocyte development, the assernbly of the multiple variable (V), diversity (D) and 

joining (0 regions of the gene is directed by DNA rearrangements at the immunoglobulin 

loci to form exons encoding the heavy and light chains of the Ab molecule (233). The 

patterns of heavy and Light chah immunoglobuh (Ig) gene rearrangements, and Ig protein 

expression, either surface or cytoplasrnic, are associated with dierent stages ofB celi 

development (233,234). Some of the distinct phenotypes expressed on B cells during 

maturation are illustrated in Fig. 1.1 1 (222, 225,23 5). B cells are capable of internahg 

a variety of antigens, and fiirther processing them for presentation to T ceiis (228). 

Most B ceUs express d a c e  IgM and IgD, but rarely other Ig isotypes. 

Membrane-associated Ig have structural homologies to secreted Ig. Immunogiobulins 

present on B cells are usudy associated with CD79 molecules and have potential signal 

transduction fùnctions (225). Membrane Igs form a part of a B-ceil receptor complex 

with wreceptors such as CD19, CD21, CD22 (222,225,236). Activation of these 

molecules usuaily modulates antigen-receptor signaIlhg in B celis which determines the B- 

dl response to the antigen (225,237). At present there are several accessory m o l d e s  

known to bind coreceptors on B cells, narnely, the CD19KD2 1 complex, CD20, CD22, 

CD24, CD40, CD45 (225,236-240). 

CD19 and CD21 noncovaIently associate to form a multimenc complex on the B 

celi Surface (236, 237). CD19 is a 95 kD Ig superfamily of glycbprotein expressed f?om 

eady stages of B c d  development untif the late B cel stage (237). Not much is known 

about the fùnction of CD19 on B cells. However, activation of CD19 in vitro has been 

implicated in increased tyrosine phosphorylation, activation of phosphoiipase C, inositol 



(iP3) turnover, calcium mobilization, and stimulation of serine-specific protein kinases 

(234,241,242). 

Human malignancies involving the cells of the B-lineage are usually classineci 

according to their stages of B-lymphocyte dierentiation. Clonal expansion ofB 4 1 s  may 

be restricted to blood or may involve tissues through which these celis transit, partiailarly 

the lymph nodes. These include malignancies of either early precurson (Le., pre-B cells, 

or proB ceus), B cells or plasma cells2. Immunophenotypicaily, B-celI lymphomas and 

leukemias express B ceIl merentiation antigens, in particular CD 19, CD20 and CD22, 

monotypic surface immunogIobulùi (usudy IgM heavy chah) and p and A light chah?. 

B-ceii lymphomas comprise a diverse group of cancers that range f b r n  relatively 

indolent low grade diseases to extremeiy aggressive forms (243,244). Historically, 

malignant lymphornas were divided into Hodgkin's and non-Hodgkin's lymphoma, based 

on differences in histology and disease progression. Many malignant B-ceIl lymphomas 

are characteriseci by genetic abnormalities, where chromosomal translocations (or 

rearrangement) lead to  oncogenic mutations. At the molecular level, several 

bans1 ocatiom, Le., t9 (2;8) (q 12; q24) and t(8;22) (q24; q 1 l or q12) in lymphomas have 

been described2, and have been suggested to play a role in the pathogenesis of B-cell 

malignancies. The progression and transformation of a B-celi clone into a malignant form 

is usuaily accomplished by a variety of pathways, namely, activation of onwgenes ($WC, 

LAZ3), andlor deletion and mutation of tumour suppressor genes @53). In addition, 

* CaneIlos, G.P., Lister, TA, and Sklar, J.L. (eds.), The Ipphomas, W.B. Saunders Co., 
Philadelphia, 1998. 
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Epstein-Barr V i s  (EBV), a lymphotropic herpes vhs, is presently the best known viral 

contributor in the devefopment of human lymphomas and is associated with increasing 

nurnbers of patients with human B-ceII rnalignancies. 

Most B cell rnalignancies are sensitive to chemotherapy and radiotherapy. Patients 

with low or intermediate grade disease may undergo remission &er first h e  

chemotherapy, however, patients with high grade disease are usudy not curable with 

standard chemotherapy. Current chemotherapeutic protocols usually consists of a 

combination of anticancer drugs, including cyclophosphamide (C), doxorubicin (A), 

methotrexate (M), prednisone (P), bleomycin (B), dexamethasone @) or Wicristine (V) 

(245,246). The most wmmon regimens include: CAVP, MBACVD or MACVBP. High- 

dose chemotherapy and autologous bone marrow transplants has established itseif as a 

salvage therapy for several patients with refiactory or relapsed B-ceU lymphoma. More 

recently several biological therapeutic approaches are under clinical investigation for B- 

ceil lymphoma. These include ufili7i1tion of inteferons O, monoclonal antibody-based 

approaches, cytokines and growth factor therapy. 

Multiple myeloma is the most common of the plasma ceiI dyscrasias, and is 

characterized by bone marrow infiltration ofthe terminally differentiated neoplastic plasma 

ceils (247-249). The disease is manifesteci by severe bone dekction, hypercdcemia, 

elevated blood protein spikes (M-protein), Bence Jones proteinuria and ensuing kidney 

stress (248). The incidence of myeloma has been increasing in recent years with nearly 

13,000 people diagnosed every year in the USA alone (25q25 1). The current incidence 

stands at approximately 3 in 100,000 people (250). In MM, mortality rates are very 



similar to the incidence rates, because almost aii of the people who develop the disease 

eventuaIIy sucaimb to the disease witbin 2.5-3 -5 years &er diagnosis or onset of 

treatment (247-249, 25 1) 

Plasma ceus are the end-effector cens of the B lymphocyte lineage that produce 

and secrete antigen-specific antibodies (252). They originate fiom hematopoietic stem 

d s  in the bone marrow, and then maturate to B cels and consequently to plasma cells 

through a senes of activation, proliferation, and differentiation stages (23 1). Historically, 

considerd a malignancy of the plasma celis (249), the identity of malignant stem ceUs in 

MM is stiU under debate (253-257). Recent evidence implicates a circulating population 

of malignant B lymphocytes in the pathogenesis of MM (258,259). Patients with MM 

have been shown to have abnormal numbers of B celis in peripheral blood. Continuously 

differentiating, monoclonal B cells have been reported, with extensive DNA aneuploidy 

(255,259). The fact that MM B cells display characteristics consistent with invasive 

progenitors of plarma ceiis, Le. expression of cellular diaerentiation antigens and adhesion 

receptors for binding and extravasation, Ied to spedation that this population of 

rnalignant B cds may be involved in the pathogenesis of MM (255,257,260-263). 

Conventional chemotherapy is the usual treatment for MM patients. Aggressive 

chemotherapy in MM usually involves a combination ofdnigs, containhg one or more of 

the foliowing anticancer dnigs: doxorubicin (adriamycin, A), vincristhe (V), nitrosureas 

@CNU, B), meIphalan 0, demethasone @), prednisolone (P) and cyclophosphamide 

(C). Combination chemotherapies for MM include: ABCM, VAD, BCP, MP, and VBAD 

(264). In addition, MM is radiosensitive cancer and hence radiotherapy remains an 



important adjunct to chemotherapy for local lesions. However, with conventionai 

chemotherapy and/or radiotherapy, complete remissions are very rare (264). Patients that 

initiaily respond to either or both treatments, in nearly all cases fataDy relapse w i t h  a 

couple of years. 

Recent therapeutic approaches for MM have moderately improved the outlook for 

MM patients. Interferons 0, display potent inhibitory eEects on ceil growth by 

interferhg with one or more cellular biochemical processes, including, alteration of 

expression of several genes, namely, c-myc, c-fos etc. (265). High-risk patients with MM 

treated with IFN therapy display improved response with this new approach (266). High- 

dose chemotherapy and whoIe body irradiation, alone or in wnjunction with a bone 

marrow (BM) transplant bas been shown to improve relapse-fiee intervals (264,267). 

The rationale behind BM transplantation is that BM ablative therapy rnay have the 

potentid to eradicate the malignant disease, which after BM transplantation, would have 

the potential to regenerate the immune system after cessation of treatment. 

Resistance to chemotherapy is a cornmon problem in myelorna and at lest  30% of 

patients are resistant to primary chemotherapy (264). In many cases, drug resistance is 

associateci with the expression of the multidnig resistant (MDR) phenotype. A 170 kDa 

giycoprotein, cded P-glywprotein (P-gp) is a product of the MDR gene known to be 

oversrpressed on resistant c d s  (268,269). The P-gp transporter hct ions  by rnodulating 

drug efeux £kom cells, and is a substrate for a variety of structurally dissimilar 

cbemotherapeutics including, doxombicin (269). The extent of overexpression of Pgp on 

malipînt B ceils in MM has been correlated with resistance to chemotherapeutics (258, 
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270-273). Efforts to overcome h g  resistance include the use of high dose chemotherapy 

and combination treatments with dmgs which are not substrates for MDR transport (264). 

More recently, severai dmgs including cyclosporine and verapa.mil have been shown to 

reverse drug resistance in vim, and based on the positive results in vitro, clinical trials are 

currently underway in patients with rehdory disease and undergoing VAD therapy (273- 

275). 

In spite of these ment advances in treatments for B-cell lymphomas and multiple 

myeloma, complete remissions can ody be achieved in patients with low or intemediate 

grade B-celi Lymphomas. In the case of high grade B-cd Iymphomas or standard 

chemotherapy is generally ineffective and eventuaiiy alrnost al i  patients relapse and 

becurne rehctory to M e r  treatment. Both these diseases are still Iargely incurable, and 

hence there remains a need for the development of new dmg treatment alternatives for 

these cancers. One new approach is the subject of this thesis. 



1.2 BYPOTKESIS AND OBJECTIVES 

Most anticancer agents, including doxorubicin, are limited in their clinid use due 

to severe dose-limiting toxicities. Encapsdation of dmgs within dmg delivery systems 

like liposomes may decrease some ofthe h a r d 1  side effects and improve patient 

response. This is related to liposome-mediated changes in the pharmacolcinetics in generai 

and distribution of entrapped anticancer dmgs in partiailan The selective targeting of 

liposomai anticancer drtigs via s p e c  antibodies (resulting in immunoiiposomes) against 

antigens expresseci on malignant ceus could improve the therapeutic effeaiveness of 

liposomal preparations as weli as reduce some of the adverse side effects associated with 

conventional chemotherapy. 

The applicability of immunoliposomes in the treatment of human B-ceU diseases 

including multiple myeloma (MM) and B-cell lymphoma has not yet been explored. 

Clonal expansion of malgnant B cells resident in blood of B-ceil Iymphorna or MM 

patients may be unique targets for immunoliposomal therapy. Long-circulating liposomes 

(SL) containing the anticancer dmg doxorubicin (DXR), and coupled to the monoclonal 

antibody anti-CD 19 (SIL[anti-CD 1 91) may be usefbi in the treatment of hemat ological B- 

cell cancers, where the SIL[anti-CD 191 rnay have unrestncted access to the maligpant B 

c d s  in blood. Specinc binding and internalization of the DXR-SIL[anti-CD 191 dmg 

package via the intemaking CD19 leucocyte Werentiation antigen could deliver higher 

dmg levels to cells leading to improved cytotoxicity, compared to non-targeted DXR-SL 

or f k e  drug. This strategy may d o w  selective targeting and eradication of maligmnt B 

ceiis h m  blood of B-ceIl lymphoma or MM patients, improving patient Survivai. This 
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approach may have an additionai advantage of preventing non-specitic toxicities to other 

ceiis, in particular T lymphocytes, preserving T-ceii-mediated imrnunity in patients. 

The research objectives of this thesis were to evduate the application of 

immunoliposomd therapy in B-ceil cancers. In order for immunoliposornes to be clinically 

useful, they must be able to satisfy certain criteria. This thesis examines several ofthese 

criteria, namely, formulation of immunoliposomal preparatioos, coupling of antibodies to 

liposomes, in viho binding characteristic of irnmunolîposorne~~ cytotoxicity of 

immunoliposomai drugs, in vivo pharmacukinetics and therapeutic effectiveness in 

xenograft models of human B-ceii cancers in severely compromis& immunodeficient 

(SCID) mice. This thesis describes some of the fist Liposome targeting renilts to CD1gt 

human B c d  cancers. 

Chapter 3 deds with in vitro and in vivo targeting of human B-cell lymphoma 

(Namalwa ceU he) .  An animal mode1 of human B-lymphoma has been developed in 

SCID mice. The application of DXR-SILLanti-CD 191 in targeting and therapeutic studies 

has been eXamined. In vivo pharmacokinetics were cunducted in both naive outbred rnice 

and tumour-bearing SCID mice. The ciradation t h e  of immunoliposomes in outbred 

mice and thek ability to target Namalwa ceUs in turnour-bearing mice was studied. To test 

the effectneness of the targeted liposomes in vivo, therapeutic experiments were done to 

compare the targeted liposomal drug versus fke drug or various non-targeted liposomai 

cirug foda t ions  in SCID mice xenografts of the B-celI lymphoma. Parameters studied 

included: diEerent drug fomulations, routes of turnour ceii implantation, routes of 

treatments, tumour-cell burden, dose and dosing schedde. 
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In Chapter 4, the celiuiar trafkkiog and internalization of  DXR-SIL[anti-CD 191 

by N d w a  cells in via0 was examineci. Recognition of immunoliposomes by Namalwa 

cells was studied with fluorescent liposomes and fi ow cytometry. The drug uptake hto 

ceus was quanGed ushg HPLC and attempts were made to correlate this with ceilular 

cytotoxïcity using various cytotoxicity assays. Two independent in vitro assays were used 

to examine the mechanisms for the intracdula. handhg of liposomes by Namalwa ceils: a 

fluorimetric method to monitor the intraceiiular pH using a pH-sensitive pyranine probe 

encapsulated into liposomes, and direct visuaIization of the intraceliular distribution of 

liposomes using confocal imaging microscopy. 

In Chapter 5, we evaiuated the applicabdity of immunoliposomes in the treatment 

of human multiple myeloma using similar assays to those describeci above. This chapter 

incorporates work done on the targeting of DXR-SIL[anti-CD191 to human peripheral 

blood mononuclear cells f b m  MM patients. 



CHAPTER 2 

I n  vitro and in vivo targeting of immunoiiposomal doxombicin to 

human B-ceii lyrnphoma 

(Cancer Res. 58: 3320-3330, 1998) 



2.1 ABSTRACT 

The ability to selectively target liposomal anticancer dnigs Ma specific ligands 

against antigens expressed on malignant cells could improve the therapeutic effectiveness 

of the Iiposomal preparations as well as reduce adverse side effects associated with 

chemotherapy. Long-circulating fomulatiom of liposomes containing lipid derivatives of 

poly(ethylenegiyco1) (PEG) (stencally stabilized liposomes, SL) have been described 

previously and new techniques have recently been developed for coupling monoclonal 

antibodies (rnAb) at the PEG temiinus of these liposomes. Antibody-targeted SL 

(immunoliposomes, SE) containing entrapped anticancer dmgs are predicted to be usefiil 

in the treatment of hematological malignancies such as B-cell lymphomas or multiple 

myeloma (MM') where the target cells are present in the vasculahire. 

The specinc binding, in Miro cytotoxicity and in vivo antheoplastic activity of 

doxombicin (Dm) encapsulated in SIL coupled to the mAb anti-CD19 (SIL[anti-CD191) 

was investigated aga& malignant B celis expressing CD 19 surface antigens. Binding 

experiments with SIL[anti-CD191 resulted in a three-fold higher association of the S E  

with a human CD 19' B lymphoma ce11 line (Narnaiwa) in cornparison with non-targeted 

SL. Using flow cytometry, fluorescently-labelled SIL[anti-CD 191 bound to B cek, with 

no recognition of T cells in a mixture of B and T cells in culture. Non-targeted SL 

demonstrated significantly lower recognition of either B or T cells. Targeted DXR- 

SIL[antitiCDi9] displayed a higher cyîotoxicity to B cells relative to DXR entrapped in 

non-targeted SL. 

Therapeutic experhents in SCID mice implanteci with Namalwa celis by the i.v. or 



i.p. routes, resulted in significantly increased effectiveness of DXR-SIL[anti-CD 191 

compared to sunilar amounts of fiee DXR, DXR-SL (no Ab) or isotype-rnatched non- 

specific antibodies attacheci to DXR-SL. Single doses (3 mglkg) DXR-SIL[anti-CD 191 

admùustered i.v. resulted in a signincantly improved therapeutic benefit, including some 

long-tem survivors. From our results, we infer that targeted anti-CD19 liposomes 

containing the anticancer dmg DXR may be selectively cytotoxic for B ceils, and may be 

useM in the selective elimination of circulating maiignant B celIs in vivo. 

2.2 I N T R O D U O N  

B-ceU rnalignancies (B-cell leukerniasAymphomas and multiple myelorna (MM)) 

rernain a major group of human hematological cancers and are still largely incurable (247, 

257,276, 277). Their immunological f a e s ,  and clhical prognosis are dependent on the 

rnalignant expansion of a clonal B-cell phenotype, and the diseased cells are confined 

mainly in the vascular cornpartment. Most patients ulitiaily respond to conventional 

chemotherapy d o r  radiotherapy, but in nearly ail cases the disease recurs and bewmes 

rehctory to fiirther treatment. 

Recent therapeutic approaches to cancer have focussed on developing novel 

deIivery systems to increase the therapeutic indices of anticancer agents by targeting h g s  

to diseased cells and away f?om normal tissues (12). One approach utilizes the expression 

of ceU-SUIface epitopes as unique targets for the selective delivery of antibody-based 

therapies 0.e. immunoconjugates, radiolabelled antiibodies, Ab-polymer conjugates or 

immunoliposomes) (4, 7, 1 1, 13, 14, 185,216,278,279). Liposome encapsdation of 
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anticancer dnigs can alter their phamüicokinetics and biodistniution resulting in increased 

efficacy and/or decreased toxicity (47, 5 1, 86,280.28 1). Long-cirdating, dose- 

independent Liposome formulations containhg en@ed poIy(ethy1eneglycol) (PEG) on 

their surface (sterically stabilized or StealthR liposomes, SL) have been developed (71, 

121, 123, 163,282) and doxorubicin (Dm)-containhg SL (DoxilR) has been approved in 

a number of countries for treatment of Kaposi's sarcoma (142). 

With the recent development of methods for couphg specific ligands to the PEG 

temiinus of SL (53, 165, 167, 168,283,284), new opportunities exkt for use of 

immunoliposomes as homing devices for selective targeting of anticancer dmgs to 

diseased ceils (146, 147, 185,202,2 16,217,285). A few studies have shown that 

sterically stabilized immunoliposomes (SL) have signincanty increased target celi binding 

in vibo (53, 147,202,284,285) and result in improved therapeutic efficacy in vivo in the 

treatment of eady (micrometastatic) solid tumours (146, 185). However, SIL appear to 

Iose their advantage in treating more advanced solid tumours (185), iikely because the 

"binding site bamieru restricts penetration ofthe SIL into the tumour intenor (174, 286). 

Targeting of immunoliposomes within the vasculature, where the SIL shouid have 

unrestricted access to malignant cens, is a feasible strategy for the treatment of 

hematological diseases (eg. B or T ceii maiignancies and MM). In particular, this 

strategy may d o w  selective eradication of the malignant B cell population fiom the blood 

of B-cd lymphorna (or MM) patients. Selective targethg of the malignant B cells may 

have the additional advantage of preventing non-specinc toxicity to T cells, preserving T 

ceii mediated immune responses in patients. A M e r  advantage might corne fiom the 
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abiiity of the SIL to overcome multidsug resistance (MDR) in B d î s  (258,270,271). 

Targeting an internaking CD19 epitope, may result in enhanced delivery ofthe liposome- 

drug package to the ce11 interior via the lysosomes, bypassing the plasma membrane MDR 

pump mechanism. 

The CD19 receptors are exclusively expressed on most B-iineage rnalignancies, 

and are absent on haernatopoietic stem ceiis in the bone marrow (287,288). This 

approach aliows targeting to the malignant ceils, leaving the progenitor population intact. 

The free anti-CD19 antibody, by itseE has cytotolric effects and is currently in preclinicai 

and clinical trials for the therapy of B-celi leukemias and lymphornas, cunjugated to to& 

or as targeted radiotherapy (9,288-293). 

In this study, we selectively targeted CDW malignant B cells in vitro and in vivo 

with DXR-containing SIL, coupleci with a mAb anti-CD 19 @XR-SIL[anti-CD 191). A 

CD19' human B-cell lymphoma (Namalwa c d  line) which grows readiîy in SCID rnice 

was chosen as a madel system to examine liposome targeting. In these experiments, we 

demonstrate increased targeting and specinc cytotoxicity to Namaiwa ceils by DXR- 

SIL[anti-CD 191 relative to DXR-SL or f?ee DXR In addition, in vivo phannacokinetics 

and Survival experiments were performed in SCID mice xenografh of the Namalwa c d  

line. Our results demonstrate that targeted irnmunoliposumal therapy compared to either 

DXR-SL, fkee DXR, or free antibody can resuit in a significantly improved therapeutic 

benefit in mice implanteci with the B-cell tumourUT 



2.3 MATEXXALS AND METEODS 

2.3.1 Materiais. 

Hydrogenated soy phosphatidy lcholine (HSPC), poly(ethyleneg1ycol) (molecular 

weight 2000) covaiently linked to distearoylphosphatidylethanolamine (PEG--DSPE) 

and hydrazide-derivatized PEG (Hi-PEG-DSPE) were generous gifts from SEQWS 

Pharmaceuticais, Inc. (Men10 Park, CA) and have been described elsewhere (123, 168). 

Cholesterol (CHOL) and 12- [N-(nitrobenz-2-0xa-1,3-diazol-4-yl)~ 

phosphatidylethanolarnine (NBD-PE) were purchased from Avanti Polar Lipids 

(Alabast ers AL). N-acetyl-methionine (NAM), Sephadex G50, Sep harose CL-4B, sodium 

periodate, and 3-[4,5-dimethylthia~01-2-yI]-2,5,-diphenyltetraz:olium bromide 0 were 

purchased £tom Sigma Chernical Co. (St. Louis. MO). Doxorubicin (Dm Adnamycin 

RDF) was obtained fiom Adria Laboratones Inc. (Mississauga, ON). RPMI 1640 media 

and fetal bovine semm (FBS) was purchased nom Gibco BRL (Burlington, ON). 

Cholesteryl-[1,2- 3H-(N)]-hexadecyl ether ([3HJCKE), 1 -48-2.22 TBqfmmoI, was 

purchased fiom New England Nuclear (Mïssissauga, ON). Iodobeads were fiom Pierce 

Chemid Co. (Rockfiord, L). Tyraminylinulin synthesis and preparation of 

[lUI]tyranrinYlinulin ([lZgTI) has been previously describeci (294). Ali other chemicals 

were of dy t i ca l  grade p e  

2.3.2 Mice. 

Female CD I(1CR)BR outbred mice were obtabed nom Charles River (St. 

Constant, Quebec) and kept in standard housing. Female C.B .- 17/Icr-Tac-SCID mice 4-6 

weeks of age, weighing 18-20 g, were purchased from Taconic Famu (German Town, 
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NY). The SCID rnice were housed and maintained in sterile enclosures under specinc 

Wus and antigen-fie conditions. SCID mice were maintaineci on a specified diet with 

trllnethoprim-sulphame~oxazote in thei. drinking water. Mice were used when they were 

7-10 weeks old. Ali experirnents were approved by the Heaith Sciences Animal Welfsre 

Committee (University of Alberta). 

2.3.3 CeU lines and antibodies. 

Murine mAb anti-CD19 (eom FMC-63 murine CD19 hybridorna) and isotype- 

matched control IgG2a (IAG. 11) were obtained nom Dr. K Zola (Child Health Research 

Institute, North Adelaide, Australia) (295). The concentration of ail  mAb were 

determined by spectrophotometry (&=280 nm) and the identification of mAb and purity of 

some batches was assessed by SDS-PAGE. AU rnAb reactivities were checked pnor to 

use by indirect immunofluorescence using fluorescein isothiocyanate (FITC)-labeiied goat 

anti-mouse IgG and fluorescence activated dl sorthg (FACS) (Becton Dickinson, San 

Jose, CA) against appropriate ceU lines. In FACS expehents, to discriminate individual 

populations of B and T cells, the following mAb-fluorescent conjugates were used: 

FMC63 -FITC (anti-CD 19-FITc conjugate), B 1 RD l (ad-CD20-phycoerythrin (PhE)- 

conjugate) (Coulter, Hialiab, FL), and Leu J-PhE (ah-CD4-PhE conjugate) (Becton 

Dickinson, San Jose, CA) dong with the appropriate F ï ïC or PhE-conjugated isotype- 

matched controls. Anti-CD45-PhE was mAb 17G10 nom Dr. J. WiIkins, Univ. of 

Manitoba 

For iodination of mAb, 2 mg mAb in 300 pl 25 mM N-2-hydroxyethyl piperazine- 

N-2-ethanesulphonic acid (HEPES), 140 mM NaCl (pH 7.4) was treated with 185 MBq 
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NaLY1 and 5 iodobeads in a 2 ml reaction via1 at 22OC for 1 h. The r e d t h g  [ 'BQn~b was 

desalted over a Sephadex G25 column in the same HEPES buffer to remove unreacted 

fhe 12.'1. The specific activity of the [12511m~b radiolabel was deteTmined nom its y 

COUnts. 

The human B ce11 lymphoma Line, Namaiwa (ATCC CRL 1432) was obtained 60m 

Amencan Type Culture Collection (Rockville, MD). A human T-lyrnphoma ceIl line (H9) 

(ATTC HTB 176) was a gift fiom Dr. L. Chang (Department of Medical Microbiology 

and Iinmunology, University of Alberta). AU ceU lines were grown as suspension cultures 

in RPMI1640 supplemented with 10 % heat-inactivated FBS and maintained at 37°C in a 

humidified incubator (90 % humidity) containhg 5 % CO,. 

2.3.4 Preparation of liposomes. 

Liposomes were composeci of either HSPC:CHOL:mPEG#)OO-DSPE at a 2: 1 :O. 1 

molar ratio of phospholipids (PL), or HSPC:CHOL:Hz-PEG,-D SPE (2: 1 :O. 1 molar 

ratio). For fluorescently- labelleci liposomes, NBD-PE (1 mol %) was incorporated into 

the lipid mixture. For ['2SqTI-Ioaded liposomes, the aqueous space label was added 

during Liposome hydration In some experiments, [3HJCHE was added into the liposome 

composition during preparation, and is a non-metabolized, non-exchangeable lipid tracer 

(296,297). Each of these markers did not affect the physical stability, Le., size of 

liposomes. Briefly, dried lipid films were hydrated in 25 mM HEPES, 140 mM NaCl 

bufFer (pH 7.4) and sequentially extruded (Lipex Biomembranes Extruder, Vancouver, 

BC) through a series of polycarbonate flters (Nuclepore Corp., Pleasanton, CA) of pore 

size ranging fiom 0.4 down to 0.08 pm. This extrusion procedure has been shown to 
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produce primarily smaii unilamellar vesicles (33, 34). The mean diameter of liposomes 

was determineci by dynamic light scattering using a Brookhaven B 190 submicron particle 

size analyser erookhaven Instnunents Corp., HoltsviUe, NY). The diameters of extmded 

Liposomes were in the range of 1 10 * 10 nm. 

For DXR-loaded liposomes, the dmg was encapsulateci by remote loading using an 

ammonium sulphate gradient (42). Briefly, liposomes were hydrated in 155 m .  

ammonium sulphate (pH 5.5) and the extemal buffer was exchanged by eluting through 

Sephadex G-50 column equiiibrated with 123 mM sodium citrate (pH 5.5). DXR was 

added to the liposomes at a PL:DXR ratio of k0.2 wlw and incubatecl for 1 h at 65°C. 

The liposome-encapsdated DXR was separated fiom the fiee DXR over a Sephadex G-50 

column eluted with 123 mM sodium citrate (pH 5.5). The concentration of the liposome- 

entrappeci DXR was detemiined by spectrophotometry (A= 490 nm) and phospholipid 

concentrations were detenniaed using the Bartlett colorimetric assay (298). The loading 

efficiency of DXR was greater than 95 % and liposomes routinely contained DXR at a 

concentration of 140-160 pg DXRlpmol PL (0.24-0.28 pmol DXEUpmol PL). 

Immunoliposomes (SIL) were prepared by the hydmide couphg method (53). 

Bnefly, mAb was oxidized with sodium periodate (10 mM in distilled water) for 1 h at 

22°C. The excess penodate was quenched with 50 mM NAM and oxidized mAb was 

incubated with Hz-PEG-liposornes (ovemight at 5OC) at an Ab:PL molar ratio of 1: 1000. 

This mAb:PL coupling ratio resulted in mAb densities on SIL of approximately 40-60 pg 

mAblpmol PL, which is considered optimal for maintaining long-circulation times of 

liposomes in vivo (53). F ' i y ,  the immunoliposomes were separated f?om the fiee mAb 
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over a Sephadex CL-4B column equiiibrated with 25 mM HEPES b a e r  (pH 7.4). The 

efficiency of couphg was determineci nom the amount of [ltJI]-labelied mAb bound to the 

d a c e  ofiiposomes, expressed as pg mAb/pmol PL. Al1 mAb couphg densities on 

liposomes (HSPC:CHOL:Hz-PEGm-DSPE, 2: 1 :O. 1 molar ratio, 100 nm diameter) were 

routinely in the range of 40-60 pg antiuCD19/pmol PL (2.6-3.9 x10" pmol mAb/pmol 

PL). 

2.3.5 In vibo ceil bindinghptake experiments. 

Ceii binding and uptake experiments were penomed with Namalwa ceils and H9 

cells. CeUs were plated at 1x10~ celli100 pl RPMI1640 supplemented with 10 % FBS in 

48-well tissue culture plates. Various formulations of [3~-CHE-labeI.led liposomes, with 

or without wupled anti-CD19, were added to each weli (50-1600 nmol/rnl) and 

maintained either at 4OC or 37OC in a humidified atmosphere containing 5 % CO, in air in a 

total volume of 200 pl. In cornpetition experirnents liposome binding was conducted in 

the presence of 6 to 200-fold excess fke antibody (6.4 x 104 pmol fiee anti-CD19) which 

was added 15 min pnor to the addition of SIL[anti-CD 191. Mer 1 h incubation, the ceiis 

were washed tfiree times with cold phosphate buffered saline (PBS) (pH 7.4) and the 

amount of [3~CHE-liposomes associated with the ceiis was determined by scintillation 

counting (ACS scintillation fluid) in a Beckrnaflfl LS-6800 wunter. The amount of 

liposomes bound (in nmol PL) was calailated fiom the initial specinc activity of L3W- 

CHE-liposomes. 

In some experiments, immunoliposomes were labeiled with a green fluorescent 

Iipid marker, NBD-PE (0.1 mol %), and liposome-cell recognition was determuid using 
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FACS. Various formulations of NBD-PE-labelleci Liposomes were incubated with a mix of 

B and T lymphoma ceils ( lx l~~ce~s/wel l )  at a nnal PL concentration of 400 nmollml for 1 

h at 37°C in a humidifieci incubator containhg 5 % CO2. CeUs were washed three times 

with immunofluorescence (IF) buffer buEer: PBS containing 0.1 % FBS and 0.02 % 

sodium azide) and nxed with 1 % formaldehyde prior to analysis on the flow cytometer. 

Ceii debris were excluded by appropriate gating on forward versus side angle scatter 

profiles. Files were collected of 10000-20000 events and later analyseci using the LYSIS 

II software program (Becton Dickinson, San Jose, CA). For two-colour 

immunofluorescence experiments with mix of B and T lymphoma ceils, cells were labelled 

with red-labelled anti-CDZO-PhE (B ceii marker) or anti-CD4-PhE (T cell marker) to 

identify the individual ceil populations, in addition to the green-labelled liposomes. 

Appropriate fluorescent isotype-matched control Abs were used to ascertain specific 

labelhg and identification of appropriate cell types. 

2.3.6 In viao cytotoxicity experiments. 

A cornparison of the in vitro cytotoxicity of fke h g  and various liposomal 

formulations, were perfomed on CD 19* Namalwa c d s  and a CD lP T lymphoma celI line 

(H9) with an in vitro proliferation assay utilinng the tetrazolium dye (MTT) (299). 

Bnefly, 5x10~ celIs were plated in 96-weU plates and were incubated with either fiee DXR 

or various formulations of DXR encapsulated in long-circulati~ liposomes with or 

without antibody. Groups included fiee anti-CD 19, f?ee isotype-rnatched IgG2a, free 

D m  DXR-SL; DXR-SL conjugated to either anti-CD 19 @XI(-SIL[anti-CD 191) or 

isotype-matched wntrol mAb IgG2a @XR-NSIL[IgG2a]. DXR-SL and DXR-SL were 
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used alone, or in conjunction with fke anti-CD 1 9, 10 pg/1 o6 cells. Additionai experiment 

groups included non-specific, isotype-matched IgG2a mAb @XR-NSIL[IgGZa]), or 

ernpty (no D m )  SIL[anti-CD191. Ceus were incubated for 1-24 or 48 h at 37°C in an 

atmosphere of 95 % humidity and 5 % CO2. For the 1 and 24 h time points, cells were 

washed twice prior to replacing with fiesh media, and were incubated for an additional 47 

and 24 h, respectively. Ali plates were incubated for a total 48 h. At the end of the 

incubation tirne, tetrazolium dye was added and the plates were read on a Titertek 

Multiskan Plus (Huw Laboratones Inc., Mississauga, Ont.) at dual wavefengths 570 and 

650 nm. The absorbante reading fiom each weii was proportionai to the ceii viability and 

results were expresseci as percent cell viabiiity of test compared to untreated controls. 

The IC, of the test was defined as the concentration of the test h g  that produced a 50 

% reduction in ceii viability compared to untreated controls. 

2.3.7 Pharmacokinetic and biodistribution of liposomes in CDl(ICR)BR (outbred) 

versus S C I D  mice implanted with CD19* Namalwa celis. 

Female CDl(ICR)BR (outbred) mice or SClD mice bearing i.p. Namalwa ceils in 

the weight range of 20-30 g were injected via the tail veh with a single bolus dose of 0.2 

ml liposomes (0.5 pmol PUmouse). Liposomes were composed of HSPC:CHOL:Hz- 

PEG--DSPE (2: 1 :O. 1 molar ratio, 100 m in diameter), with or without coupled anti- 

CD 1 9 (or isotype-matched IgG2a), and contained approxhately 2-4x 1 O' cpm of aqueous 

space label [lUI]TI (1 13,294). Free [USIJTI is rapidly excreted aiter i.v. administration, 

and has a high latency when encapsulatecl in liposomes (71, 113). At selected time points 

(0.5, 1.2, 47 6, 12,24 or 48 h) post-injection, mice (3fgroup) were anesthetized with 
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halothane and sa&ced by ceMcai dislocation. A blood sample (100 pl) was collecteci 

by hart puncture and major organs namely, liver, spleen, lung, heart, kidney were excised. 

For tumour-bearing SCID mice, in addition, the mesentenc lymph nodes were isolateci. 

Ail organs were counted for the [lUIJ- label in a Beckmann 8000 gamma counter. Blood 

correction factors were applied to di saniples (300). Pharrnacokinetic parameters were 

calculateci using polyexponential curve stripping and les t  squares parameter estimation 

program PKAnalyst (Micromath, Salt Lake City, USA). 

23.8 In vivo therapeutic experiments. 

Namalwa cds were passaged i.p. in SCID mice to develop a more vident main 

with reproduaible tumour takes. The pre-adapted ce1 h e  was grown in tissue culture and 

ceils were hamested in sterile PBS. Cell viabiity was assessed by dye exclusion using 

eosin staining prïor to implantation SCID mice were injected with pre-adapted celis in 

0.2 ml sterile PBS either i.p. (5x10' cells) or i.v. via the tail vein (5x10~ ceiis). Mice 

injected i.p. developed ascitic tumours and had a mean Survivd t h e  ( M S T )  of 23 days. 

Mice injected i.v. had a MST of approximately 20 days and mice were teminateci when 

thq. showed signs ofhind-leg paralysie. From some mice, blood samples were taken by 

tail vein bleeding and the blood lymphocytes were separateci using Ficoil-Paque gradients. 

Diseased animals were subjected to a gross histopathological examination to detect 

tumour dissemination In order to detect twnow ceiis in the tissues, samples ofliver, 

spleen, lung, hearî, kidney, bone marrow and solid tumours were dissociated with 

pronase-collagenase treatment, followed by labelhg with both anti-CD19-FITC and a d -  

CD45-PhE, and d y s e d  by FACS. 
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For therapeutic experiments, mice (5/group), implanted with i.v. (5 x 106 or 1 x 10' 

tels) or i.p. (5 x 106 or 5 X 10') cells, were treated at either 1 or 24 h post-implantation, 

with single doses or three weekly doses of 3 mgkg DXR (i-v. or i.p.) as either free D m  

DXR-SL (no Ab), DXR-SIL[anti-CD 191 or DXRXRNSILFgG2a]. The dose of 3 mglkg 

DXR was close to the MTD in SCID mice, and at this dose mice did not develop any 

DXR-induced toxicities. Free mAb treatments (&-CD 19 or isotype-matched control 

IgG2a) were also investigated at doses of 10 pglmouse. The contribution to the 

therapeutic results of the fiee mAb, anti-CD 19, was investigated in conjunction with either 

fiee D m  DXR-SL (no Ab), DXR-SIL[anti-CD 191. Treatments were given either as a 

single dose or three weekly treatments at a dose of3 mgkg DXR. Mice were monitored 

routinely for weight Ioss and &val times were noted. 

2.3.9 Statistical andysis. 

AU hear regression analyses were done using Quattro Pro 4.0 @orland Inc., 

Scotts Vdey, CA). Unless otherwise staîed, Student's t-test was used to masure 

statisticai significance between two treatment pairs. For multiple cornparisons of groups in 

the cytotoxic assays, or mean &val times of various treatment groups within the same 

experiment were performed using one-way andysis of variance (ANOVA) with INSTAT 

(GraphPAD software, version 1.1 1 a). Post-tests comparing the different treatment means 

were done using Bonferroni's test. Cornparisons oftwo means between groups of 

different experiments were done using Student's t-test. Data was considered significant 

for p values < 0.05. 



2.4 RESULTS 

2.4.1 In vitro recognition experiments. 

To examine if Unmunoliposomes (SIL[anti-mg]) codd specifidly target CD19+ 

B c e 4  in vitro binding studies were conducted at 4 and 37°C with the Namalwa ceil line 

and a control CD 19- T ceil line (H9) Fig. 2.lA-C). Binding was quansed fkom the 

specific activity of r3HI counts associated with ceiis. To discriminate the processes of ceil 

binding and uptake, the experiments were wnducted at 4 and 37°C. The association 

(binding + uptake) of SIL[anti-CD 191 or SL (no mAb) by 1x10~ Namalwa cens after 1 h 

incubation at 37°C is shown in Fig. 2 . l k  There was a 3-fold increase in association of 

SL[anti-CD 191 to Namalwa celis compareci to Ab-fiee liposomes (Fig. 2.1 A). 

Bindingluptake of the SIL[anti-CD 191 increased log-linearly with incubated lipid 

concentrations (in a concentration nom 50-200 nmol PUd)  and appeared to saturate at 

concentrations greater than 400 nmol PUml (Fig. 2.1A). Association of SIL[anti-CD 191 

with Namdwa cells wuld be competitively inhibiteci by the addition of excess fiee an& 

CD 19, indicating that the association was mediateci through the CD 19 surface epitope on 

B cells (Fig. 2.1A). Non-specific bindinghptake of SL (no Ab) was also observed, but 

was signincantly lower t h  specific binding (Fig. 2.1 A). 

From the binding plots, the dissociation constant (KD) and the maximum number of 

liposomes bound per ceil were determineci @a using non-hear regression rnethods. 

The number of liposomes/pmol PL was estimated to be 7.7 x 1012 Iiposomes/CimoI PL 

(caldatecl fiom the Literahire values for bilayer thickness, molecuiar areas of PL, CHOL 

and PEG, with the assumptions that liposomes were sphericai, 100 nm in diameter, 



Figure 2.1. Binding/uptake of [3~CH%labeUed liposomes by B and T cells as a 
function of liposome concentration. 
Liposomes were composeci O~HSPC:CHOL~PEG~-DSPE, 2:l:O. 1 (100 ~i in diameter) 
* mAb anti-CD19. SL or SIL[antitiCD19] were incubateci with 1x10~ Namalwa celis at 
either 4°C or 3 7°C. In cornpetition experiments, the binding of SIL[anti-CD 191 was 
conducted in the presence of excess £tee anti-CD19. (A) Namalwa celis, 3 7°C. (B) 
Namalwa cens, 4°C Çmcluding insert) and (C) H9 cells, 37OC. Data are expressed as m o l  
PL * SD per 1 O6 cells (n=3). 



monodisperse, and contained udamellar bilayers) (3 0 1-3 05). This translates into 

approximately 48,000 total bhding sites for CD19' Namalwa ceUs by SIL[anti-CD191 

(versus 15,000 SL non-specifically bound) at saturated concentrations of PL. Therefore, 

there are 33,000 specific binding sites for SIL[anti-CD 191 on Namaiwa cells. The 

dissociation constant, K, for the SIL[anti-CD191 was 160 pM phospholipid, which was 

2.5-fold greater than that seen for the SL. 

The bindinghptake of SIL[anti-CD 191 by the CD 19- T c d  line, H9, was 

signincantfy lower than for the CD19' B ceils and no significant diifences were observed 

in cornparison with control Ab-& liposomes (Fig. 2.1C). Bindingluptake of SIL[anti- 

CD 191 to Namalwa cells at 37OC was significantly higher than the binding at 4OC (Fig. 

2.1A vs. B), suggesting a requirement for metabolic processes in the uptake of SIL[anti- 

CD 1 91 by the target ce11 (3 06). 

2.4.2 Specific recognition of immunoliposomes SIL[antLCD19] to B ceiis in a mir of 

B and T cells. 

Using flow cytomew (FACS) and green fluorescent NBD-liposomes, specinc 

labelling to human B ceil lymphoma (Namalwa ceil he) was evaluated in a mix of 

CD lg,ZO* Namalwa and CD4*CD 19- T cell lines (Fig. 2.2). Fig. 2.2A shows cells stained 

with isotype-matched control antiiodieç. in Fig. 2.2B, foiiowing staining with fluorescent 

mAb anti-CD19-FITC (B ceiis) and anti-CD4-PhE (T cells), the mixture of cells, could be 

resolved into two populations wntaining 44 % of the CD19' B ceils and 47 % of the 

C M 4  T cells, respectively. Treatment with non-targeted SLs showed no appreciable 

association of the NBD green fluorescence to either the CD20'B cells (Fig. 2.2C) or the 



Figure 2.2. Two-colour fîow cytometry for selective recognition of fluorescent NBD- 
labeiied liposomes by CD19+ B lymphoma ceils (Namalwa). 
NBD-labelled (O. 1 mol %) fiposomes were composed of HSPC:CHOL:PEG=-DSPE 
(2: 1 :O. 1 molar ratio, 100 nm) mAb anti-CD 19. A mixture of CD l9,2O' B and CD4', 
CD 19' T celis were incubated with either SIL[anti-CD 191 or SL, and stained with either 
ad-CDZO-PhE (B 1RD 1, B c d  marker) or anti-CD4-PhE (T cell rnarker). (A) Cens 
stained with appropriate fluorescent isotype-rnatched control Abs, (B) Mabs anti-CD19- 
FITC and ad-CD4-PhE, (C) SL and anti-CDZO-PhE, @) SL and anti-CD4-PhE, (E) 
SIL[anti-CD 191 and anti-CDPO-PhE, (F) SIL[anti-CD 191 and anti-CD4-PhE. 
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CD4' T ceii population (Fig. 2.D). On the other hand, SIL[anti-CD191 selectively bound 

B celis (Fig. 2.2E), with 40 % of the celis dual-labelled with SIL[anti-CD191 (green 

fluorescence) md CD20-PhE ( r d  fluorescence), as seen in the upper nght quadrant of 

Fig. 2.2E, with the rest of the ceils almost exclusively unstained (presumably CD20- T 

ceus). To confirm the identity of this unstained population (presumably T cefls), ceus 

were stained with the T ceil marker, anti-CD4-PhE foliowing treatment with SIL[anti- 

CD191 (Fig. 2.2F). In this case, the ceil mixhire was again separated into two distinct 

popdations (Fig. 2.2F). Cells (47 %) were either exclusively, CD4PhE' (Fig. 2.2F, lower 

right panel) with low NBD fluorescence (i-e. no association of targeted liposomes with T 

cells) or CD4- celis g. 2D). On the other hand, SIL[anti-CD 191 selectively bound B ceus 

(Fig. 2.2E) where 40 % of the tells were dual labelleci with S?L[anti-CD 191 (green 

fluorescence) and CD20-PhE ( r d  fluorescence) as seen in the upper nght hand quadrant 

of panel E, that were labelled (3 3 %) SIL[anti-CD 191 Pig. 2.2F, upper left panel) (Le. 

CD4-B ceIls). Only a s d  proportion of ceUs (12 % or Iess) appeared dual-labelIed with 

both NBD and CD4-PhE seen in the upper right hand quadrant). In cornparison, SL did 

not bind any of the ceus (Fig. 2.2C,D). 

2.4.3 In vibo cytotoxicity of SIL[anti-CD19]. 

The cytotoxicity of Dm-SIL[anti-CD 191, DXR-SL, fiee DXR, fiee mAb and 

hg-See  wntrois were compare& as a hc t i on  of time. As seen in Table 2.1, the IC, of 

&ee DXR, DXR-SL or DXRXRNSIL[IgG2a] signincantly decreased (pc0.00 1) as the 

exposure of celis to dnig increased from 1 h to 48 h. The IC, of DXR-SIL[anti-CD191 

was sisnificaatiy lowered afker 24 h incubation (1 h vs. 24 4 px0.001), but was not m e r  



Table 2.1. Cytotoxicity data (IC, PM) for free anti-CD19, isotype-matched control mAb, empty imrnunoliposomes (SU), free 
DXR and liposomal DXR formulations (with or without rnti-CD19) determined on CD19* B-cells (Namalwa) and CD19- T- 
lymphoma (H9) cell lines by the MTT tetrrizolium dye assry. 

CD19' B lymphoma cell line (Namalwa) 

DXR-SL anti-CD 19 + 
(FM DXR) DXR-SL 

(PM Dm) 

CD19 T lymphorna cell line (H9) 

5x10' cells were plated in 96-well plates and were incubated with cither free DXR or various formulations of DXR encapsulatcd in long- circulating 
liposomes with or without antibody. Groups included free anti-CD 19, isotypc-matchcd control mAb IgG2a, fiee DXR; DXR-SL; DXR-SL 
conjugated to either anti-CD 19 (DXR-SIL[anti-CD 191) (alonc or in conjunction with free anti-CD 19, 10 pg/ 10' cells) or non-specific, isotype- 
matched IgG2a mAb (DXR=NSIL[IgG2a]), and dmg-free SIL[anti-CD 191. Antibody coupling, via the PEG-Hz mcthod, was 40-50 pg mAb/pmol 
PL (2.6-3.9x1W4 pmol mAbIpmol PL) and DXR-loading was 140-160 pg D X W p o l  PL (0.24-0.28 pmol DXRfprnol PL). Cells were incubated 
for 1 or 24 h at 37OC in an atmosphere of 95 % humidity and 5 % CO,. At the end of each incubation period, cells were washcd Mce prior to 
rcplacing with fresh media. Plates were incubated for a total 48 h, tctrazolium dyc (50) was addcd and the plates were r a d  at dual wavelengths 570 
and 650 nrn. Cytotoxicity data arc expresscd as mean IC, * SD (n=2-7). -4 

QI 
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reduced after 48 h exposure to celis (24 h vs. 48 h, p>0.05). M e r  1 h incubation, 

targeted Dm-SIL[anti-CD191 were 6-fold more cytotoxic than non-targeted liposomes 

@<0.00 1) or isotype-matched liposomes DXR-NSIL[IgC2a] @<0.001) for the N d w a  

cell line. Whüe DXR-SIL[anti-CD 191 displayed a cytotoxicity approaching that of the 

free DXR (pW.05), both non-targeted liposomal formulations were significantiy lese 

cytotoxic than the fiee DXR in W u  @<0.001). 

Free DXR (fie or leaked) may adsorb to the plastic wells during the incubation 

with ceIl?, and under this experimental setup, it possible that fiee DXR may desorb and be 

present in the media for the continueci incubation period of 24 h or 47 h. nie relatively 

low levels of DXR rnay lead to some cytotoxicity to cells and hence, underestimate the 

IC,. 

With incubations of 24 h and 48 h, the difEerence in cytotoxicity between DXR-SL 

and DXR-SLL[anti-CD 191 was 4-fold decreased @<0.0 1) (Table 2.1). This likely results 

fiom the gradua1 release of the encapdated h g  f?om the DXR-SL with uptake of the 

released dmg with longer incubation times. When the cytotoxicities were done on the 

CDlP H!3 T cell line, no significant Merences were observai in the IC, of Dm- 

SIL[anti-CD 191 compared to non-targeted DXR-SL both at 1 and 24 h @>0.05), 

suggesting the requirement of CD 19 receptors in mediating cytotoxicity of targeted DXR- 

SIL[anti-CD191. Free DXR demonstrated a three-fold greater cytotoxicity to B ceus 

( N d w a ) ,  compared to the T ce11 he (H9) @<O.OS) (Table 2.1). The cytotoxic effécts 

Storm, G., Steerenberg, P.A, Van Borssum-Waalkes, M., Emmen, F., Crommeiin, 
D.J.A. Potentid pitfiils in vih.0 antitumor testing ofâee and liposome-encapsulated 
doxorubicin. I: Phana Sci. 71: 823-830, 1988. 



78 

ofthe iiposomal formulations to T cells (versus B ceus) were however, reversed. The 

liposomal DXR formulations were 1.5 to 2-fold less cytotoxic to B cells in cornparison to 

T ceUs (pc0.01) at 1 and 24 h incubation (Table 2.1). Since cytotoxicity is mediated by 

doxombicin released fiom liposomes, this suggests that the T-ceU preparations may 

increase Ieakage of drug from DXR-SL. 

Control experiments were done to d e  out the possîbility that the cytotoxic effect 

may arise from either the lipid, mAb or a combination of both. Free mAb (anti-CD 19) 

molecules were, on a molar basis, quivalent in cytotorcicity to free DXR molecules 

( jPO.05)  (Table 2.1). The isotype-matched control IgG2a was not cytotoxic in the 

concentration range tested (Table 2.1). Drug-fkee liposomes, which contain 

approximately, 3.2 x 104 pmol Ab/pmol PL, did not appear to have significant 

cytotoxicity (Table 2.1). 

Co-incubation of ihe anti-CD 19, at concentrations found on the mAb-coupled 

liposomes, with fke DXR did not significantly alter the IC, of the fiee dmg @>O.OS), and 

hence Iow concentrations of anti-CD19 do not appear to sensitize Namalwa celIs to fiee 

drug in vi tw.  Anti-CD19 incubated with DXR-SL had minimal effects on cytotoxicity at 

1 h or 24 h @<0.05). Free anti-CD 19 competed with DXR-SIL[anti-CD 191 and increased 

the IC, of the targeted liposomes by 4-fold afker 1 h incubation @<0.01), giving an IC, 

which was not significantly different fiom non-targeted DXR-SL or DXR-NSE[IgGZa] 

m.05). No cornpetition effect of fiee anti-CD 19 for DXR-SIL[anti-CD 191 was 

observed at 24 h (Table 2.1). 



2.4.4 Tumour model of Namdwa ceUs implanted in SCID mica 

Following i-p. injection, rnice implanted with Namdwa cells devdoped an ascitic 

himour accompanied by an approximately 30 % gain in body weight. At necropsy, the 

tumow was found to have invaded blood and lymph nodes (particularly the mesenteric 

lymph nodes and serosal surfaces) with disseminated involvernent of liver, spleen, 

diaphragm, anterior thoracic cavity¶ luags, ovarks and heart (periwdium) (Table 2.2). 

M e r  i.v. injection of cells, the pr irna~~  tissues of hfltration were lymph nodes, 

bone marrow, spleen, lung, liver and rend capsule (Table 2.2). In contrast to the i.p. 

model, there were no significant numbers of tumour cells found circulating in blood at 24 

h post-inoculation when treatment began When hind-leg paralysis was observed d e r  i.v. 

implantation as a result of ceils infiltrating the vertebrae and cornpressing the spinal cord, 

the mice were euthanised. 

Cell surface expression of CD19 was examined in SCID mice implanted with 

Namalwa ceiis. FACS analysis demonstrated that the in vivo transplantation of these cells 

did not result in a signifiant variation of CD 19 d a c e  antigen expression in tissues (fig. 

2.3). Compared with celis in dture, CD19 expression appeared slightly depressed in solid 

tumours, partîcuiarly in lymph nodes. Cells isolated fkom solid tumours regainecl surface 

expression of CD19 when they were returned to culture. To examine the turnour 

dissemination d e r  i.p. or i.v. implantation, dissociateci cells fkom excised tissues were 

retrieved and stained with both &-CD19 and anti-CD45 The additional staïiing with 

anti-CD45 was done to identify human leucocytes, in order to discriminate implanted cells 

that may have dom-regulated the expression of CD 19. The highest levels of tumour 



Table 2.2. Sommary of tumour dissemination of human B-ceil lymphoma 
(NPmalwa) after i.p. and i.v. implantation in SCID mice. 

/ Modd 

1 M- s d v a l  time 1 23.4S.7 days 1 20.4 * 1.6 days 

Route of implantation of Namalwa cells 

End point 

ip. (5x10' cells) 

ascitic tumour 

i.v. (5r1O6 ceiïs) 

hind-leg paralysis 

Ascites development 1 +-kt 1 - 
Liver $-t I ft 

Bone snarrow 1 - 1 t+t 

Relative levels of implantation of ceus in mice afker histological examination, scored as 
+,high; ++, intemediate, +, low or -, no ceils identifid in tissue sections. 



* A, Spleen 

Figure 2.3. Two-colour flow cytometry to detemine the degree of implantation in 
various tissues of Namaïwi ceik after i.v. implantation in S C I D  mice. 
Dissociateci celis fkom excised tissues were stained with both anti-CD 19-RTC (human B 
cd marker) and human anti-CD45-PhE (common leucocyte antigen marker). (A) spleen, 
(B) lymph nodes, and (C) bone marrow. 
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cds were observed in spleen, bone marrow and lyrnph nodes (Fig. 2.3), but tumour cells 

were also found in liver, lung, hart and kidney &er gross histological examination. 

2.4.5 Pharmacokinetics of SIL[anti-CD191 in CDl(1CR) outbred mice versus SCID 

mice implanted with C D l r  Namalwa ceiis. 

The pharmacokinetics of SL and SIL[anti-CD191 were examined in CD l(ICR)BR 

mice (Fig. 2.4, Table 2.3). In these studies, [lzI]tyraminylinulin (TI) was utilized as a 

Liposornai aqueous-space radioactive marker. At Ab-couphg densities of 40-60 pg 

Ab/pmoI PL, the distribution profiles of both SE[&-CD 191 and SL from blood over 

tirne were log-linear (Fig. 2.4) with mean residence times (MRT) of 16.4 and 15.4 h, 

respectively (Table 2.3). SL were cleared fiom blood in a log-linear single-exponential 

process (Fig. 2.4, Table 2.3), while SIL[anti-CD191 displayed a biexponential clearance 

process characterîzed by distribution and elùnination half-Lves, t,a and t,B, respectively 

pig. 2.4). The blood kinetics of SL, NSILFgG2al or SIL[anti-CD 191 in tumour-free mice 

were strongiy dominated by the elimination phase (û), and >90 % of the liposome 

formulations were predominantly eliminated by this slow process. The area under the 

curve (Am)  observed for SIL (1244 mol-h/mi) was slightly lower than that seen for SL 

(1 407 nmol-hfml) (Table 2.3). 

A cornparison of the phannacokinetics of SL versirs SIL[anti-CD 191 were then 

examined in SCID mice implanted with the CD19' B-ceil lymphoma cell line (Nmalwa). 

SCLD mice were ùijected with 5x1 O' Namaiwa cds i.p., and the pharmacokinetic studies 

were initiateci when mice showed signs of ascitic himour development (day 22), and 

corresponded with a population of Namalwa ceUs in blood. Figure 2.4 illustrates the more 



Time (hours) 

Figure 2.4. Blood clearance of SL (no rnAb), SIL[anti-CD191 and NSIL[IgG2a]. 
Blood clearance Ianetics of SL (a,A), SIL[anti-CD 191 a,.) and NSILFgG2al (e) in 
either CDl(1CR)BR outbred mice (open symbols) or SCID mice (filled symbols) 
implanted i.p. with CD 19' B-lymphoma ceil h e  (Namalwa). Liposomes were composed 
of HSPC:CHOL:PEG--DSPE (2: 1 :O. 1 molar ratio, 100 nm) mAb anti-CD 19, 
containing the aqueous space label [lZII]TI. Either SIL[anti-CD 191 or SL were injected 
i.v. via the tail vein (0.5 pmol PUmouse, 30 pg mAb) and blood/tissues were isolated at 
various time points post-injection and counted for lUI. Results are expressed as the 
amount of label in blood/tissues as a percentage of the of the label remaining in the body at 
various times post-injection of liposomes (mean * SD, n=3). 



Table 2.3. Cornparison of the pharmacokinetic parameters of SIL[anti-CD191 and 
SL (no Ab) in CDl(ICR)BR outbred mire or tumour-bearing SCID mice implanted 
(i.p.) with CDl9+ B lymphoma ceU tine (Namaiwa). 

-- - - 

Liposome MRT AUCM_, b k,C t,a t+J 
composition @) (nmol*h/mQ (h-'1 (h) (h) 

CD1 SILlanti-CD 191 16.4 1244.6 0.08 0.36 11.48 
CICW- 
BR mice 

SL (no Ab) 15.4 1407.3 0.06 - 10.70 

'Mean residence time (MRT); b ~ r e a  under the blood concentration versus tirne cuwe 
(AUC, 3; 'Elimination rate constant fiom the central cornpartment (k,,); Clearance. 

CD 1 (ICR)BR mice or himour-bearing SCID mice were injected i.v. via the tail vein with a 
single bolus dose (0.5 pmol PL/mouse) of HSPC:CHOL:Hz-PEG2000-DSPE liposomes, 
2: 1 :O. 1 moIar ratio (1 00 nm in diameter), labelled with [1211Jtymminylinulin. MAb anti- 
CD 19 was coupled to the liposomes at an AbPL molar ratio of 1 : 1000 and mice received 
20 pg mAb. Pharmacokinetic parameters were caiculated using either a one-cornpartment 
(single exponential curve fit) or two-cornpartment (biexponential-a and P) open mode1 
with bolus input and ht-order output and least squares parameter estimation program 
PKAnalyst (Micromath Scientific Software, Salt Lake City, UT). 
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rapid clearance of SIL[anti-CD 191 compared to SL or non-specific isotype-matched 

wntrol NSIL[IgGZa] in tumour-bearing mice. The phatmacokinetic profiles of SL and 

NSIL[IgG2a] were similar (Table 2.3, Fig. 2.4). The MRT of SL and NSILVgGZa] were 

approximately the same, and was slightly higher than that observed for SIL[anti-CD 191 

(Table 2.3). There was a substantial decrease in AUC for the targeted SIL[anti-CD 191 

versus the non-targeted SL or NSILFgG2al formulations. Furthemore, an increase in 

elimination rate constant k,, (from the centrai cornpartment) and a decreased t,P (Table 

2.3) was obtained for the targeted fomulation The rapid clearance of SIL[antiaCD19] 

corn blood (Fig. 2.4) resulted in these Liposomes accumulating predominantly into the 

liver, spleen, and carcass. This may reflect, in part, the binding of SIL[anti-CD191 to 

tumour cells present in blood, increasing their clearance fiom blood (307). This may be 

due to a 'kget-ceIi dragging effe~t"~, where tumour ceiis bound to SIL[anti-CD191 may 

be taken up by the liver and spleen macrophages.. Accumulation of SIL[anti-CD 1 91 into 

the liver, spleen and carcass may dso be a result of liposomes binding the large CD 19' 

tumour-cell population in these organs, where micrometastatic turnours codd be 

demonstrated nom tissue analysis (Fig. 2.3). 

We also compared the amount of liposomes distnauted in solid turnours excised 

fkom mesenteric lymph nodes (noxmalized as cpm/mg tissue) (Fig. 2S), one of the sites of 

infiltration of the B lymphoma cells (Fig. 2.3). The targeted liposomes distnbuted quickly 

' Peeters, P.A.M., Brunin& B.G., Elin& W.M., Crommelin, D.LA Therapeutic effect of 
chloroquine (CQ-containing liposomes in rats infected with Plasmodium Berghei 
parasitized mouse red blood cells: cornparison with combination of antibodies and CQ or 
liposomal CQ. B i o c h .  Biophys. Acta. 981:269-276. 1989. 



1 
Time (hours) 

Figure 2.5. Cornparison of lymph node (mesenteric Iymph node solid tumoun) levels 
of SL (open bars), SIL[anti-CD191 (solid bars) and NSIL[IgC2a] (hatched bars) in 
SCID mice implanted with CD19+ B lymphoma ceIi Iine (Namalwa). 
Liposomes were composed of HSPC:CHOL:PEGm-DSPE (2: 1 :O. 1 molar ratio, 1 00 nm) 
k mAb anti-CD 19 coupled by the hydrazide method and containing the aqueous space 
label [12' QTI. Either SL or SIL[anti-CD191 were injected i.v. via the tail vein (0.5 pmol 
PWmouse, 30 pg mAb) and the mesentenc lymph nodes solid tumours were isolated at 
various time points post-injection and counted for I2.'I. Results are norrnalized as the 
amount of label in lymph nodes (cpdmg tissue) at various times post-injection of 
liposomes (mean * SD, n=3). 



87 

ùito the lymph nodes and accumufateci only slowly thereafter (Fig. 2.5). By contrast, SL 

or NSILpgG2a] accumulated more slowly in lymp h nodes but achieved a 4-5- fold greater 

localization by 24 4 aely due to a passive targeting effect (47, 5 1). The reduced 

accumulation of SIL[anti-CD 191 in the tumour-containhg lymph nodes may be due, in 

part, to the lower AUC of these liposomes compared to SL or NSIL. 

2.4.6 In Mvo experiments in SCID mice innoculated with Namdwa ceiis. 

In initial experiments, to test the effectiveness of the targeted DXR-SE[anti- 

CD191 5x10' Namaiwa ceils were implanted i-p. in SCID mice, with treatments also given 

i.p. Results of the therapeutic experiments cornparhg fiee D m  DXR-SIL[anti-CD191 

and DXR-SL (no Ab) are surnmarized in Table 2.4 A 1-2. Mice receiving 3 mgkg of 

DXR-SIL[anti- CD1 91 at 24 h post-inoculation of cells had a statistically significant 

improvement (p<0.001) in their MST compared with either control mice, or mice treated 

with DXR-SL or free DXR treatments (Table 2 -4 A. 1). There was no significant 

difference in mean survivd times of mice treated with either fiee DXR or DXR-SL 

@>O .OS), however each of these treatment groups were better than untreated controls 

(pc0.001) (Table 2.4 A 1). Lowering the i.p. implantai tumour burdens, (Le., 5 x 106 

cds) resdted in significantly irnproved effect for DXR-SIL[anti-CD 191 with 2/5 long- 

tenn survivors (Table 2.4 A2), wmpared to fiee Dm DXR-SL or isotype-matched 

control DXR-NSIL[IgG2a] (p<0.001). At necropsy, mice treated with DXR-SIL[anti- 

CD 191 showed no apparent ascitic hMour development, unlike those treated with DXR- 

SL or fiee D m  but instead developed isolated solid tumours in the lower abdomen. 

As B-cell malignancies (leukemias, lymphomas and MM) have rnalignant cells in 



Table 2.4. Summary of mean survival times of SClD mice af'ter immunoliposomal treatment. Mice were injected with either 5 
r 106 or 5 x 10' Namalwa (human B-lymphoma) cells Lp., or lrlOs- 1.5 x IO7 cells i.v., on day O and treated 1 or 24 h post-cells 
with the following treatments. 

Group Treatrnen t Route of Route of Dosing Dose of DXR MSTB (median) ILSb (%) LTSc(>2S0 
cells DXR Schedule ,&  SD (days) 

A Namalwa cells (either 5x10' or 5 x 106 cells) werc injected i.p. and following treatments were initiated i.p., 24 h post- 
1 1 implantation of cells (i.p. - i.p. model). 

i.p. 
5x 1 O' 

F m  DXR 

DXR-SL 

DXR-SIL[anti-CD 191 

2 Controls (PBS i.p. 
5x10~ 

F m  DXR 

1 DXR-SL 1 

day 1 

day 1 



I I 1 I I i I 1 
Group 

t 

B Namalwa cells (either 5x1O6 or 1.5 x IO7 cells) were injected i.v. on day O and the following treatments (as single or three 
multiple treatments) were initiated either 1 h or 24 h post-inoculation of cells (i,v.-i.v. model). 

Treatment 

day 1 

F m  DXR 

1 

Route of 
ceHs 

DXR-SL 

Controls 

Route of 
DXR 

Frce DXR 

DXR-SL 

Dosing 
Schedule - 

Controls 
- -  

Free DXR 

Dose of DXR 

DXR-SL 

M S T  (median) 
& SD (days) 

ILSb (Yi) LTSL(>250 
days) 



Group Treatment 

1 Free DXR 

1 DXR-SL 

Route of 

cella 

Route of 

DXR 

Dosing 

Schedule 

Dose of DXR 

days 1,8,15 

I S D (day fi) day a) 

19.6(20) I 2.0 0/9 
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the vasculature, we also treated an i-v. mode1 of the disease. Mice were inoculated by the 

i.v. route (5 x 106 Namalwa cells), and various therapies were commenced 24 h post 

injection of celis (Table 2.4 B.3), a tirne when tumour ceiis were no longer detectable in 

blood (Table 2.2). Treatment with DXR-SIL[anti-CD 191 resulted in a sigaificant increase 

in suMval of mice @<0.001) compareci with non-treated controls, fiee Dm DXR-SL or 

DXR-NSILDgG2al (non-specinc contds). There were no signincant merences 

@*.OS) between the mean s u ~ v a i  times of the mice receiving 3 mgkg of either fiee 

Dm DXK-SL or DXR=NSIL[IgG2a], although d three groups had a significantly 

longer life span @<0.01) than non-treated controls. However, in the sarne experiment, if 

the treatment with DXR-SIL[anti-CD 1 91 was initiated 1 h post injection of ceiis, when a 

significant nwnber of the tumour celis remained in the circulation, a fiirther increase in Me 

span was observed compared to treatment at 24 h @<0.01). 

As eady treatment schedule (Le. 1 h &er implantation of Narnalwa ceiis in SCID) 

appeared to be more successfùl than treating mice at 24 h, we then repeated the 

experiment wmparing the various therapies at 1 h post implantation of cens (Table 

2.4B.4). We nonnalized the implanted tumour dose to 1 .Sxlo7 Namalwa celis, quivalent 

to the tumour burden when the treatments were initiated 24 h using a doubling tirne of 16 

h. Treatment with targeted DXR-SIL[anti-CD 191 was able to si@cantIy improve the 

MST of mice, compared to either free D m  or DXR-SL (p<0.001) (Table 2.4 B.4). In 

addition, both fiee drug @<0.001) and DXR-SL @<0.001) were able to increase MST of 

mice compared to untreated controls and DXR-SL therapy was also signincantly better 

than fiee DXR (p<O.Ol). 



To test the therapeutic effect of DXR-SIL[anti-CD 191 at lower tumour-cd 

burdens, Namalwa celis (lx10bCs. i x )  were inocdateci in SCID mice and treatments 

were initiated 1 h post ceIl implantation (Table 2.4B.5). Targeted DXR-SIL[anti-CD191 

given at 3 mgkg was able to improve SurYival &es of mice and was by far the most 

successful treatment r d t i n g  in 4/9 long-term survivors. However, no significant 

Werences were observed b e ~ e e n  the mean suMval times of mice given 3 mg/kg of 

either f?ee D a  or DXR-SL comparai with controls (pX.05). 

MuItipIe treatment schedules of DXR-SlL[anti-CD 191 (Le. three i.v. treatments 

given l/week of 3 mgkg DXR) commenced 24 h post implantation ofcells was able to 

improve significantly the MST of rnice compared to either fiee DXR @<0.001), DXR-SL 

(@.O 1). dmg-fiee SIL[anti-CD 191 @<O -00 1 ), or untreated controls (pc0.00 1) (Table 

2.4 B.6). There was no therapeutic difference observed between either fke D m  DXR- 

SL or dmg-fiee SILLanti-CD 191 (dosed at an equivalent phospholipid concentration), 

pN.05.  However, the SUfVival times of mice given three treatments were modestly 

improved compared to a single treatment (Table 2.4 B.6 vs. 4 B.3). 

The therapeutic eE&t of fke anti-CDl9, and fiee anti-CD19 in conjunction with 

the various liposomal DXR formulations were examined (Table 2.4 C.7-8). Single doses 

of fiee anti-CD19 (10 pg) were able to modestiy irnprove amival tune of mice compared 

to untreated controls @<0.05), or mice given the isotype-matched IgG2a control(10 pg) 

(@.OS). There was no significant merence between the mean survival time of isotype- 

matched IgG2a-dosed mice and that of controls (pX.05). The inclusion of anti-CD 19 (10 

pg) with either fiee Dm DXR-SL or DXR-SIL[anti-CD191 increased survival time of 
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mice in an additive manner (Table 2.4 C.7 vs. 4 B.3). Treatment at 1 h with anti-CD19 

plus DXR-SIL[anti-CD 191 was more effective than anti-CD 19 plus drug-fiee SIL[anti- 

CD1 91 wntrols @<0.001) (Table 2.4 C.7). 

Multiple doses of rnAb anti-CD 19 resulted in signincantiy increased mean survival 

t h e s  of mice compared to single treatments with mAb (Table 2.4 C. 7 vs. 4C. 8). MAo 

anti-CD19 was as effective by itselfin multiple doses, as it was in combination with fke 

DXR Addition of fiee mAb to DXR-SL or DXR-SIL[antiœCD19] showed a significantly 

improved therapeutic benefit @<0.00 1) (Table 2.4 B.6 vs. 4 C.8). 

2.5 DISCUSSION 

In these experiments we have show that DXR-SIL[anti-CD 191 can be selectively 

targeted to, and have preferential cytotoxicity for CD19' B cells in vitro. In vivo 

experiments in CD19' B-lymphorna (Namalwa c d  he)  xenografts established in SCID 

mice show that treatment with a long-ckculating formulation of DXR-SlL[anti-CD 191 can 

inhibit the growth of tumour resulting in an increased mean survival time of treated Mce, 

compared to mice treated with non-targeted liposomes or fkee dmg. The results for the 

DXR-SIL[anti-CD 191 were additive with those of the fkee mAb anti-CD 19. 

Targeting immunoliposomal anticancer dmgs to the highly expressed leucocyte 

differentiation antigen CD 19, an intemalizing epitope (287,288,308-3 1 O), may lead to 

efficient entry of dmg into the target ceIIs, and may explain the increased therapeutic 

efféas seen for DXR-SIL[anti-CD 191 compared to other treatment groups. We 

hypothesize that gradual breakdown of the drug package within the endocytotic apparatus 



of the celi and subsequent release of drug into the cytoplasrn results in the observed 

cytotoxicity. In the case of free dnig DXR, its large volume of distribution, and rapid 

redistribution quickiy lowers the plasma drug levels, resulting in exposure of circulating B 

dis to only low drug levels (47, 5 1,28 1). In contrast, DXR-SL is capable of maintainhg 

the entrappeci drug in circulation for severai hours (the volume of distribution of DXR-SL 

is ioughly equivalent to the blood volume), allowing a sustained release of DXR over a 

prolonged penod (47). However, because these liposomes do not attach to the vascuiar 

target cells7 the uptake of the released dmg will be low, as released drug will rapidly 

redistribute in vivo. If Liposomes became attached to vascular target ceus by non-specinc 

adsorption or via a non-internalizing epitope, high local concentrations of DXR might be 

achieved at the outer surface of the target cd. However, only a fiaction of the released 

drug rnight actuaily be delivered into the target c d ,  depending upon both the rate of dmg 

release f?om liposomes andlor rate of diffusion of released h g  away Born the ceif 

surface. Thus targeting to an intemalizing epitope appears to be a more successfil 

strategy for cells in the vasculaturee 

At present it is not known to what extent DXR-SIL[anti-CD191 will be able to 

access himour tells which have extravasateci and are growing as solid tumours. The 

pharmacolcinetic data in tumeur-bearing versus tumour-fiee mice suggests that SIL[anti- 

CD 191 are binding to CD 19' tumour celis in blood, liver, spleen and carcass. It is known 

that passive targeting of Iong-cUculating liposomes such as Dm-SL to soiid tumours can 

achieve increased tumour accumulation of dmg as a result of the increased vascular 

penneability of tumours during angiogenesis (47,s 1). It is reasonable to hypothesize that 
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DXR-SIL are also able to accumulate to some extent in solid tumours, aithough passive 

accumulation of Dm-SL over t h e  appears to be greater than that of DXR-SIL in 

tumeur-bearing lymph nodes Fig. 2.5). 

We observed no apparent ascitic tumour development in mice with i.p. treatments 

of DXR-SIL[anti-CD191, after the tumour ceUs were inoculateci i.p. However, the 

a p p m c e  of solid tumours in the pentoneum of treated mice suggests that the ability of 

S E  to kill ceus which extravasate and lodge in the peritoneum is somewhat lirnited. 

Although malignant cefls could be found in the blood of untreated i.p.-inoculated mice, no 

malignant cells could be found in the blood of mice treated i.p. with DXR-SIL[anti- 

CD 191. This suggests that the SIL treatment was able to eliminate tumour ceiis from the 

peritoneal cavity before they could migrate into blood. Altematively, the SIL may be 

capable of crossing fiom the pentoneal cavity into the blood (3 Il), perhaps by the same 

route as the cells, or in association with the cells, resulting in subsequent tumour ceil kill in 

blood (307). 

When the mice were ùioculated i.v. with tumour, very few B ceils could be 

detected in blood at 24 h post-implantation. Yet a single DXR-SIL[anti-CD 191 treatment, 

given at 24 4 resulted in significandy increased survival times over the other treatment 

groups (Table 2.4 B.3). This suggests that the SIL were able to access at least some of 

the malignant B celîs soon after they had exîravasated into lymph nodes, spleen or bone 

marrow. Multiple weekiy treatments U.V.) modedy improved the survivai times of rnice, 

Le., two additional treatments resulted in only a marginai therapeutic benefit (Table 2.4 

B.6). This mggests that target cells may be relatively inaccessible one week or more after 
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extravasation, or have grown to a sue which hinders penetration of subsequent DXR-SIL 

treatments. Treatment effectiveness was dependent on both the dose of implanted 

tumour, and time of initiation of the therapeutic protocol. Early intervention (Le. 1 h post- 

ceus) and lower tumour burdens resulted in the most successfûl therapy, yielding some 

cures in rnice implanted with the B-ceil tumour (Table 2.4B.5). The success of this 

schedule, indicated that the SIL[antitiCD19] were readily able to target and destroy 

tumour ceIis which were still circulating in blood. 

Free mAb anti-CD 19 is a signalhg rnolecule, and binding of anti-CD 19 to CD 19' 

B ceus has been suggested to trigger a series of second messages ultimately leading to ceIl 

cycle arrest in B ceIis (4, 289, 3 12). In Our study, the anti-CD19 done was cytotoxic in 

vitro and in vivo. Combination treatment of anti-CD19 with either fiee DXR, DXR-SL or 

DXR-SIL[anti-CD191 was superior than each of the treatments given alone, with the 

improvements appearing to be due to an additive e E i  between low levels of the mAb 

and DXR-treatments. This observation may provide a means for improving therapy while 

keeping levels of mAb low, thus reducing the potential for immune reactions against the 

antibody . 

Our r e d t s  suggest that DXR-SIL[anti-CD 191 readily targets and destroys 

individual cells in the blood or ascites, and perhaps single or small groups of c d s  newly 

extravasated into lymph nodes, but is unable to prevent the growth of these cells once they 

establish themselves as multiceilular solid tumours. These observations may provide 

additional evidence for the 'binding site bamief in solid himours (174), which States that 

targeted therapies bind to the first recognized target antigen, generdy at the outer limits 
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of tumeurs, preventing the therapeutic agent f?om penetrating to a significant extent into 

the tumour interior. 

At the Ab densities at which our studies were done (40-60 pg Ab/pmol PL), the 

SIL retained long circulation times (t, in blood of 7-9 h), sufncient to bind to target cells. 

Previous studies have show that high Ab densities on liposomes (X40 pglpmol PL) 

induces rapid clearance kom plasma (t,<l h), so Ab densities in a lower range mediate 

more effective in vivo targeting (284). For the coupling method used here, the Iinkage 

occurs via an oxidised carbohydrate on the Fc portion of the mAb, coupled to the 

terminus of Hz-PEG-DSPE via a hydrazone bond (53, 168, 169). This orientation of the 

Ab appears to expose the Fab binding domain (53, 169) aiiowing it to recognize the CD19 

epitope on B ceils. 

The a t y  constant, Ka and number of bindlig sites this ad-CD19 on Daudi cells 

(another CD 19' B cell line) have been reported as 4.2 x1 Cl9 M-' (dissociation constant, K, 

of 2.4 x IO4 mAb) and 32,000 sites per cell, respectively (3 13). In cornparison, the 

K' for SIL[anti-CD191 was signifïcantiy lower (KD of 160 pM phospholipid or 4.0 x 10J 

phd mAb, at an mAb density of 40 pg/pmol PL), but the number ofspecific sites were 

similar (33,000 vs 32,000). This is comparable to the number of binding sites reported 

for Namalwa celis (18,000 to 40,000) (3 12,3 14). We have caldated that each liposome 

contains approxjmately 25 molecules of mAb. Assuming an interaction of one 

mAb/liposomdreceptor binding site, then only 4 % of the mAbs on each liposome are 

binding. The KD of the mAb which bind then c m  be calculated as 1.6 x 10-~ Thus, 

the KD of antiiody was higher than the f i e  rnAb &er coupling of ad-CD19 on the 



terminus of the PEG chah.  This may be a result of damage to the rnAb during the 

oxidation step of the coupling reaction andlor immobilization of mAb coupled via the Fc 

domain reducing rotational freedom of the mAb to bind CD19 recepton. Several steric 

factors, i.e., relative size of mAb to liposome-mAb wnjugate, and dynamic movement of 

PEG polymers chains (3 15) may also be responsible in part for the reduced affhity of 

SIL[anti-CD 191. 

A possible clinical application of DXR-SIL[anti-CD 191 is in the treatrnent of B-ceII 

malignancies (Le. B-cd leukemias/lymphomas, MM). To date, these cancers still remain 

Iargely incurable. For example in the case of MM, the presumptive ability of circulathg 

malignant B ceIis to repopulate the bone marrow and contribute to patient relapse poses a 

problem for airing this disease, as does the development of multidrug resistanî B c d  

variants (258,270,27 1). The use of long-cirdating immunoliposomes in eliminating the 

circulating B ceUs may help to prevent patient relapse. A possible concem mi& be the 

depletion of normal B ceils as weli as the maligaant clone. Myeloma patients have been 

shown to have severely depressed numbers of normal B ceiis (3 16), probably rnaking this 

concem of Mnimal signincance. It is known that the CD 19 is B-lineage specific, is 

present on B ceils fiom the pre-B until the late B stage, but is absent h m  some 

progenitor stem ceiis non-haematopoietic organs, blood cells (myeloid and erythroid) and 

in particular T cells (287,288). As a result, immunoliposod therapy with DXR- 

SL[antitiCD19] should deplete B-lineage c a s  but spare early stem ceiis aliowing 

regeneration of normal B ceUs post-therapy. In addition, upon hternalization 

immunoliposomes can deliver high levels of drug into the cytoplasm, potentially bypassing 



the P-gp and MRP transporters (269.3 17) which have been impiicated in the dmg 

resistance of multiple myeloma (258). thus providing a means of overcoming MDR 

In summary, targeting of anticancm drugs by means of liposomes coupled to an 

antibody against an internalizing epitope appean to be an effective strategy for the 

treatment of hematological malignancies, particularly when the target ceIl is resident 

primarily within the vadature. We have shown selective targeting and cytotoxicity of 

doxorubicin entrapped in a liposome coupled to anti-CD19 against a human lyrnphorna 

c d  line in vitro and in Mvo. This strategy rnay be generaiiy applicable in the treatment of 

many blood dyscrasias of both B celi and T celi ongin, and in addition may be helpfil in 

overcoming MDR in the target tells. 



CEAPTER 3 

Cellular traflticking and cytotoxicity of anti-CD 19-targeted liposomal doxom bicin 

for a human B Iymphoma cell line (Namalwa) in vitro 



3.1 ABSTRACT 

We have examined cellular traffcking of doxorubicin in human B lymphoma 

(Nmalwa) ceiis in the foxm of tiee h g  (DXR), non-targeted liposomal dmg (Dm-SL) 

or drug delivered via liposomes targeted against an intemalking CD19 receptor expressed 

at the cell surface (anti-CD 19 immunoliposomd DXR, DXR-SIL[anti-CD 191). 

Liposomes (SL) were s ter idy stabilwd with lipid derivatives of polyethylene glycol 

VEG) to which monoclonal antibody was attached, and were composed of either hi&- 

phase transition (HSPC) or low phase transition phosphaîîdy1choIine (PC40) in 

combination with cholesterol. In vitro binding experiments ushg fluorescent Liposomes 

and flow cytometry demonstrated selective afEn.ity of SIL[anti-CD 191 for CD 19+ 

Narnalwa cells, but not wntrol CD19- T cells. Intemaikation of SIL[anti-CD191 into a 

low pH cornpartment, i.e., endosomes or lysosomes, could be demonstrated using a pH- 

sensitive probe, HPTS, encapsulated in liposomes. Tirne-dependent studies using flow 

cytometry revealed that kee DXR accumulated rapidly in ceus, DXR-SIL[anti-CD 191 

accumulated less rapidly and DXR presented in non-targeted wntrol liposomes was taken 

up by cells only very slowly. The cellular levels of DXR were similar for both high and 

low phase transition formulations of DXR-SIL[anti-CD 191, and were several-fold higher 

than for non-targeted controls. The endocytosis and intracellular fate of DXR-loaded 

liposomes were also studied using confocal microscopy. At early tirnes (1 h), the dmg 

appeared mainly at the cell d a c e  with some DXR sequestered within vesicular structures 

(Wrely endosomes) in cells. The cellular levels of DXR-SIL[anti-CD 191 increased 

appreciably after longer incubation perïods, and this could be abolished by metabolic 



inhibitors of endoqtosis. Namalwa cells incubatecl with DXR-SIL[anti-CD 191 for 48 

houn demonstrated substantial nuclear staining. This suggests that lysosomal processing 

of targeted liposomes may trafnc the dmg fiom the endosornes andlor lysosomes to the 

target site of action (i.e., the nucleus). Supporthg this, was the observation that 

cytotoxicity of DXR-SIL[anti-CD191 was 5-fold higher than that observed for non- 

targeted controls. The targeted formulations were shown to be selectively apoptotic to 

CD 19' cells wmpared to a CD19- cells. 

We suggest that an antibody-mediated targeting approach using liposornal 

doxorubicin against the intemalizing CD 19 antigen may be an effective therapy for the 

selective destruction of rnalignant CD 19' B cells in B-cell mdignancies. 

3.2 INTRODUCTION 

One approach to increasing the selective toxicity of anticamer dmgs against their 

target cells is the association of the drugs with targetable carrier devices, Le., antibodies or 

ligands, polymers, microcapsules, microspheres or Liposomes (7, 12, 13, 185,3 1 8). Over 

the last decade, new formulations of long-circulating stencally stabilized liposomes (SL) 

have been described, having polyethylene glycol (PEG) grafted at the Liposome surface 

(71, l22,3 19). It has been shown that encapsdation of doxorubicin (Dm) in SL can 

improve tumour localization and d u c e  toxicities associated with the fiee h g  therapy 

(15, 5 1, 86, 142,320). This ocairs primarily as a result of liposome-mediated changes in 

the pharrnacokinetics and biodistn'bution of the dmg (45, 86, 1 19, 280, 28 l,32 1). 

The development of coupling technologies for attaching antiiodies or ligands to 



the d a c e  of SL, creating long cirdating immunoliposomes (SL), provides 

opportunities for fùrther increasing the selective toxicity of liposomal soticancer dmgs 

(156, 165,284,322). hunoliposomes have been shown to increase target-ceII 

recognition (147,202,283) and cytotoxkity in a number of tumour models in vitro and in 

vivo (162, 165,323,324). However, most studies to date have utilized 

immunoliposomes in the treatment of solid tumours (16, 185,324), where penetration of 

liposomes into the tumour mass may be restricted (174). 

In hematological malignancies, large numbers of clonal, phenotypicaiiy aberrant, 

diseased cells are present within the circulatory system (257,2591, presenting a readily 

accessible target for immunoliposomal adcancer dnigs. MàIignant B and T cens express 

a variety of d a c e  antigens, many of which demonstrate receptor-mediated intemalîzation 

foIiowing binding of the appropnate antibody (4, 16,278,279). Attachent of 

antibodies like anti-CD19 or anti-CD22 to SL may enhance the uptake of liposomal 

anticancer drugs by malignant B cells in the blood, resulting in selective toxicity. To test 

this hypothesis, we analyzed the binding, intendbation, intracellular traflicking, and 

cytotoxicity of DXR-SIL[anti-CD 19 ] against Namaiwa cells in vitro. 

h oour study we have targeted a human B ceil lymphoma (the Namalwa c d  fine) 

with an anti'body directed against the human lymphocyte differentiation antigen CD 19. 

The targeted antigen CD19 is highiy expressed on the celI surface, and is exclusive to B 

lymphocytes (287,288). CD19 is hown to be an intemalïzing receptor and has been 

implicated in a number of signalllig fiinctions, Ieading to difrentiation events, ceIl-cycle 

arrest or apoptosis (309,310). Hence, binding of DXR-SIL[anti-CD191 to CD19 is 
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expected to r d t  in endocytosis of the liposomal- h g  package. The trafficking of 

liposomal DXR &om lysosomes or endosomes to its nuclear site of action has not been 

weli studied. Also, relatively little work has been done to compare drug trafficking for 

drug presented in targeted versus non-targeted liposomes. Two- formulations of DXR- 

SIL[anti-CD 191 were assessed, a high phase transition temperature formulation and a 

more leaky, low phase transition fondation, to test the hypothesis that a leakier 

formulation may enhance the release of h g  after endocytosis and improve its tratncking 

to the nucleus. 

3.3 MATEXLUS AND METHODS 

3.3.1 Chemicds. 

Hydrogenated soy phosphatidylcholine (HSPC), partiaily hydrogenated egg 

phosphatidylcholine (PC40) iodine value 40 (3 îs), methoxy poly(ethyleneglyco1) 

(molecular weight 2000) covalently linked to distearoylphosphatidylethanolamine 

(mPEGm-DSPE) and hydraride-denvatized PEG (Hz-PEG-DSPE) were generous gifis 

fiom SEQWUS Pharmaceutids, Inc. (h4enIo Park, CA) and have been described 

elsewhere (1 23, 1 68). Cholesterol (CHOL) and 12-m-(nitrobenz-2-oxa-l,3 -diazoI-4- 

yl)amino]dodecanoyl phosphatidylethanolamine (NBD-PE) were purchased nom Avanti 

Polar Lipids (Alabaster, AL). l -hydroxypyrene-3,6,8-tndonic acid W T S )  was 

obtained &om Molecuiar Probes Pugene, OR). N-ac-1-methionine (NAM), sodium 

periodate, propidiurn iodide (PI), 3 44, 5-dimethylthiazo1-2-y1]-2,5,-diphenyltetraz~~um 

bromide 0 and Dowex-SOW were purchased from Sigma Chernical Co. (St. Louis, 
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MO). 442-hydroxyethy1)- 1 -pi perazine ethanesui phonic acid (HEPES) was acquired fiom 

BDH (Toronto, ON). Doxonibicin (Dm Adriarnycin RDF) was obtained fiom Adria 

Laboratones Inc. ~ssissauga, ON). RPMI 1640 media (without phenol red), p e n i d h -  

streptomycin, and fetal bovine semrn (FBS) were purchased fiom Gibco BRL (Burhgton, 

ON). Sephadex G50 and Sepharose CL-4B were fiom Pharrnacia (Dorval, QC). 

Cholesteryl-[1,2- 3~-(~)]-hexadecyl ether ([3fllCHE), 1 -48-2.22 TBq/mmol was 

purchased fiom New England Nuciear (Mississauga, ON). ~odobeade were nom Pierce 

Chernical Co. (Rockford, IL)). Scintillation fluor/ aqueous counting scintillant (ACS) was 

from Amersham Canada Ltd. (Oakville, ON). Polycarbonate tiltration membranes, 

NucleporeR @ore sizes: 0.4 pm, 0.2 p, 0.1 pm and 0.08 pm), were obtained £iom 

Corning Costar &ennebu&, ME). AU other chemicals were of analytical grade purity. 

3.3.2 Antibodies and human ceii lines. 

MuMe monoclonal antibody (mAb) anti-CD 19 (IgG2a) (nom FMC63 murine 

CD 19 hybridoma) and isotype-rnatched control IgG2a (IAG. 1 1) were obtained f?om Dr. 

K Zola (Adelaide, Australia) (295). The concentrations of aii mAbs were determined by 

spectrophotome0y (A= 280 nrn) and BioRad protein assays, and the purity was assessed 

by SDS-PAGE. Anti-CD45-phycoexybh (Pm) was mAb 17G10 from Dr. J. Willans, 

University of Manitoba. MA'S anti-CD 19 (IgG1, HD3 7) , anti-CD22 (IgG1, RF-B4-B3) 

and isotype matched -01 (IgG1, 3F12) were obtained fiom Dr. E. Vitetta (üniversity 

of Texas Southwestern Medical Centre, Dallas). Mouse monoclonal anhibodies specific 

for human leukocyte differentiation antigens: CD4 CD8, CD20, CD21, CD22, CD24, 

CD34, CD38, PCA-1, CD45 were either prepared in one of our labonitones, or were 



purchased nom Coulter (Hialiah, FL) or Becton Dickinson (San Jose, CA). AU mAb 

reactivities were checked pnor to use by indirect immunofluorescence using fluorescein 

isothiocyanate WC)-labelleci goat anti-mouse IgG and fluorescence activated ceIl sorting 

(FACS) (Becton Dickinson, San Jose, CA) against appropnate cell lines. AU cornparisons 

were made with FITC or PiS  staining against appropnate isotype-matched controls. 

The human B-celI lymphoma line, Namalwa (ATCC CRC 1432) was obtained fiom 

Arne- Type Culture Collection (Rockville, MD). A human T-lymphoma celi line (K9) 

(ATTC HTB 176) was a gift from Dr. L-J. Chang (Department of Medical Microbiology 

and Inf'ectious Disease, University of Alberta). Ali ce11 lines were grown as suspension 

cultures in RPMI 1640, without phenol reû, supplemented with 10 % heat-inactivated 

FBS and maintained at 37OC in a humidised incubator (90 % hurnidity) containing 5 % 

CO,. AU experiments were perfomed on mycoplasma-fkee ceU lines. For in vitro 

experiments, only ceiis in the exponential growth phase were uGIV:ed (Le., cell 

concentration in flasks of approxhateIy 0.5 - 1 x 106 cells/rnl) and ceIl concentrations in 

ailtue weUs were adjusted according to the in vitro ceIl doubling times of each ce11 lie, 

to assure exponentiai growth in assays. 

3.3.3 Immunophenotyping of Namalwa cell linc 

The NamaIwa human B-cefi lymphoma ceII line was phenotyped with antibodies 

against the following lymphocyte Werentiation antigens CD 19, CD20, CD2 1, CD22, 

CD24, CD34 CD38, CD45 using flow cytometry. CeU d a c e  markers were examinecl 

by imrnunostaining wiîh specific Abs, by direct or indirect ùnmunostaining methods. 

Antibodies were either unlabelkd, or labeUed with fluorescein isothiocyanate (FITC) or 
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phycoerythrin (PhE). Namalwa ceus (1x106 cells) were incubated in the dark with 10 pg 

mAb at 4°C for 30 min in a total volume of 50 pl, adjusted with phosphate buffered saline 

(PBS). After incubation., cells were washed three times with immunofiuorescence buffer 

containing PBS supplemented with 0.1 % FBS and 0.1 % sodium azide (IF buffer) and nin 

on the fiow cytometer. For the indirect staining protocol, &er staining with the primary 

Ab, ceiis were incubated with 50 pl of a 1 :20 dilution of goat anti-mouse-FITC IgG 

(Sigma) in PBS at 4°C for 30 min. In some cases, c d s  were fked with 1 % 

padormaldehyde and nm at a later the, but no longer than 24 h after fixation. Cell- 

associated fluorescence was analysed on a Becton Dickinson FACScan using Lysis II 

software (Becton Dickinson, San Jose, CA). FITC- and PhE-fluorescent markers were 

excited with an argon laser (488 nm) and the emitted fluorescence was detected using 530 

nm or 560 nm band pass flters for FITC or PhE, respectively. 

39.4 Preparatioa of liposomes. 

Liposomes were composeci of either HSPC or PC40 together with CHOL and 

mPEGm-DSPE at a 2: 1 :O. 1 molar ratio. When mAb was to be coupled to the liposomes 

the composition was either HSPC or PC40 with CHOL and Hz-PEGm-DSPE (2: 1:O. 1 

molar ratio). For f i  uorescent-labelied liposomes, NBD-PE (1 mol%) was incorporated 

into the iipid mixture. In some preparations, [ 3 H l ~ ~  was added as a non-exchangeable, 

non-rnetabolizable lipid tracer (296,297). Dried lipid f i s  were hydrated in 25 mM 

HEPES, 140 mM NaCt buffer (pH 7.4) and the hydrated liposomes (ML,V) were 

sequentially extrudeci Gipex Biomembranes Extruder, Vancouver, BC) through a series of 

polycarbonate fibers of pore size ranghg fiom 0.4 prn down to 0.08 Pm. The 
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temperature of extrusion was maintained slightly above the transition temperature of the 

phospholipid, Le., 65°C for HSPG or 40°C for PC40-containing liposomes. This 

extrusion procedure has been shown to produce primarily unilamellar vesicles (34). 

Liposomal size was characterized by dynamic Iight scattering using a Brookhaven B 190 

submicron particle size analyser (Brookhaven Instruments Corp.. Holtsviiie, NY). The 

mean Liposomd diameters of extrudecl liposomes were in the range of 95 - i 10 nm. 

Phospholipid concentrations were determined nom either the specinc activity counts of 

[ 3 1 ] C ~  tracer or by the Bartlett colorimetric assay (298). 

3.3.5 Loading of doxorubicin (Dm). 

DXR was encapsulated into liposomes by remote loading using an ammonium 

sulphate gradient (42). Lipid films were hydrated in 250 mM ammonium sulphate (pH 

5.5) and the extenial buffer was exchanged by eluting through a Sephadex G-50 wlumn 

equiliirated with 123 mM sodium citrate (pH 5.5). DXR was added to the liposomes at a 

phosphoiipid:DXR ratio of 1 :0.2 w/w and incubated for 1 h at 65OC. The liposome- 

encapsuiated DXR was separated nom the fiee DXR over a Sephadex G-50 column 

eluted with 123 rnM sodium citrate (pH 5.5). The concentration of the liposome- 

entrapped DXR was determined by spectrophotometry @= 480 nm). The amount of 

DXR loaded in liposomes was 150 pg D m p m o l  PL (0.26 pmol DXR/pmol PL), with an 

encapsdation efficiency of greater than 95 %. 

3.3.6 Hydrazide method for coupling mAb anti-CD19 to liposomes. 

Antibodies were coupled to the terminus of PEG via the hydrazide coupling 

method (53, 169). Carbohydrate in the Fc region of the mAb was oxidized for 1 h at 
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22OC with 10 m M  sodium periodate in 250 mM citrate buffer, pH 5.5. To determine the 

efficiency of coupling, in some experiments a trace amount of lZI-labeUed mAb was 

added. To terminate the oxidation reaction, excess periodate was quenched with 50 mM 

NAM in distiUed water, for approximately 5 min. The oxidized Ab was then incubated 

overnight at 5°C with Hz-PEG-liposomes at an Ab:PL molar ratio of 1 : 1000. FinaiIy, the 

immunoliposomes were separated from the fkee mAb over a Sephadex CL4B column 

equilibrated with 25 mM HEPES, 140 mM NaCl buEer, pH 7.4. The efficiency of 

coupling was determined from the amount of lUI-labelled mAb bound to the surface of 

liposomes. The wupling efficiency was approximately 32 %, with 40 - 60 pg mAb/pmoi 

PL (or 0.32 m o l  mAb/pmol PL) attached at the liposome surface. 

3.3.7 Leakage of DXR from liposomes. 

Leakage experiments were performed on DXR-loaded liposomes composai of 

either HSPC:CHOLBi-PEG-DSPE or PC40:CHOL:Hz-PEG-DSPE (2: 1 :O. 1 molar 

ratio). AU liposome preparations were fieshly prepared and fiee DXR, when present, was 

separated by eluting over a Sephadex (2-50 column. Liposomes were incubated with 

either phosphate buffered saline (PBS) or human plasma in 24-well plates at a ha1 DXR 

concentration of 10 pg/ml. The plates were incubated at 37°C with constant agitation for 

24 h using a plate shaker. The fluorescence of anthracyclines is quenched at high 

concentrations, or when encapsdated in liposomes (350). DXR-leakage nom liposomes 

was followed by meaniring the fluorescence-dequenching of DXR at selected tirne points 

(O - 24 h) using fluorimetry (CytoFlour 2350TM, Millipore, Bedford, MA). Complete 

release (100 % dequenching) of DXR was obtained by treating liposomes with 5 pl of 10 



% Triton X-100 in distilled water. Percent DXR released was determined fiom 

fluorescence intensity ofweils relative to 100 % dequenching. 

3.3.8 In vibo binding experiments using fluorescent liposomes. 

lmmunoiiposomes were labelled with a fluorescent lipid marker, NBD-PE (1 mol 

%), and binding of liposomes to celis was examined using FACS. Various formulations of 

NBD-PE-labellecl liposomes were incubated with 1 x 106 B or T lymphoma cells at a nnal 

PL concentration of 400 nrnoVrnl for 1,4 and 24 h at 37°C in a humidified incubator 

containing 5 % CG. In wmpetition experiments, targeted NBD-SIL[anti-CD 1 91 

liposomes were incubated with 25-fold excess £tee anti-CD19 (6.4 x 104 pmol an& 

CD19). Ceils were washed three times with IF buffer and fixed with 1 % formalin prîor to 

analysis on the flow cytometer. Celi debns were excluded by appropriate gating on 

forward versus side angle scatter profiles. Files were colieded of 5000 - 20000 events 

and later nnalysed using the LYSIS II software program (Becton Dichson, San Jose, 

CA). 

3.3.9 Uptake of doxorubicin (Dm) by Namaiwa ceiis using fiow cytometry. 

The characteristic fluorescence spectra of DXR (excitation 480 nm, emission peak 

580 nm) was used to determine the association of DXR with Namalwa ceils, using flow 

cytometry. Namaiwa ceils were incubated with either fkee DXR or various iïposomal 

formulations of DXR at concentrations of dmg ranging fiom 0.1 - 100 &ml for 1,4 or 

24 h at 37'C. Post-incubation, cells were washed with cold IF b s e r  and immediately run 

on a Becton Dichson FACScan (Becton Dickinson, San Jose, CA). D m  molecules 

associated with c d s  were excited with an argon laser (488 nm) and the ernitted 



fluorescence codd be detected through 560 nm (FL2) band pass fiiters. Fies were 

coiIected of 10,000 ungated events and were later analysed using the LYSIS II software. 

Cell debns were excluded by appropriate gating on fonvard versus side angle scatter 

profiles during analysis, taking into account that DXR-treated ceils may be apoptotic. 

3.3.10 Analysis of liposomal DXR associated with Namalwa cefls using HPLC. 

The amount of DXR associated with Namalwa cells was measured using HPLC 

(326-328). Namalwa ceils (1 x 106 ceWweIi) were incubated with fiee D m  Iow or high 

phase transition DXR-SL, or low or high phase transition DXR-SIL[anti-CD 191 at 

concentrations fiom 0.1 pg DXR/d to 100 pg DXRhl. Post-incubation, ceils were 

washed three times with cold PBS, lysed with cold distiued water, then extracteci with a 

mixhire of chloroform and acidXed (0.4 N sulphurc acid) isopropanoi (1:l v/v). After 

mixing at room temperature, the organic extract as collected, solvent evaporated, and the 

residue was reconstituted in methanol. The recovered compounds were analyseci on a 

Beckman HPLC (Beckman Instruments Inc., Fderton, CA), using a Supelcosil LC-18 

reverse phase column after a pre-coIumn filter and a Supelcosil LC-18 guard column. 

Compounds were eluted at room temperature at a flow rate of 1 d m i n  for 30 min with a 

linear gradient nom 30 % acetonit.de in water containhg 0.05 % tnfluoroacetic acid to 90 

% acetonitrile in water. DXR and its p r m q  metabolite were detected by fluorimetry 

(excitation 480 MI, ernission 580 m) ushg a Shirnadzu spectrofluorimetric detector 

( S h d z u  Scientific Instruments Inc., lapan). DXR was quantitateci by measuriag 

relative peak area ratios against an intenia daunorubicin standard. 
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3.3.11 Internalizstion experiments using the pH-sensitive fluorophore HPTS. 

Intemaikation of liposomes by Namalwa cells was studied using an encapsulated 

pH-sensitive fluorescent probe HPTS as desmieci elsewhere (329, 330). The dye 

displays two complementary pHdependent peaks at 403 and 450 nm and a pH- 

independent peak at 413 nm (ïsobestic point). Briefly, 1 x 106 ceils were incubated with 

liposomal HPTS at a final PL concentration of 400 nrnoVml for 1 h at 3 7 T .  After 

incubation, cels were washed with PBS, and the cd-associateci fluorescence detelIlZiDed 

by scanning the excitation spectra fiom 320 to 500 nm, keeping the emission wavelength 

nxed at 5 10 m. The ratios of the excitation peaks at 403 nm and 450 nm to the isobestic 

point at 413 nm, were measured and the pH environment of the HPTS was determlned 

fiom a previously prepared standard cuve of HPTS in the pH range 4 - 9. 

3.3.12 Intraceiiular distribution of liposomal DXR using confocai laser scanning 

microscop y. 

Namalwa ceils, control cells (CD 19- T ceus), or a heterogenous mixture of 

Narnaiwa and T cells (1 : 1), were incubated at 1 x 106 ceWwell in a total volume of 100 pl 

RPMI 1640 supplemented with 10 % FBS. Free D m  or liposomal formulations of DXR 

(20 pg DXR/mI, in a total volume of 500 pl media) was incubated with cells for 1,24 or 

48 h at 4'C or 37OC. In some experirnents, ceUs were treated with 0.1 % sodium azide, a 

metabolic inhibitor. Celis were then washed with cold PBS and stained for 30 min with 

appropriate ceil Wace markers, Le., anti-CD 19-FITC (or anti-CD 19 + goat anti-mouse 

FITC-IgG) (B ceils) or anti-CD4-FITC (or anti-CD4 + goat anti-mouse FITC-IgG) (T 

cells). Ceiis were dowed to adhere onto poly-Glysine-coated siides pnor to mounting 
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with PerrnaFluor Gipshaw Immunon, Pittsburgh, PA). Ceiis were then Msualized on the 

confocal laser scanning microscope system consishg of a Leitz Aristoplan Fluorescence 

Microscope illuminateci by a lOOW HBO mercury bumer (for direct obsewation) and an 

argon-krypton laser with emissions at 488,568, and 647 nm for scanning. Cells were 

optically sectioned and images (5 12 x 5 12 pixel) were stored on optical disks for further 

analyses using Leica Lasertechnick GmbH (Heidelberg, Germany) software. AU 

instrumental parameters pertaining to fluorescence illumination, detection, and image 

analyses were held constant to d o w  sarnple cornparison 

3.3.13 Quantitation of DXR-induced cytotoxicity on ceii lines using propidium 

iodide. 

Cytotoxicity of DXR or liposornal DXR to Namalwa ceUs was evaluated ushg the 

DNA-binding dye propidium iodide (PI). Narnalwa ceUs (1 x 103 were incubated with 

either DXR or different formulations of liposomal DXR for 24 h at 37OC. After 24 4 cells 

were washed and allowed to grow for an additional 24 h in dmg-fiee media. At the end of 

the inaibation period, cds were washed, permeabilized with 70 % ethano1 at 4"C, 

RNAase-treated, and stained with 0.2 ml of 50 p g l d  propidium iodide. Samples were 

stored for 30 min on ice, prior to mnning on the flow cytometi Files of 20,000 ungated 

events were collecteci and d y s e d  by Cellquest software mecton Dickinson, San Jose, 

CA). The position of the diploid peak was set on a hear fluorescence scale and 

appropriate markers were set to detect diploid, hypodiploid or apoptotic ceils. 

3*3.14 Cytotosicity assays. 

Cornparisons of the cytotoxicity of various liposomal formulations of DXR were 
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performed on Namalwa cells with an in vitro proLiferation assay utilizing tetrazolium dye 

MTT (299). Briefiy, 5 x 10' cells were plated in 96-weii plates, with or without Dowex- 

50W (33 1,332), and were dowed to incubate for Ih at 37°C. Dowex-SOW efficientiy 

adsorbs fhe DXR or DXR released fiom liposomes. The amount of Dowex-SOW used in 

these experirnents was limted to levels which showed minimal inhibition of c d  growth in 

the absence of dmg treatments. 

Celis were inaibated with either h e  D m  DXR-SL, DXR-SIL[anti-CD191 or 

liposomes coupled to an isotype-matched wntrol antibody (DXR-NSIL[IgG2a]). 

Approh te ly  5 to 6 replicate microdtures were prepared at each drug concentration. 

Celis were incubated for 1 or 24 h at 37°C in an atmosphere of 95 % humidity and 5 % 

CO,. CeUs were washed twice prior to replacing with fresh media. Plates were incubated 

for a total 48 h. At 48 4 the plates were then centrifbged for 10 minutes at 800 rpm and 

the supernatant was carehiiy aspirated. M I T  (25 pdwell) was added to each weU and 

the plates were fkther incubated for 4 h at 37°C in a CO2 incubator, protected nom light. 

Foiiowing this, the colored fonnazan product was dissolvecl using 100 pl of acid- 

isopropanol and the plates were read on a Titertek Multiskan Plus (Flow Laboratories 

Inc., Mississauga, Ont.) at a test wavelength A= 570 nm against a reference, A= 650 m. 

The absorbame reading fiom each well was proportional to the ce11 Mability and results 

were expressecl as % ceil viability in test wells compared to controls measured in the 

absence of test h g ,  rnAbs or liposomes. The IC, of the test was dehed as the 

cuncentration of test agents that produced a 50 % reduction in c d  viability compared to 

hg- f iee  wntrol. 



3.3.15 Statistical analyses. 

Ali hear regression analyses were done using Quattro Pro 4.0 (Borland Inc., 

Scotts valley, CA). Unless otherwîse stated, Student's t-test was used to masure 

statistical signincance between two treatment pairs. Multiple cornparisons of various 

groups in cytotoxk assays were evaluated using one-way anaiysis of variance performed 

on INSTAT (GraphPAD software, version 1.1 1 a), and post-tests wmparing the different 

treatment means were done using Bonferroni's test. Data were wnsidered statisticaiiy 

signiscant at p values < 0.05. Data were reported as mean * standard deviation (S.D.). 

3.4. RESULTS 

3.4.1 lmmunophenotyping of Namalwa ceh  using flow cytometry. 

Phenotyping of the Namalwa ceils demonstrated that this cell line had a high 

expression of B-ceII differentiation antigens: CD 19, CD20, CD22, CD24. Expression of 

the antigens were ranked in temu of their mean fluorescent intensity, in Table 3.1. The 

levels of expression of the B-cell epitopes tested ranked as CD 19 > CD24 > CD20 = 

CD22 > CD21 (Table 3.1). The B cell antigens were found to have no cross reactivities 

with the control CD4' T celi 

iine (H9). 

3.4.2 Leakage of doxorubicia (Dm) from liposomes. 

Leakage experiments were perfomed on liposome-encapsulated DXR composed 

of HSPC(or PC40):CHOL:Hz-PEG-DSPE (2: 1 :O. 1 rnolar ratio) (Fig. 3.1). AU liposome 

preparations showed mùiimal leakage in PBS, retaining >90 % of the encapsulatecl DXR 



Table 3.1. Iinmunophenotyping of Namdwa cell line using flow cytometry. 

Marker Expression' 
CD4 - 
CD8 - 
CD 19 IgG2a (FMC63) *!4 
CD19 IgGl (HD37) *!h 
CD20 ft 

CD2 I i- 

CD22 @F-B4-B3) t t -  

CD24 t+t- 

CD29 (Pl +H 

CD34 - 
CD38 Mt/, 

CD45 ++% 
CD45RA * 
CD45RO +t+ 

PCA-I +tt% 

IgG1-3F12 + 
IgGl (control) - 
IgG2a (control) - 

Namalwa ceEs were incubated with an appropriate mAb (10 pg W 1 0 6  ceus) at 4°C for 
30 min. CeU d a c e  marken were examined for immunostaining with specific Abs, by 
either direct or indirect immunofluorescent staining methods. Cells were washed with IF 
b&er pnor to runnïng on the flow cytometer. Ceii-associated fluorescence was analysed 
on a Becton Dickinson FACScan. 
l The reactivities of mAbs are presented in tenns of relative mean logarithmic intensity of 
fluorescence staining on Namalwa cells. ++tç MFI 1 O' (very high); t+t MFI I o3 
mgh); * MFI 1 o2 (moderate); + MF1 10' (didlow); +/- MF1 1 oos5- 1 O* (very low); - 
MFI (1 0'-5 (negative). 



l i m e  (hours) 

Figure 3.1. In vitro release of doxorubicin (Dm) from liposomes. 
Liposomes were incubated in either phosphate buffered salinc (open symbols) or 25 % 
human plasma (solid symbols) at a h a i  DXR concentration of 10 pg/ml. The leakage of 
DXR was measured by fluorescence dequenching. Liposomes were ~ m p o s e d  of  either 

HSPCCHOL33.z-PEG-DSPE (A, A) or PC40:CHOL:Hz-PEG-DSPE.(4.) containllig 
encapsulateci DXR 
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after 24 h incubation. When the leakage experiments were conduded in 25 % human 

plasma, liposomes containhg the high phase transition phospholipid, HSPC, showed a 

modest increase in DXR-leakage (16 %) at 24 h. The leakage rate was higher for the 

more fluid PC40 Liposomes pig. 3.1) with approximately 40 % dmg leaking out of the 

liposomes after 24 h (Fig. 3.1). This was likeIy due to release of any dmg adsorbed at the 

liposome d a c e  and enhanced leakage across the more fluid bilayers, perhaps induced in 

the presence of senim. 

3.4.3 Binding of immunoliposomes to Namaiwa ceUs. 

Binding of NBD-labelled SIL[anti-CD 191 or fiee ad-CD 19-FITC by Namalwa 

cells was studied using flow cytometry Fig. 3.2A). Namalwa cells stained with anti- 

CD 19-FITC displayed a high surface expression of target antigen CD 19, in cornparison to 

untreated ceiis or cells treated with a isotype-rnatched control antibody IgG2a-FITC (Fig. 

3.2A-a). NBD-SL (no Ab) or isotype-matched control liposomes NBD-NSILDgG2aJ 

displayed minimal recognition by Namalwa ceUs, and were not different from the 

autofluoresence associated with untreated cens (Fig. 3.2A-b vs. a). NBD-SIL[anti-CD 191 

displayed a 1.5 log-fold increase in mean fluorescence intensity and was significantly 

higher than non-targeted controls Vig. 3.2A-c vs b). This specific association of 

SIL[anti-CD 191 with Namalwa celis wuld be cornpetively inhi'bited in the presence of 

excess &ee anti-CD 19 (Fig. 3.2A-c). 

The experiments in Fig. 3.2A were repeated using a control C D 4 m  cell h e ,  

which does not express CD19 (Fig. 3.2B-qb). As expected, no binding to the H9 c e U  line 

was observed for NBD-SL, NBD-NSIL[IgG2a] or NBD-SIL[anti-CD 191 (Fig. 3.2B-c). 



Figure 3.2. In vitro binding of fluorescent NBD-labeled liposomes to CDl9+ 
Namalwa cens and control CD19- E9 cens using flow cytometry. 
NBD-labeiIed Liposomes (0.1 moI%)were composed of HSPC or PC40:CHOL:Hz-PEG- 
DSPE, 2: 1 :O. 1 molar ratio (1 05 nm in diameter) * mAb a d - ~ f i 1 9 .  NamaIwa ceUs were 
inaibated with liposomes at a fiaal Iipid concentration of 400 nmoVml for 1 h at 37°C. 
Panels illustrate: A. Namalwa ce&: a. Unîreated celis (dotted), irrelevant mAb IgG2a- 
FITC (dashed) and anti-CDl9-ETK (bold line); b. NBD-SL (dashed) and NBD- 
NSILFgGZa] @old line); c. Free anti-CD 19 + NBD-SIL[anti-CD 191 (dashed) and NBD- 
SIL[anti-CD191 @oId line); B. H9 ceiis: a. Untreated celk (dotted), control mAb IgG1- 
FITC, and anti-CD4-FITC @old Iine); b. Control IgG2a-FITC (dashed) and anfiCD19- 
FITC (bold line); c. M3D-SL (dotted), NBD-NSIL[IgGZa] (dashed), or NBD-SIL[anti- 
CD191. C. Namdwa ceIIs: a. HSPC-SL at 1 h (dashed) and 24 h (bold Iine); b. PC40-SL 
at 1 h (dashed) and 24 h @old line); c HSPC-SIL[anti-CD 191 at 1 h (dashed) and 24 h 
(bold line); d. PC40-SIL[anti-CD191 at lh  (dashed) and 24 h @old line). 



a- HSPC-SL b, PC[IO)-SL 

Fluorescence intensity 
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The t h e  course for the association of SL, SIL[anti-CD191 and NSILFgG2al with 

Namalwa ceiis was studied at 1 and 24 h In these experiments. two formulations of 

NBD-liposomes were tested, HSPC-SL or PC40-SL, together with their targeted 

couterparts (Fig. 3 -2C). NBD-labeiied HSPC-SIL[anti-CD 191 and 

PC4O-SIL[anti-CD191 bound equally to Namalwa celis (Fig. 3.2C-c vs. d) and both 

targeted fordations exhibiteci higher binding to N d w a  cells at 1 and 24 h compared 

to non-targeted SL (Fig. 3.2C-c vs. a, and d vs. b). The association of ail formulations 

with ceils increased with time (Fig. 3.2Cy 1 h vs. 24 h). 

3.4.4 Quantitation of DXR association with Namalwa ceiis as a function of time and 

DXR concentration. 

The term 'association' is used to indicate a combination of d a c e  absorption of 

the liposornal DXR, intemalization of the liposome together with its contents into 

Namalwa cells, and diffusion of fiee dmg into the ceiis. 

The diffusion of free dmg into Namalwa cells was rapid and was essentiaiiy 

complete within 1 h (Fig. 3.3b). Association of Eee DXR with cens was significantly 

higher than that seen for either targeted or non-targeted Liposomes at both 1 and 24 h (Fig. 

3 - 3 4  vs. c-f). Rigid (Fig. 3 -3-e) and fluid (Fig. 3 . 3 4  DXR-SIL[anti-CD 191 both bound 

specifically to Namalwa cellq and the amount of DXR associated with the Namalwa cdls 

was 4-8 fold higher than for non-targeted DXR-SL (Fig. 3 .3 -4  or DXR-HSPC- 

NSILFgGZa] (Fig. 3 -3-d). The specific association of DXR-SIL[anti-CD 191 with 

Namalwa cells could be competitively inhibited with the addition of fixe anti-CD19 (see 

Table 2.1). At 24 4 the levels of rigid or fluid DXR-SIL[anti-CD 191 associated with 



Namalwa celis 
Untrmmd odls b. Fhe DNR 

Fluorescence intensity 

Figure 3.3. Uptake of doxombicin (DILR) by Namalwa cells using flow cytometry. 
Namalwa ceils (1x10~ celldwell) were incubateci with eithx free DXR or various 
formulations of liposomes at a final DM( concentration of20 pgM for 1 h (dashed he) 
or 24 h (bold line), at 37OC. Cells were washed and ceil-associatecl DXR was evduated 
using flow cytometry. a. Untreated control cds; b. Free Dm c DXR-SL (no mAb); d. 
Dm-NSILugG2al; c DXR-HSPC-SIL[anti-CD 191; f. DXR-PC40-SIL[anti-CD 191. 
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cells approached those seen for Eree DXR (Fig. 3.3-e,f vs. b), though the fluid formulation 

gave somewhat higher DXR levels possibly resulting from leakage and uptake of fi-ee clmg 

(Fig. 3.1). 

Results of the HPLC experiments are shown in Fig. 3.4. The cellular levels of fiee 

DXR iacreased with increasing concentrations of DXR At low concentrations of drug 

less than 10 pg DXR/d, the levels of fiee DXR associateci with Namalwa ceiis were not 

significantly different from that of either fluid DXR-SIL[anti-CD 191 wO.05). At 

concentrations of DXR of 20 to 100 &mi the cellular accumulation of £tee DXR 

increased sigdcantly @<0.00 1) relative to the liposomal formulations. No diierence 

between the accumulation of drug from fluid versus ngid targeted formulations were 

apparent ('*.OS) (Fig. 3 -4). Both DXR-SIL[anti-CD191 preparatiow showed a 3 to 15- 

fold higher accumulation of D m  compared to that seen for the non-targeted DXR-SL 

(no mAb) preparations, consistent with the flow cytometry data (Fig. 3.3). 

3.4.5 In vifro cytotoxicity of SIL[anti-CD191. 

We have reporteci in Chapter 2 that targeted DXR-SIL[anti-CD191 is more 

cytotoxic to Namdwa cells than is non-targeted DXR-SL. In our current experiments 

(Table 3.2), we compared the cytotoxicity of liposomes prepated with either a high 

(HSPC) or low (PC40) phase transition phospholipid. After 1 h incubation, targeted 

DXR-HSPC-SIL[anti-CD 191 were more cytotoxic to the Namalwa c d  line than were 

non-targeted DXR-SL (p<0.00 1) or isotype-mat ched DXR-HSPC-NSIL[IgG2a] 

@<O.OS) (Table 3 -2). There was no merence between the cytotoxicities of targeted 

DXR-PC40-SIL[anti-CD 191 and non-targeted DXR-PC40-SL (p3.05). 



Concentration of DXR (pglmL) 

Figure 3.4. Quantitation of doxonibicin OXR) associated with Namalwa in vitro. 
Namalwa =Us (1 x 106 cells/weii) were incubated with fiee DXR (a), DXR-HSPC-SL 
(A), DXR-PC40-SL (+), DXR-HSPC-SIL[antitiCD19] (R) or DXR-PC40-SIL[anti- 
CD191 (V) for 1 h at 37°C. M e r  incubation, cells were washed and lysed pnor to DXR 
extraction. The amount of DXR associatecl with cells was determined using HPLC. 
Figure illustrates the amount of DXR associated with ceiis @mol DXW106 cells) versus 
the incubated DXR concentration (pglml), n=3. 



Table 3.2. Cytotoxicity data (IC,,, FM) against Namalwa cells for free DXR, and various liposome-encap~ulated doxorubicin 
formulations, 

Time 

(h) 

1 

24 

lCM CM DXR against CD19' B lymphoma ce11 line (Namalwa) 

Free DXR 1 HSPC-DXR-SL ( HSPC-DXR-SIL[snti- PC4CDXR- I PC4O-DXR- HSPC-DXR- -l-l 

, Namalwa cells (5x10~ /well) were incubated with either fiee DXR or various formulations of DXR encapsulated in long-circulating 
liposomes with or without the antibody. Cells were incubated for 1 or 24 h at 37OC in an atmosphere of 95 % hurnidity and 5 % CQ. 
At the time points indicated, cells were washed and each well replaced with fresh media. At 48 h, the plates were then centrifùged, 
supernatants rernoved, the tetrazoliurn dye MTT solution (25 pg/well) was added to each well and the plates were further incubated for 
4 h at 37°C. The colored formazan product was dissolveci using 100 pl of acid-isopropanol and the plates were read on a Titertek 
Multiskan Plus (Flow Laboratories Inc., Mississauga, Ont.) at dual wavelengths 570 and 650 nm (n= 3 - 6). 
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Both DXR-PC40-SL (p<0.001) and DXR-PC40-SIL[anti-CD 191 @<O.OS) were more 

cytotoxic than comparable HSPC counterparts (Table 3.2) and displayed cytotoxicities 

comparable with the f?ee DXR @>O.OS). DXR-HSPC-SIL.[anti-CD19]@<0.01) was 

more cytotoxic than DXR-HSPC-SL @<0.00 l), but both were significantly less cytotoxic 

than the f?ee dmg. The cytotoxicity of the targeted HSPC-SIL[anti-CD191 could be 

competitively inhibited by CO-incubation with excess fia anti-CD 19 antibody, suggesting 

that binding of targeted DXR-SIL[anti-CD191 was responsible for its cytotoxic action 

(Chapter 2). 

With incubations of 24 4 the IC& of all formulations were significantly lower 

@<0.0 1) (Table 3.2). At 24 4 DXR-SIL[anf-CD 191 was signincantly more cytotoxic 

than DXR-SL @<0.001) or DXR-HSPC=NSIL[IgG2a] @<0.001), but not dserent £kom 

fiee DXR (pO.05). Both DXR-PC40-SL and DXR-PC40-SIL[anti-CD 191 displayed 

simiiar cytotoxicities (p0.05) and were both more cytotoxic than fkee DXR @<0.001). 

At the longer incubation times, release of encapsulated drug f?om the fluid liposomes 

followed by uptake of released h g ,  combined with the uptake of the liposomal drug by 

endocytosis, may account for the Merences in cytotoxicities (Kg. 3.1, Table 3.2). 

To test if a portion of the cytotoxicïty was due to fiee dmg released f?om 

liposomes, we performed additional control experiments incubating Liposomes and ceUs in 

the presence of a strong cation exchange resin Dowex-SOW (Table 3.2). Any free drug 

released into the medium from liposomes would be rapidly taken up by the Dowex beads. 

This would thus discriminate between the cytotolricity due to endocytosis of the liposomal 

drug by tek, versus the uptake of released dmg in the media or at the liposome surface. 
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Dowex treatment increased the IC, of the fkee dmg 18-fold @<0.01). It was apparently 

not possible to absorb all fiee DXR nom the media at higher DXR concentrations before 

some was taken up by ceiis. In cornparison to the free d q  the IC, of the non-targeted 

DXR-SL was increased by only approximately 5-fold by Dowex (Table 3.3). This may be 

due to the low leakage rate of DXR-SL where only a s d  fiaction (40 %) of cimg is 

released Eom the liposomes into the media (Fig. 3.1). Inclusion of Dowex with DXR- 

SIL[antitiCD19], and Namaiwa ceus gave only a 2-fold increase in ICw @<0.01), 

indicating that DXR-SDL[anti-CD 1 91 cytotoxicity was primarily due to intemalized 

liposomes, with approximately haifthe contribution of h g  cytotoxicity due to leakage of 

DXR eom liposomes. This suggests that the cytotoxicity of these liposomes may be due 

to a combination of dmg release and endocytosis. 

3.4.6 Measurernent of internalization of immunoliposomes using liposome- 

encapsulated HPTS. 

To examine receptor-mediated internalization of liposomes by Namalwa cells, 

experiments were performed utilizing a pH sensitive probe I-hydroxypyrene-3,6,8- 

üinilfonic acid (HE'TS), encapsulated within liposomes (329, 330). This procedure 

ailowed the quantitation of the liposomes (i.e., encapsulated HPTS) endocytosed into the 

acid environment of the endosornes andlor lysosomes. 

Both rigid and fluid formulations of targeted HPTS-SILLanti-CD 191 liposomes, 

when incubated with Namalwa ceils (for 1 or 24 h) produoed a deaease in the 

fluorescence excitation peak at 450 nm, and therefore a decrease in I,dI,,, ratio, 

indicative of a reduction in pH from 7.4 to pH 6.5 (pxO.0 1) (Table 3 -3). This is 



Table 3.3. Intemalization of liposomes by CD19' Namalwa cells studied using a pH-sensitive fluorophore (HPTS). 

Liposomes were composed of either rigid HSPC or fluid PC40:CHOL:WEG-DSPE (2: 1:O. 1 molar ratio) * coupled mAb anti-CD19 
(PL: mAb= 1:0.001 molar ratio, 104 - 109 nm in diameter) and contained the pH-sensitive dye HPTS. Cells were plated in 48-weii 
plates (1 x 106 celldwell) and were inwbated with liposome-encapsulated HPTS at 4OC or 37"C, for time penods of 1 or 4 h, 
respectively. An additional control involved pretreating cells with metabolic inactivator sodium azide. At the end of the incubation, 
cells were washed with cold PBS and the fluorescence excitation spectra was scanned (from A= 325 - 500 nm) keeping the emission 
wavelength fixed at h= 510 nm. By measuring the ratio of the excitation peaks, 4501413 nm, the pH environment of the liposomes was 
determined (n= 3). 

-- 

Liposome 
formulations 
(composition, molar 
ratio) 

pH (HPTS-liposomes) 

37"C, 1 h (cells 
pretreated with 
sodium azide) 

4"C, 1 h 37"C, 1 h 37"C, 4 h 
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compatible with the accumulation of the iiposomes in the acidic milieu of the endosornes 

andor lysosorna1 cornpartment. In cornparison, non-targeted liposomes HPTS-SL (no 

mAb) or isotype-matched HPTS-NSILUgGZa] incubated with Namalwa ceus displayed 

HPTS spectra similas to seen at physiological pH, Le., pH 7.4 (pX.05) (Table 3.3). 

HPTS-SIL[anti-CD191 were not intenialized by the control CD19- T cell line, Hg. These 

results are consistent with the bindiig data, suggesting that non-targeted iïposornes do not 

internaiize, and are possibly non-specifically associated with the outer ceii membrane. As 

controls, targeted SIL[anti-CD 191 incubated with sodium aide-treated cells, or cells 

incubated at 4"C, expenenced no pH &op, consistent with the energy requirement for 

receptor-mediated internakation (Table 3.3). 

3.4.7 Internakation of liposomes visudized using confocai microscopy. 

DXR is naturally fluorescent red when excited at 488 m. To confirm that DXR- 

SIL[anti-CD 1 91 internalizes by Namalwa celIs, this was investigated using two-color 

fluorescent confocai imaging. The localization of DXR in the ceil could be determined by 

the pattern of red fluorescence. The cd d a c e  was visualized by the green staining of 

the surface antigens by either anti-CD4-FITC (T cells) or anti-CD19-FITC (B celis). Free 

DXR, DXR-SL, DXRXRNSL~gG2a], or DXR-SIL[anti-CD191 composed of either HSPC 

or PC40 lipids were incubated with N d w a  cells at 37°C for 1 h (Fig. 3.5). 

During the 1 h incubation, the fke DXR rapidly difhsed into Namaiwa (Fig. 

3.5A). DXR fluorescence was observed in both the cytoplasm and the nucleus (Fig. 

3 SA). Non-targeted DXR-HSPC-SL or DXR-HSPC-NSIL[IgG2a] displayed minimal, 

diffuse DXR staining (Fig. 3.5B,C), probably resulting h m  low levels of DXR released 



Figure 3.5. Confod laser scanning micrographs of ~ a m d w a  ceus treated with free 
doxombicin or various formulations of liposome-encapsulated doxorubicin. 
Namalwa ce& ( lxld ceiIdweil) were incubateci with either fiee DXR or various 
formulations of liposomes at a finai DXR concentration of 20 pglml, for 1 h at 37°C. Mer 
incubation, c d s  were stained with anti-CD 19-FïïC (or anti-CD 19 + goat anti-mouse 
FITC-IgG), washed and adhered on glas siides. Specimens were visuatized on the 
confocal microscopy and optically sectioned. These panels illustrate images acquired on 
an equatorial plane over a random field of adhered celis. Panels: A. Free D m  B. DXR- 
HSPC-SL; C. DXR-HSPC-NSIL[IgGZa]; D. DXR-HSPC-SIL[anti-CD 191; E. DXR- 
PC40-SIL[anti-CD 191; F. DXR-HSPC-SIL[anti-CD 191 + excess fiee antitiCD 19. 





Figure 3.6. Confocai laser scmnning micrographs of heterogenous mixtirre of CD4+ 
H9 cells and CD19' Namalwa celIs treated with free doxorubicin or various 
formulations of ~iposom~ncapsu~ated doxorubicin. 
MVmires of Namalm and H9 cells (1x10~ celldwell) were incubated with either fiee DXR 
or various formulations of liposomes, at a k a 1  DXR concentration of 20 pg/ml, for 1 h at 
37°C. Post incubation of liposomes, H9 ceus were d a c e  stained with anti-CD4-FITC 
and Narnalwa cells were d a c e  stained with anti-CD19-FITC. Cells were washed and 
adhered on glas slides. Specimens were visualized by confocal rnicroscopy and opticdy 
sectioned. These panels illustrate images acquired on au equatorial plane over a random 
field of adhered cells. A. Free D m  + anti-CD4-FITC; B. Free DXK + anti-CD19-FITC; 
C. DXR-SL + anti-CD4-FITC; D. DXR-SL + anti-CD19-FITC; E. DXR-HSPC-DXR- 
NSILpgG2a]+ anti-CD4-F'ITC; F. DXR-HSPC-NSILDgG2a]+ anti-CD 19-FITC; Go 
DXR-HSPC-DXR-SKEanti-CD 191 + anti-CD4-FITC; K. DXR-HSPC-SIL[anti-CD 191 + 
anti-CD 19-FITC. 
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fiom the liposomes (Fig. 3.5B,C). Both HSPC and PC40 formulations of DXR-SIL[anti- 

CD 191 demonstréited a higher binding, intemalkation and accumulation of DXR-SIL[anti- 

CD191 into NamaIwa ceiis, compareci to non-targeted DXR-SL or DXR-NSIL[IgGZa] 

(Fig. 3.5D,E vs. 5B.C). The interna1 DXR fluorescence was, howwer, less intense than 

that observed for the fke h g  (Fig. 3SA). The red DXR fluorescence was associated 

with both the ceiî surface and the cytoplasm, the cytoplasm showing both punctate and 

diffuse DXR fluorescence (Fig. 3.5D,E). Fluid DXR-PC40-SIL[anti-CD 1 91 appeared to 

have a higher intensity of DXR within cens compared to the rigid DXR-HSPC-SIL[anti- 

CD 191) (Fig. 3.5D vs. E). The fluorescence of DXR-PC40-SIL[anti-CD 191 in ceUs 

appeared less punctate, and more cytoplasmic, compared to DXR-HSPC-SE[anti-CD 191 

(Fig. 3.5D vs E). Treatment with the metabolic inhibitor sodium azide resulted in the 

accumulation of liposomes predorninantly on the ceil d a c e  with minimal DXR-SIL[anti- 

CD191 staining observed in the cytoplasm. The specincity of DXR-SIL[an&CD 191 

binding and internalization was confkmed by CO-incubation of ceUs in the presence of 

excess free anti-CD 19, which competitively inhibited the binding of Dm-SIL[anti-CD 191 

(Fig. 3.5F). 

Confocal experiments were done using a heterogenous mixture of Namaiwa and 

H9 ceiis to wd5-m specificity of DXR-SIL[anti-CD 191 for the B cells (Fig. 3 6). B or T 

ceUs were identined with appropriate FITC-conjugated f3ee mAbs, Le., anti-CD19 for 

N a d w a  and ad-CD4 for H9 celis. Accumulation of fiee DXR was rapid in both 

Namalwa and H9 cells (Fig. 3.6A,B). Minimal DXR was associated with either ceil line 

when inaibated with non-targeted DXR-SL (Fig. 3.6C,D) or DXR-NSIL[IgG2a] Vig. 
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3.6E,F). Incubation of a H9Namalwa ceIl mixture with DXR-SlL[anti-CD 1 91 appeared 

to label ody Namalwa cells and not EI9 ceils (Fig. 3.6G,H). As seen in Fig. 3.6G, H9 

cells, identifled by staining with anti-CD4-FITC, displayed no association of DXR- 

SIL[anti-CD191. The DXR fluorescence was exclusively in cells that lacked CD4, i.e., 

Namafwa cells (Fig. 3 -6G). The CO-localization of the red and green fluorescence to the 

c d s  labelleci with anti-CD19-FITC in the heterogenous mix of Namalwa and H9 ceils 

wnfirmed the specificity of bbding of the DXR-SIL[anti-CD 191 to Namalwa cells (Fig. 

3.6H). 

In addition, we used confocal imaging to corroborate the cytotoxicity experiments 

conducted in the presence of Dowex (Fg. 3.7). The arnount of cation exchange resin 

used was unable to completely expunge DXR fiom the media. The ditttsion of free drug 

into ceiis in the presence of Dowex was, however, reduced and was significantly lower 

than that seen for ceUs treated with DXR in the absence of Dowex (Fig. 3.7A vs. Fig. 

3.5A). Non-targeted Dm-SL (Fig. 3.m) had iittle or no DXR fluorescence associateci 

wiîh ceiis. Targeted DXR-SE[anti-CD 191 showed a srnaîi accumuIation of DXR within 

ceils, compared to either DXR-SL or DXR-NSIL[IgGZa] (Fig. 3 -7C). The association of 

DXR with the Namalwa cells incubateci with DXR-SIL[anti-CD 191 appeared to be lower 

than that seen with cells not treated with Dowex Pig. 3.5D vs. 3 -7C). This suggests that 

a portion of the drug fluorescence in ceUs may be due to uptake of fiee dmg released nom 

iiposomes. 

Evidence nom the Dowex and HPTS studies suggest that endocytosis of SIL[anti- 

CD 191 is occurring with release of contents within the ceii. To M e r  study this 



Figure 3.7. Confocal laser scanning micrographs of Namaiwa ceUs treated with free 
doxorubicin or various formulations of liposome-encapsulated dororubicin in the 
presence of a cation exchaage resin Dowex-SOW. 
Namaiwa cens (1x10~ cellslwell) were incubated with either fk DXR or various 
formulations of liposomes, at a final DXR concentration of 20 pjghnl, in the presence of 
Dowex for 1 h at 37°C. Post incubation of liposomes, cells were washed and stained with 
anti-CD19-FITC, pnor to adhering on glass slides. Specimens were visualized by confocai 
microscopy and optically sectioned. These panels illustrate images acquired on an 
equatoriai plane over a random field of adhered cells. A. Free DXR + Dowex; B. DXR- 
SL + Dowex; C. HSPC-DXR-SE[&-CD19]+ Dowex 





Figure 3.8. Confocal laser scanning micrographs of Namaiwa c e b  treated with free 
propidium iodide or Iiposomd propidium iodide. 
Namalwa ceiis (1x10~ cewweii) were incubateci with fiee propidium iodide or liposomal 
propidium iodide for 1 or 24 h at 37OC as indicated. Post incubation of liposomes, celis 
were washed and stained with anti-CD19-FITC, prior to adhering on glas siides. 
Specimens were Msualized by confocal microscopy and o p t i d y  sectioned. These panels 
illustrate images acquired on an equatorial plane over a random field of adhered cells. A. 
Free propidium iodide (1 &mi), 1 h; B. Namalwa celis permeabilized with 70 % ethanol 
+ free propidium iodide (1 &mi), 1 h; C. Narnalwa cells + propidium iodide-SL, 24 h; D. 
Narnalwa ceiis + propidium iodide-SIL[anti-CD 19J, 24 b 





phenornenon, confocal experirnents were perfomied on N d w a  ceiis treated with 

liposomes encapsulating an aqueous DNA-intercalating dye, propidium iodide (Fig. 3 -8). 

Intact celi membranes are impermeable to free propidium iodide pig. 3.8A), which only 

stains the nucleus ofperrneabilized d s  (Fig. 3.8B). In these studies, we hypothesized 

that internalization of propidium iodide liposomes would result in nuclear fluorescence 

only ifthe liposomes were endocytosed, and the dye released corn the lysosomes into the 

cytoplasm. One hour incubation at 37°C of propidium iodide liposomes with Namalwa 

celis resulted in a slightly higher intraceIIular fluorescence for the targeted Liposomes 

compared to non-targeted liposomes. The fluorescence appeared to be vesicular, 

suggesting that the dye was sequestered within the endosomes and/or lysosomes. No 

nuclear staining was observed. Even with 24 h incubation periods, no cyîoplasmic or 

nuclear staining was observed with the propidium iodide liposomes (Fig. 3.8CYD). 

For endocytosecl liposomal DXR to exert its cytotoxic effkcts, it is necessary for 

the cimg to move nom the endosomes or lysosomes through the cytoplasm into the 

nucleus. As doxorubicin exerts its major cytotoxic effect by intercalating with nuclear 

DNA, we attempted to foUow these events by visualiring the intracellular traffcking of 

D m  fiom both DXR-SL and DXR-SIL[antLCD19], nom 1 to 48 h at either 4°C or 37°C 

Vig. 3.9). After 1 h incubation at 4OC, we observed minimal DXR fluorescence in 

Namalwa celis (Fig. 3.94B). Even &er 48 h at 4OC, dmg was associateci with the cell 

periphery with no accumulation of DXR-SL or DXR-SIL[anti-CD 191 within cells (Fig. 

3.9E,F and IJ). The ceii-asociated levels of D m  redting fiom the targeted treatment 

were higher than that seen for the non-targeted DXR-SL (Fig. 3.9B,F,J vs. qE,I). 



Figure 3.9. IntraceIIular locaihtion of DXR-SL compared to DXR-SIL[anti=CD19] 
as a function of time using confocal irnaging microscopy. 
Namalwa cells (1x106 ~lls/well) were incubated with either HSPC-Dm-SL or HSPC- 
DXR-SIL[anti-CD191 at a noal DXR concentration of 20 pg/mi, for 1,24 or 48 h at 37°C. 
At the respective t h e  points, c d s  were washexi and stained with anti-CD19-FXTC. Ceils 

were then adhered to glass slides and imageci on the confocai microscope. Panels: DXR- 
SL at 4*C, treated for 1.24.48 h (A, E, I); DXR-SIL[anti-CD191 at 4OC, treated for 1, 
24.48 h (B, F, J); DXR-SL at 37T, treated for 1,24,48 h (C, G, KJ; and DXR- 
SIL[anti-CD 191 at 37°C. treated for 1,24,48 h (D, H, L). 
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Cells that were incubateci at 37*C, showed increased intracellular accumu1ation of DXR- 

SIL[anti-CD i 91 with t h e  (Fig. 3.9H,K,L). At early times, DXR-SIL[anti-CD 191 

appeared m a d y  on the ceIl exterior with some diffuse occurrence of dmg in the 

cytoplasm, but not in the nucleus (Fig. 3.9D). The appearance of nuclear staining was 

evident only after 24 h, and at 48 h, the amount of DXR within the cells (cytoplasm + 

nuclei) was comparable to that seen with the £tee DXR treatment (Fig. 3.5A vs. 3.9H,L). 

3.4.8 Measurement of dosorubicin-induced apoptosis. 

DNA levels in cells were measured by flow cytometry using the DNA dye 

propidiurn iodide, following treatment with fiee DXR or liposomal DXR Untreated 

Narnalwa or H9 cells show a characteristic DNA profle, representing the GOIG1, S, GUM 

phases of the celI cycle (Fig. 3.10A-a and B-a). From the untreated ceU profile, the 

position, M2, of the diploid peak was set, so as to make cornparisons of the DNA levels in 

treated cells, Le., hypodiploid and apoptotic (Ml) celIs diploid (M2), dividing (S-phase, 

M3) or G2/M phase (M4) (Fig. 3.10). Untreated controls resu1t.d in tels with CS % 

hypodiploid content. Namalwa (Fig. 3.10A) or II9 (Fig. 3.1 OB) ceIIs were treated with 

f?ee D m  DXR-SL, DXR-SIL[anti-CD 191 or the isotype-matched control liposomes 

DXR-NSIL[IgG2a] at 20 pg DXWml for 24 h at 37OC. Exposure of ceUs to free DXR or 

iiposornai DXR treatments for 1 h was insufncient to demonstrate any ciifferences in the 

ceUdar DNA pronles. For this reason we incubated cells with treatments for 24 h, 

washed the cells and incubated them for an additional 48 h to dow ceIIs to be exposed to 

the intracelIuIar h g  at all phases of the ceIi cycle. This protoc01 allowed for substantial 

drug accumufation into ceils (Fig. 3.9) as weil as tirne for the cimg to elicit its action 
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c, DXR-HSPCSL a, DXR-HS PC4L 

Fluorescence IntensNy 

Figure 3.10. Cytotoskity of liposomd doxombicin to Namalwa ceiis compared to 
H9 ceiis. Ceiis (1x10~ celldwell) were incubated with either f%ee DXR or various 
formulations of liposomes at a h a l  DXR concentration of 20 pg/ml. The cytotoxicity of 
DXR to Namalwa ceus was determined by DNA content analysis using the DNA stain 
propidium iodide. DNA histograms of a ty&d experiment are illustrated. Panels: A. 
N a m m  ceb: a. Untreated control; b. Free D m  c DXR-SL (no Ab); d. DXR- 
NSILDgG2al; c DXR-SIL[antitiÇD19]. B. H9 ce&: a. Untreated control; b. Free D m  
c DXR-SL; de DXR-NSIL[lgG2a]; e. DXR-SE[anti-CD 1 91. Markers (Ml -MS) inserted 
in panel a apply to all panels a-e. Markers üIustrate apoptotic and hypodiploid DNA 
(Ml), Diploid, GdGl celis (M2), S-phase (M3) and dividiig quadniploid cells, G2M 
p h  W4)- 
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Using this experimental design, fiee DXR induced DNA strand breaks. Figure 

3.10 is a representative fiom three independent experiments. Seventy-four percent of the 

Namalwa cells and 66 % of the T ceiis were hypodiploid and apoptotic (Ml) (Fig. 3.10A- 

b). This demonstrates the non-specinc activity of the fiee DXR against both Namalwa and 

H9 cells (Fig. 3.1 OA-b,B-b). Neither DXR-SL nor DXR-NSILFgGZa] aitered the DNA 

profile of either c d  Iine to any sigrifkant degree Pig. 3.1 OA-c,d and Fig. 3.10B-c,d), the 

DNA profile remauiing mainly diploid, with only a srnall fiaction of ceiis (<10 %) being 

hypodiploid and apoptotic (Ml). In contrast, Dm-SIL[anti-CD191 was selectively 

apoptotic to Namaiwa ceiis (25 % apoptotic and hypodiploid, M1, Fig. 3.10A-e), but not 

to the II9 ceii line (4 % apoptotic and hypodiploid, Ml, Fig. 3.10B-e). In addition, DXR- 

SIL[anti-CD 191 appeared to d u c e  the peccentage of actively dividing ceiis in the GUM 

phase of the ceii cycle, remlting in these ceils showing higher S-phase accumulation (Fig. 

3.10A-e, marker M3 vs. M4). These results indicate that the DXR released f?om targeted 

DXR-SIL[antitiCD19] induces apoptosis after endocytosis of liposomes in vifro. 

3.5 DISCUSSION 

We have studied the binding, intemakation and ceilular @afTîcking of fiee D m  

non-targeted and targeted liposornai doxorubicin in a human B lymphoma cd line. We 

have previously demonstrated that radiolabeled SIL[anti-CD 191 can s p e d d y  bind 

CD19' Namalwa cefls in vitro, and that the interaction of SIL[anti-CD191 can saturate all 

CD19 sites on N d w a  cells (Chapter 2). The &ty of SIL[anti-CD191 was however, 

slightly reduced compared to that of fiee antibody (Chapter 2). In this study, the binding 
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of the SIL[anti-CD 191 to CD 19' Namalwa ceils was studied using a fluorescent lipid label, 

NBD, and flow cytometry. NBD-lipid tags have been previously used to study 

intracellular traf£ïcking (Le., lipid fusion and endocytosis) in cells (3 3 3). These 

Ruorophores are excellent tools to study liposome-celI interactions, as they are reported to 

be non-exchangeable between cell membranes (333). In our expenence, these NBD lipid 

label was not suitable for confocal imaging, as the fluorophore appeared to bleach upon 

extended laser excitation duMg cell slicing. This photobleaching was of iittle signifïcance 

using flow cytometry, as the short duration of dye excitation did not appear to interfere 

with determination of total lipid association. 

Mer cell binding of immwioliposomes, Liposome-encapsulated dnig can enter ceils 

number ofways (90); namely, (1) binding of liposomes to the target epitope with dnig 

released locally at the cell surface and taken into the cell as fiee drug (no internalization of 

liposomes); (2) fusion of liposomes with the cell membrane with the drug contents 

introduced directly into the cytoplasrn (334); or (3) internalization of liposomes Ma the 

endocytotic machinery of the c d  and intraceilular release of the dmg (335). We were 

able to differentiate between some of these mechanisms experimentally. CD19 is a 

signahg receptor, and binding of complementary antibodies has been shown to trigger 

endocytosis (309, 3 10). A cornmon pathway in the endocytotic process involves the 

processing of the receptor4.b cornplex, via a series of acidification stages fiom early 

endosornes to lysosomes (pH 4 - 6) (336,337). The end stage r.esults in the dismantling 

of the Ab-receptor wmpleq with possible recychg of the receptor (336.33 8). Our 

HPTS experiments suggest that couphg of HPTS-SK[anti-CD 191 to the CD 19 receptor 



rnay route liposomes vicl a similar receptor-mediated endocytotic pathway to deliver 

liposomes into lysosomes, as the pH sensed by HPTS delivered viu SIL[anti-CD191 

dropped to p H  6.1. Arguably, SIL bound to the outer surface of the ceUs may be subject 

to an acidic microenvironment as a result of proton excretion when some ce11 surface 

receptors are activated by iigands (339). This wdd perhaps have caused the observed 

drop in pH seen for the targeted liposomes. However, neither non-targeted SL nor 

NSILugG2al expenenced any signifiant pH change, and the transfer of SIL[anti-CD191 

to acidic endosornedysosumes was inhibited at 4OC or by metabolic inactivators like 

sodium &de, suggesting a metabolic requirement for internalizatioq indicative of 

endocytotic processes (336,340). 

Liposome-mediated endocytosis of liposomal drug was also supported by the 

observation of punctate intracellular fluorescence by confocal microscopy (Fig. 3 -5 and 

3.9). Targeted DXR-SIL[anti-CD191 were able to deliver higher drug levels to Namaiwa 

cells compared to non-targeted DXR-SL. It is not known how rapidly DXR delivered to 

the lysosomal apparatus is able to lave these compartments. Weak amines, including 

DXEt, acquire a net positive charge at low pH, and the rate of translocation of protonated 

molecules across lysosomd membranes will depend on the equilibrium between the 

charged and uncharged m o l d e s  (341). Neutral moleailes wili cross membranes. Thus, 

negatively-charged carboxyfiuorescein entrappeci in liposomes, upon liposome 

intemalization and subsequent neutraüzation of dye in the lysosomes, appears to rapidly 

enter into the c d  cytoplasm (33 5, 342). In our confocal results with DXR-SIL[anti- 

CD 191 we observai punctate cytosolic fluorescence and only minimal diffuse fluorescence 



of DXR at early time points (1 h), consistent with very little DXR present in the 

uncharged fom. Even ifDXR was escaping out of lysosomes, it is possible that the 

fluorescence of any DXR reachhg the nucleus is quenched as a result of intercalation with 

DNA (343). Ody when the amounts of DXR reaching the nucleus are in excess of that 

bound to DNA would the nuclear fluorescence of DXR becorne apparent (Fig. 3.9,37OC, 

48 h). Sirnilarly, confocal imaghg dom with SIL[anti-CD191, entrapping the high-&ty 

chargeci DNA dye propidium iodide, which gives enhanced fi uorescence upon 

intercalation with nucIeic acids (344), was unable to dernonstrate any nuclear staining up 

to 24 h fier interndkation (Fig. 3 -8). 

Currently, the mechanism by which the h g  gets Eorn the lysosomes into the 

cytoplasm and then the nucleus is unknown There are several barriers and possible routes 

by which DXR inside liposomes has to overcome before reachhg the nucleus, i.e., 

degradation of liposomes and PEG bilayers, dissolution of DXR out of the precipitate, 

gradient wllapse, and translocation of neunal h g  molecules across the lysosomal 

membrane. Some reports have suggested the role of certain membrane transporters in the 

translocation of aromtic amino acids across the lysosomes (345). Zt is not known 

whether the aromatic cyck ring structure of DXR may be a nibstrate for these 

transporters. Our experiments have shown that continuous exposure to DXR-SIL[anti- 

CD191 results in steady accumulation of dnig in ceIls, which is not seen in the case of the 

DXR-SL. We s p d a t e  this may be a result of the degradation of liposomes by lysosomal 

enzymes (346) and subsequent dismantiing of lysosomes to release the dmg, at which 

point the receptors may then be recycleci to the cell d a c e  to participate in m e r  binding 
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(309.3 10,336,338). An alternative explmation is nision of Liposomes with lysosornal 

andor endosomal membranes (347,348) to deIiver the dmg hto the cytoplasm. The 

kinetics of the drug binâing to its nuclear target was shown to be a the-dependent event 

(Fig. 3.9). Confocal imaging with DXR-SIL[anti-CD191 demonstrates that this happens 

ody after exposure of the ceIls to liposomes in excess of 24 h It is possible that exposure 

of ceiis to cytotoxic concentrations of DXR for long incubation times may cause a loss of 

c d  membrane integrity characteristic of cells undergoing apoptosis (349). Under these 

conditions, any free DXR from the media, or associateci with intraceflular compartrnents 

may be able to easiiy reach the nucleus. 

Using fIow cytometry, the binding of NBD-SIL[anti-CD191 to Namalwa cens was 

found to be 3 to 10-fold higher than non-targeted SL (no Ab), while immunoliposome 

binding to EI9 celIs was negügible. The results using the lipid label, i.e., NBD, c o d h  

those previously obtained with radiolabelleci SIL[anti-CD191 (Chapter 2). When liposome 

contents, i-e.., DXR determined by HPLC were used as a measure of detexmining liposome 

uptake by cells, similar increases in cellular uptake of SIL[anti-CD 191 were observeci for 

fluid and ngid liposome compositions (Fig. 3.4). However, the experiments measuring the 

total cd-associateci contents (Le., DXR fluorescence) using flow cytometry showed a 

signincantly higher fluorescence for nuid PC40 liposomes compareci to their rigid (HSPC) 

counterparts (Fig. 3.3e vs. f). DXR is quenched in Liposomes, and leakier PC40 

liposomes, in which the dnig is released and dequenched wiii have higher fluorescence in 

ceUs (350) than the less leaky HSPC liposomes in flow cytometry experirnents. 

In leakage experiments Fig. 3.1). a srnaii £?action of the dnig (cl 5 % in 24 h) was 
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released fiom HSPC-SL in 25 % human plasma, compared to 40 % plasma-induced DXE2 

leakage for PC40-SL d e r  24 h. This is likely due to the interaction of PC40-liposomes 

with semm prote& resulting in a greater release of dnig f?om the lower phase transition 

temperature PC40-liposomes compared to more ngid HSPC-lip6somes (721  1 1 ,3  5 1). 

Drug released fiom the liposomes at the cell surface. as well as any liposomal drug 

endocytosed and subsequentiy released inside the tell, will contribute to the increased 

DXR fluorescence within cells. To differentiate between these two processes* shidies with 

liposome-encapsulated DXR were done by co-innibathg the Liposomes and cens with the 

cation exchange resin, Dowex (3 3 1,332). Free DXR present in the media was rapidly 

taken up by the Dowex beads, resulting in 18-fold higher IC, wmpared to IC, of DXR in 

the absence of Dowex (Table 3.3). Similady, the IC, of Dm-SL was increased > Cfold 

with the Dowex treatment (Table 3.3). However, there was only a 3-fold Uicrease in IC, 

of DXR-SIL[anti-CD 191 against Namalwa ceils in the presence of Dowex (see Table 3 -3). 

This suggests that the cytotoxicity of DXR-SIL[anti-CD 191 has a larger component which 

is dependent on endocytosis of the immunoliposome-drug package by the Narnaiwa cells, 

than for DXR-SL. 

Our previous work and that of others has shown immunoliposomes to be more 

effective than their non-targeted counterparts, and in some cases more cytotoxic than the 

5ee dnig (147, 165,202, 324,352). Several factors are responsible for the increased 

cytotoxicity obsewed in our experiments: the characteristics of the target CD19 antigen 

on the cancer ce& the targeting ligand (monoclonal antibody), and composition of the 

liposomal delivery system The relationship between the binding efficiency of antibody- 
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targeted liposomes and the targeted receptor has been shown to be closely dependent on 

the abundance of the target receptor and the density of the ligand present on liposomes 

(284). For immunoliposomes to be selective for turnour celis, it is necesçary that the 

antigen be either difEerentiaiiy expressed (i.e., higher on malignant celis than normal 

tissues) or present exclusively on tumour tels (16). Targeting highly expressed antigens 

or recepton (e-g., CD 19, MUC-1 (185). folate (202), Her2 (165)) with high affinity 

ligands not only increases the probability of the immun~li~osomes to find their target ceus, 

but aiso strengthens the association of the liposome-receptor cornplex. 

The processes of receptor intemakation, lysosomal handihg of the drug and the 

kinetics of passage of drug to its nuclear target stili remain unclear. This study shows that 

long cirdating PEG-Unmunoliposomes directed to an internaking CD19 receptor are 

effèaively endocytosed, and can detiver cytotoxic drug levels to specific target ceil 

populations. We are continuhg to investigate the rnechanisms by which intemalized 

liposomal drugs reach their site of action in the nucleus. Understanding these mechanisms 

could lead to improved d e s i p  for liposomal drug delivery systems. 

We have shown that DXR-SIL[anti-CD 191 is more cytotoxic than non-targeted 

DXR-SL to CD 19-expressing B 4 s  in vitro. W e  have also tested the effectiveness of 

ow immunoliposornal formulations in a mode1 of human CD 19-expressing B ce11 

lymphoma (Narnalwa ceii line) xenograft in SCID mice and have shown that targeted 

formulations are significantiy more effective than fiee drug or non-targeted liposomal dmg 

(Chapter 2). This therapeutic strategy may be effective in the treatment of hematological 

B-celi malignancies, where selective eradication of maligaant B c d s  in a heterogenous 



population of blood cells in vivo could improve the selective toxicity and therapeutic 

effiveness of doxorubicin and other anticancer dmgs. 



CHAPTER 4 

Selective targeting of immunoliposomal doxorubicin against hurnan multiple 

myeloma in vitro and er vivo 



4.1 ABSTRACT 

This study investigated the applicability of long circulating irnmunoliposomal 

doxorubicin (Dm) against CD 19' human multiple myeloma celis. In vitro binding studies 

and flow cytornetry with the CD19' multiple myeloma ceil line -77 demonstrated that 

anti-CD 19 immunofiposomes (SIL[anti-CD 191) specifically bound to ARH77 cells. 

Fodat ions  of DXR-SIL[anti-CD 191 showed a higher association with and cytotoxicity 

against ARH77 ceiis compared to their respective non-targeted DXR-SL or isotype- 

matched DXRXRNSIL[IgG2a]. A IealOer low phase transition formulation, DXR-PC40- 

SIL[anti-CD 191, was signincantly more cytotoxic than a higher phase transition 

formulation, DXR-HSPC-SIL[anti-CD i9]. Experiments with the pH-sensitive 

fiuorophore, HPTS, with confocal laser scanning microscopy and the use of metabolic 

inhibitors supportai endocytosis of the SIL[anti-CD191 into endosomes and/or lysosomes. 

Antitumou. activity of &ee DXR versus liposomal DXR formulations was 

evaluated in an i.p. mode1 of ARH77 cells implanted in SCID-beige rnice. Free DXR was 

able to substantidy delay tumour growth of ARH cells in SCID-beige mice. The mean 

survival times of mice treated with either DXR-HSPC-SIL[anti-CD 191 or non-targeted 

DXR-SL were similar, and not different to that of fiee DXR Treatrnents of DXR-PC40- 

S1L[antitiCD19], or fiee anti-CD19 given in conjunction with DXR-HSPC-SIL[anti- 

CD191 were supenor to Dm-HSPC-SIL[anti-CDN], DXR-HSPC-SL, or untreated 

wntrols. These results suggest that although targeting and cytotoxicity was achieved in in 

vitro, effective in vivo therapy may be dependent upon the receptor density of CD19 

receptors on ceils whkh were Iow on Am77 cells. 
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Binding, intemakition and cytotoxkity experiments were wnducted with human 

peripheral blood mononuclear ceUs (PBMC) isolated Rom multiple myeloma patients. 

MM B cells acpressed high levels of CD 19, and binding studies and confocal imaging 

demonstrated that fluorescent SIL[anti-CD 191 was able to selectively target CD 19' B 

cells, in a heterogenous mixhire of human blood ceiis ex vivo. The s p d c  cytotoxicity of 

targeted DXR-SIL[anti-CD 1 91 was studied with two-color ELITE flow cyt ometry and 

DAPI staining for DNA content. PBMC treated with f?ee DXR resdted in random 

cytotoxicity to both B and T cells, which could be quantitated experimentally by their 

reduced DAPI binduig. Non-targeted liposomes were only minimally cytotoxic to either 

B- or T-ceil populations. In cornparison, targeted DXR-SIL[anti-CD 191 demonstrated 

seleaive apoptosis to B cells, but not T cells, in mixed populations of blood ceus. 

The evidence presented in Chapter 4 indicates that targeted DXR-SIL[anti-CD 191 

against intemalizing CD 19 antigens may be an effeaive therapy for selectively eradicating 

dignant B ceils in multiple myeloma patients. 

4.2 INTRODUCTTON 

Multiple myeloma (MM) is a malignancy of the immune system, characterized by 

bone marrow infiltration of terminally differentiated neoplastic plasma cels (247). Most 

patients initidy respond to conventional chemotherapy, but ne&ly all relapse within 1-2 

years. Aggressive combination chemotherapy, or high-dose chernotherapy followed by a 

bone marrow transplant improves relapse-free intervals, but for most patients the disease 

recurs and is reflactory to M e r  treatment (247,248,267). Recent reports have 



describeci a circulating population of monoclonal CD19' B c e k  with extensive DNA 

aneuploidy (255), and displaying traits consistent with the invasive progenitors of plasma 

ceUs (257,260-262). These maiïgnant B celis, express hctional plasma membrane 

transporters, like P-glycoprotein (P-gp) (258,270), which has been irnplicated in dmg 

resistance and correlated with most chemotherapeutic failures (27 1,272). Current 

therapies of MM have focussed on eradicating the malignant plasma celis in bone marrow, 

but these therapies have been largely unsuccessfid (257,267, 271). Malignant B cells in 

MM persist despite chemotherapy and patient relapse is suggested to occur as these 

rnalignant B celis repopulate the bone marrow (255,257, 263.27 1). 

A possible approach to the eradication of malignant B cells in blood is the use of 

irnmunoliposomal anticancer dmgs targeted agauist the CD19 receptor on the B cds. 

Highly invasive and possibly regenerative malignant B cells resident in blood of MM 

patients may be a distinct target for immunoliposomal therapy. Highiy expresseci, 

intenialinng CD19 receptors have been identified on malignant clonotypic B ceiis and are 

restricted to the B-ceil heage (287,288). CD19 is a signahg receptor, and bindhg of 

monoclonal anti'body @Ab) anti-CD 19 has been show to m e r  a cascade of 

intracellular messages, comrnîtting ceiis to Merentiate, andor undergo cd-cycle =est or 

apoptosis (309,3 10). This receptor has been a target for a number of antiiody-based 

therapies and is avrently in preclinical and clinical tnals in the treatment of a variety of B- 

cd cancers, as either immunoto&, radiolabelled mAbs or free mAb therapies (9,288- 

293). Anti-CD 19 antibodies coupled to long-circulating immunoliposomes encapsulating 

anticancer drugs may have some advantages. With liposornal drug delivery systems, higher 
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h g  to antibody ratios can be achieved, and liposome-mediated changes in the dmg 

pharmacokinetics may ailow the dnig to be maintaineci in circulation for longer times for 

effective targeting of diseased ceiis within the v d a t u r e  (1 6, 185,216). 

Immunoliposomal therapy has proved effective against several solid tumour 

models (1 6, 146, 147, 185,20 1,324) and in the treatrnent of r n u ~ e  hernatologicaf models 

of human B a l i  lymphoma (Chapter 2), but its applicability in multiple myeloma has not 

yet been exploreci. This strategy rnay allow selectivc eradication of the malignant CD 19' 

B ceil population, with minimal toxkities to normal tissues, including T EUS, thereby not 

interfering with any of the T-celI mediated immune responses. Selective elimination of the 

malignant blood B-ceU population may prevent dissemination of B cells to bone marrow 

and extra-skeletal tissues, attenuating the symptoms of myeloma and hence improving 

patient survivat. An additional advantage of this targeting approach would be in relapsed 

MM, where endocytosis of hg-loaded immunoliposomes could possibly bypass the 

multidrug transporter to deliver high Ievels of the cytotoxic agent to resistant ceus (271). 

To test our hypothesis, we examineci the targeting and cytotoxicity of 

immunoiiposomal doxonibicin to human B lymphocytes h m  multiple myeloma patients 

ex vivo, and to a human multiple myeloma cell line (ARH77) in vitro. Survival studies 

were also performed in a SCID-beige mouse xenografk mode1 using ARH77 cells. In this 

study, we examineci two fomdations of DXR-SE, prepared with different phase 

transition temperature phospholipids and cumpared their biding, intrace1lula.r tdticking 

and cytotoxicity to CD19+ myeloma cells. 



4.3 MATERIALS AND MEX'EODS 

4.3.1 Chemicals. 

Poly(ethylenegiywl), molecular weight 2000, covalently linked to 

dist~oylphosphatidylethanolamine ( P E G d S P E ) ,  hydrazide-derivatized PEG-DSPE 

(Ht-PEG-DSPE), hydrogenated soy phosphatidylcholine (HSPC) and partialfy 

hydrogenated egg phosphatidyIchoIine with an iodine number 40 (PC40), were generous 

giffs f?om SEQUUS Phaxmaceuticals, Inc. (MenIo Park, CA) (123, 168,325). 

Cholesterol (CHOL) and 12-p-(nitrobenz-2-0xa- 1,3 -diazol-4-yl)amino]dodecanoyl 

phosphatidylethanolamine (NBD-PE) were purchased fiom AV& Polar Lipids 

(Alabaster, AL). 1 -hydroxypyrene-3,6,8-trisulfonic acid (HPT S) was obtained fiom 

M o l d a r  Probes (Eugene, OR). Sephadex GSO, Sepharose CLdB, and Ficoll-Paque 

were obtained f?om Pharmacia Biotech (Baie d' Urfé, Quebec). N-acetyl-methionine 

(NAM), sodium periodate, 4,6-diamidino-2-phenylindole (DAPI) and 344,s- 

dimethylthiazol-2-y1]-2, 5 , - d i p h e n y l t e t r a  bromide (MTT), were purchased from 

Sigma Chernical Co. (St. Louis, MO). Doxorubicin @= Adriamycin RDF) was 

obtained fiom Adria Laboratones Inc. (Mïssissauga, ON). RPMI 1640 media without 

phenol red, penicillin-streptomycin, and fetal bovine s e m  (FBS) were purchased fkom 

Gibco BRL (Burlington, ON). Cholesteryl-[1,2- 3H-(N)]-hexadecyl ether ([3aCHE), 

1.48-2.22 TBq/mmol, was purchased fiom New England Nuclear (Mïssissauga, ON). 

Scintillation fluor/ aqueous counting scintillant (ACS) was nom Amersham Canada Ltd. 

(Oakville, ON). Polycarbonate filtration membranes, NucleporeR (pore sizes: 0.4 pm, 0.2 

pm, 0.1 pm and 0.08 pm), were obtained nom Corning Costar Wemebunk ME). Al1 



other chernicals were of analytical grade purity. 

4.3.2 Antibodies, human c e b  and ceU lines. 

Murine mAb anti-CD 19 (IgG2a) (nom FMC63 murine CD 19 hybridorna) and 

isotype-matched control IgG2a (IAG. I l )  were obtained fiom Dr. H. Zola (Adciaide, 

Australia) (295,3 13). MAbs anti-CD19 (IgGl), anti-CD22 (IgG1) and isotype matched 

control (IgGI) were a generous gift fiom Dr. E. Vitetta (University of Texas 

Southwestern Medical Centre, Dallas). Anti-CD45-phywerythnn (anti-CD45-PhE) was 

mAb l7GlO nom Dr. J. W i s ,  University of Manitoba Mouse monoclonal antibodies, 

as foliows, specific for human leukocyte differentiation antigens were prepared in one of 

our laboratones, or purchased liom Coulter (Kialiah, FL) or Becton Dickinson (San Jose, 

CA): CD4, CD8, CD20, CD21, CD22, CD24, CD29, CD34, CD38, PCA-1, CD44, 

CD45, CD45Rq CD45RB. The concentrations of all laboratory mAbs were determineci 

by spectrophotometry (%BO nrn) and BioRadR protein assays, and punty was assessed 

by SDS-PAGE. Reactivities of mAb were checked pnor to use by indiiect 

immunofiuorescence using fluorescein isothiocyanate (FIT)-labelled goat anti-mouse Ab 

and fluorescence activated c d  sorting (FACS) (Becton Dickinson, San Jose, CA) agahst 

appropnate cell lines, and compared to appropriate FITC or PhE-wnjugated isotype- 

matched controls. 

Human peripheral blood mononuclear cells PBMC) from multiple myeloma 

patients were obtained, aiter inforrned consent, by Dr. A.R. BeIch (Depariment of 

Oncology, Cross Cancer Institute, Unive* of Alberta). Patieets in this study were 

chosen at random during routine checkup, and were either newly diagnosed or undergohg 
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chemotherapy. PBMC were isdated via Ficoil-Paque density gradient centrifbgation 

(Pharmacia). Briefly, blood obtained Eom MM patients were diluted with 1 : 1 with 

phosphate butfered saline (PBS) and carefidy layered on 20 mi Fiwll-Paque in a 50 ml 

polypropylene tube. The tubes were centrifugai for 25 minutes at 1800 rpm. After 

centrifùgatioq PBMC were coUected fiom the interface, washed with PBS and finally 

resuspended at a density of 1x10' cells/ml in RPMI 1640 media wntaining 10 % FBS 

pior to experimentai use. nie cell viability was assessed by eosin dye exclusion and 

counted using a haemocytometer. 

The human multiple rnyeloma ce11 iine ARH77 (ATCC CRL1621) was obtained 

fiom American Type Culture Coilection (Rockville, MD). AM77 cefis were grown as 

suspension dtures in RPMI 1640 with no phenol red, supplemented with 10 % heat- 

inactivateci FBS and 1 % penicillin-streptomycin (10,000 unit/ml penicillin G and 10,000 

pg/ml streptomycin sulfate). Ceils were maintaineci at 37OC in a 90 % humidified incubator 

containhg 5 % CO,. ALI experiments were performed on mycoplasma-kee cell lines. For 

in Vibo experiments, only cells in exponential growth phase were utilized. 

4.3.3 Mice, 

SCID-beige (female, 4 weeks ofage) were obtained nom Dr. L.-J. Chang 

(Department of Medical Microbiology and InfeCtious Disease, University of Alberta). Ail 

SCID d c e  (iuicuding, C.B.-17Kcr-Tac- SCID (Taconic Farms, NY) and SCID-NOD 

(Cross Cancer Vivarium, Univ. of Alberta)) were housed in sterile enclosures under 

specinc virus antigen-fke conditions. SCID mice were kept on a specified diet with 

trimethoprim-sulphamethoxazole in their drinking water. Mce were used when they were 
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4-5 weeks old. AU animal experiments were approved by the Animai Welfare Cormnittee 

(University of Alberta). 

4.3.4 Immunophenotyping of the A m 7 7  cell Iinc 

The human multiple myeloma c d  line (ARH77) was phenotyped with antibodies 

against the foiiowing lymphocyte differentiation antigens (CD 19,020, CD2 1, CD22, 

CD24) using fIow cytometry. Antibodies were either purifid mAbs, or wnjugated to 

FITC or PhE. ARFE77 ceUs (1x1 O6 ceiis) were incubated with 10 pg mAb/lo6 ARH ceils 

at 4°C for 30 min in the dark in a total volume adjusted to 50 p1 with PBS. Mer 

incubation, ceus were washed three times with immunofluorescence b d e r  (IF buEer: 

PBS-containing 1 % FE3S and 0.1 % sodium azide) and analysed by flow cytometry. For 

indirect staining, d e r  staining with the primary Ab, and washing, ceils were incubated 

with 50 pl of 1 :20 dilution of goat anti-mouse-FITC (Sigma) IgG in PBS at 4OC for 3 0 

min In some cases, celis were fked with 1 % fornalin in PBS. Ceii-associated 

fluorescence was analysed on Becton Dickinson FACScan using LYSIS II software 

(Becton Dickinson, San Jose, CA). FITC and PhE fluorescent markers were excited with 

an argon laser (488 nm) and the emitted fluorescence was detected through 530 nm (FL 1 

for FITC) and 560 MI (lX2 for PhE) band pass filters, respectively. 

4.3.5 Preparation of liposomes. 

Liposomes were composeci of either HSPC:CHOL:mPEGMOO-DSPE at a 2: 1 :O. 1 

molar ratio, or PC~~:CHOL:HZ-PEG~-DSPE (2: 1 :O. 1 molar ratio). En some 

preparations, [3HJCHE was added as a non-exchangeable, non-metabolizable lipid tracer 

(296,297). Fluorescent-IabelIed liposomes were prepared by incorporating NBD-PE (1 
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mol %) into the Lipid mixture. Briefiy, dned lipid films were hydrateci in 25 m M  HEPES, 

140 rnM NaCl buffer, pH 7.4 and sequentially extnided (Lipex Biomembranes Extruder, 

Vancouver, BC) through a series of polycarbonate filters of pore size ranging nom 0.4 

down to 0.08 pm, to produce primarily unilameliar vesicles 95- 1 10 nrn in diameter (34). 

Liposome size was characterized by dynamic light scattering using a Brookhaven B 190 

submicron particle size analyser (Brookhaven Instruments Corp., HoltsviIle, NY). 

Phospholipid concentrations were determined by either the specific actïvity counts of 

[ 3 q C ~ E  tracer or by the Bartlett colorimetric assay (298). The number of liposomes in 

the liposome dispersion was estimated at 7.7 x 1012 liposomes~pmol PL (Chapter 2). This 

was calculatecl using the fouowing assumptions: the liposomes were monodisperse, 

spherid, with a mean particle diameter of 100 nm and containhg a single phospholipid 

bilayer. The values for bilayer thickness, molecular areas of Lipid and cholesterol 

molecules were obtained &om the literature, and were used to calculate the number of 

liposomedpmol PL dispersion (1 8). 

Doxorubicin (DM() was remote-loaded via an ammonium sulphate gradient 

method (42) previously described (284). The liposome-encapsulated DXR was separated 

fiom the free DXR over a Sephadex G-50 column equiliirated with 123 mM sodium 

citrate (pH 5.5). The concentration of the liposome-entrapped DXR was determineci by 

spectrophotometry (A= 480 nm in methanol). The amount of DXR loaded in liposomes 

was 150 pg DWpmol  PL (0.26 pmol DXR/pmol PL). 

Antiibodies were coupled to the terminus of pre-formed &-PEG-DSPE liposomes 

via the hydrazide coupling method described in references (53, 169). The amount of anti- 
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CD19 on liposomes was caIcuIated fiom the radioactive counts of the %labeled anti- 

CD 19 liposomes in cornparison to the specïfic activity of the * % m t i - ~ ~  19 label 

incorporated d u ~ g  wupling. This gave a coupling of40 pg anti-CD19/pmol PL (or 25 

antiodiesniposome, takhg 7.7 x1 012 liposomes/pmol PL). 

4.3.6 In vie0 ceii binding/recognition esperiments. 

AM77 cens were plated at 1x10~ cells/lOO pl RPMI 1640 supplemented with 10 

% FBS in 48-weii tissue ailture plates. Various formulations of 3 ~ - ~ ~ ~ - l a b e l l e d  

Liposomes, with or  without coupled anti-CD19, were added to each weil(50-1600 

nmollml) and maintained at 37°C in a humidified atmosphere containhg 5 % CO2 in air in 

a total volume of 200 pl. Mer  1 h incubation, the cells were washed three times with 

cold PBS, pH 7.4, and the amount of 3~-~HE-Liposomes associateci with the ceiis was 

determined by scintillation counting in a Beckmann LS-6800 counter. The arnount of 

bound liposomes, in mol PL, was calculateci fkorn the initiai specific activity of 3H-CHE- 

lipid suspension before extrusion. 

In some experiments, immunoiiposomes were labelIed with a fluorescent fipici 

marker, NBD-PE (1 mol %), and liposome-cd recognition was determinecl using flow 

cytometry. Various formulations of NBD-PE-labelled liposomes were incubatecl with 

1x10~ ARH77 ceiis, at a fina PL concentration of 400 nmoVml for 1 or 24 h at 37OC in a 

humidifid incubator containhg 5 % CO,. In cornpetition experiments, targeted NBD- 

SIL[anti-CD 1 91 liposomes were incubated with 3-fdd excess f?ee antitiCD 19 (6.4 x 1 O4 

pmol anti-CD 19). Celis were washed three times with IF bufEer and fixed with 1 % 

formaün prior to d y s i s  on the £iow cytometer. Cefi debris was excluded by appropriate 
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gating on forward versus side angle scatter profiles. Fües were collectai of 5000-20000 

wents and later analysed using the LYSIS II software program (Becton Dickinson, San 

Jose, CA). For two-colour immunofluorescence experiments with PBMC fiom MM 

patients in addition to fluorescent liposomes, ceiis were labellecl with either anti-CD20- 

Ph. (B cell marker) or a combination of ad-CD4-PhE and anti-CD8-PhE (CD4,8-PhE, T 

ceU markers) to ident@ the individual lymphocyte populations. 

4.3.7 Uptake of DXR by ARH77 ceih iising flow cytometry. 

To determine the association of DXR with AM77 ceus using flow cytometry, 

cells were incubateci with either f?ee DXR or various üposomal DXR at concentrations of 

dmg ranging fiom 0.1 - 100 pg/d for 1,4 or 24 h at 37OC. Post-incubation, ceUs were 

washed with wld IF bufEer and immediately rm on a Becton Dickinson FACScan (E3ecton 

Dickinson, San Jose, CA). DXR molecules associated with tels were excited with an 

argon laser (488 nm) and the emitted fluorescence was detected through 560 nrn (FL2) 

band pass filten. Fies were collecteci of 20,000 uagated events and later analysed using 

the LYSIS II software program (Becton D i c b n ,  San Jose, CA). CeII debris was 

excluded by appropriate gating d u ~ g  analysis on forward verslrs side angle scatter 

profiles. 

4.3.8 Internakation experiments using the pH-sensitive fluorophore HPTS. 

Internalization ofliposomes by Am77 celis was stuclied using an encapsulated pH- 

sensitive fluorescent probe HPTS (pyranine) described elsewhere (329,330). CeUs, plated 

at 1 x 106 ceiIs, were incubated with various formulations ofHPTS-liposomes at a finid PL 

concentration of 400 nmoVml for 1 or 24 h at 370C. After incubation, cells were then 
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washed three times with PBS, and the cell-associateci fluorescence spectrum determined 

by scanning the excitation spectra from 320 to 500 MI, keeping the emission wavelength 

f ied at SI0  m. The excitation spectra of the HPTS molecules were obtained and were 

used to sense the pH of the Iiposome environment upon interaction with A M 7 7  celis. 

The pH environment of the iiposomal W T S  was determined fiom a previously prepared 

standard curve of the fkee HPTS probe in various pH solutions @H range fiom 5-9). 

4.3.9 IntraceUular distribution of liposomes using confocal laser scanning 

microscopy. 

-77 ceiis or PBMC fiom MM patients were plated at 1 x 106 celldwell in a 

total volume of 100 pl RPMI 1640 supplemented with 10 % FBS. Celis were incubateci 

with either f?ee DM& or iiposomal formulations of DXR (20 pg/ml, in a total volume of 

500 pl media) for 1 h at 3 7OC. After incubation, celIs were washed with wld PBS and 

stained for 3 0 min with anti-CD 19-FITC. Cells were allowed to adhere ont0 poly-1-lysine- 

coated slides pnor to mounting with PermaFluor (Lipshaw Immunon, Pittsburgh, PA). 

Ceils were then visualized on the confocal laser scannuig microscope system consisting of 

a Leitz Aristoplan Fluorescence Microscope illuminatecl by a IOOW HBO mercury bumer 

for direct observation and an argon-krypton laser with major emissions at 488, 568, and 

647 nm for scanning. Cells were optically sectioned over a random field of cells. 

Acquired images (5 12 x 5 12 pixel) acquired were stored on optical disks for M e r  

analyses using Leica Lasertechnick GmbH (Heidelberg, Gemiany) software. AU 

instrumental paramet ers pertainhg to fluorescence illumination, detection, and image 

analyses were held constant: 100/1.32 oil-immersion objective lem, pinhole 100, off-sets - 
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29/-30, KP590 short-pass excitation filter, neutral beam-spiitter, barrier long-pass filter 

OG 590, and a photomultiplier gain of 790 volts. 

43.10 In vibo cytotoxieity experiments. 

Cornparisons of the in vitro cytotoxicity of various liposomal formulations were 

performed on CD19' ARH77 cells with an in vitro proliferation assay utilizing the 

tetrazolium dye, hdl"T' (299). Groups included fiee D m  DXRWPC40/HSPC-SL; or 

DXR-PC40/HSPC-SIL[anti-CD191 or DXR-HSPC-NSILDgG2aJ with or without free 

mAb anti-CD19 or isotype-matched control IgG2a. The IC, was determined as 

previousiy described (Chapter 2). 

4.3.11 Zn vibo cytotoxicity using DNA content analysis. 

Cytotoxicity of DXR or liposomal DXR to the B lymphocyte population in eight 

myelorna PBMC patient sarnples was evaluated using the DNA-bindig dye DAPI (4,6- 

diamidino phenylindole) (3 53, 3 54). Treatment groups were assigned to each patient 

sarnple, depending upon the number ofPBMC isolated fiom individual patients. PBMC 

(2x10~ ceiidweil) were incubated with either DXR or different formulations of liposomal 

DXR for 24 h at 3TC. M e r  incubation, ceils were washed, re-plated, and incubated for 

an additional 48 h at 3 7 T  in RPMI 1640 media, supplemented with 10 % FBS. Ai the 

end of the assay, ce11 viabïility was assessecl using eosin dye exclusion. Myeloma PBMC 

were stained with the appropriate mAbs for detecting B (anti-CD 19-FITC) or T ceiis 

(anti-CD4,8-PhE), and wÏth DAeI for DNA content. DAPI staining was done on ethanof- 

permeabilized (70 % ethanol at 4°C) and RNAase-treated celis at a final DAPI 

concentration of 1.5 pg/ml. Chicken red blood ceils (cRBC), which have a three-fold 
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lower DNA content compareci to cellular DNA in humans, were used as an internai 

standard. The positions of the B- and T- celi diploid peaks were set relative to the cRBC 

peak Samples were immediately run on the Elite flow qtometer (Coulter, Hialeah, FL) 

with both FITC and PhE excited at 488 nm by the argon laser and simultaneous W 

excitation of DAPI at 353 nm by the water-cooled laser. Fies of 1 O,OOO4O,OOO events 

were collected, and were ungated to prevent exclusion of any dmg-induced apoptotic 

cells. Files were later analysed by listmode using the ELITE software (Coulter). 

Electronic gates were set for B ceEs or T cells to evaluate individual DAPI proues, 

against appropnate FITC or PhE isotype-matched rnAb controls. B ceils, which consisteci 

of al1 CD19 positive, CD4,8 negative cells. Celi doublets were excluded during analyses 

by appropriate gating on DAPI intensity versus DAPI peak. The histogram profiles of 

DAPI staining of T c d s  were first analysed to ident* the position of the diploid peak (ZN 

number of chromosomes), and was set relative to the cRBC interna1 standard. The diploid 

peak marker was set at twice the standard deviation, to include untreated ceils within this 

rnarker with a 95 % confidence interval. Relative to the diploid peak (2N), appropriate 

statistid markers were selected to detemiine populations considered as either hypodiploid 

(<2N), severely apoptotic (cells with extremely low DAPI staining), or dividing celis, i-e., 

S-phase and tetraploid celis (4N). 

4.3.12 Thempeutic experiments. 

-77 cds were passaged i.p. in SCID-beige mice to develop a more vident 

subclone with reproducible hrmour takes. The selected cell line was grown in tissue 

culture and celis were harvested in sterile PBS. Cell viability was assessed for dye 
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exclusion using trypan blue staining prior to implantation. Mice'were injected i.p. with 

1x10' ARH77 cells per mouse in 0.2 ml sterile PBS. 

From some mice, blood samples were taken by tail vein bleeding and the blood 

lymphocytes were separateci using Fiwll-Paque gradients. In order to detect tumour cells 

in the tissues, samples of ber,  spleen, Iung, hart, kidney, bone mmow and solid 

tumours were dissociated with pronase and coliagenase treatment and, following labeliing 

with both anti-CD19-RTC and mti-CD45-PhE, were analysed by FACS. Euthanized 

animds were also subjected to a g ros  histopathologicai examination to detect tumour 

dissemination. 

In therapeutic experiments, SCID-beige mice (5/group), implanteci i.p. with 1 x 10' 

ARH77 ceiis were treated 24 hours post-implantation with single i.p. doses of 2 mg/kg 

DXR as either fiee D m  DXR-HSPC-SL (no Ab), DXR-HSPC-SIL[anti-CD191 or 

DXR-PC40-SIL[anti-CD 191 or DXR-HSPC-NSIL[IgG2a]. SCID-beige mice &en 2 

mglkg free DXR showed no signs toxicities (or weight loss), and this dose was close to 

the hîT?) of free dmg in SCID-beige mice. Mice were monitored routinely for weight 

loss, and survival times were noted. 

4.3.13 Statisticai analyses. 

AU hear regression analyses were done using Quattro Pro 4.0 (Borland Inc., 

Scotts Valley, CA). UnIess stated, two-tailed Student's t-test was used to measure 

~ratistical signifïcance, assumuig equal variances with 95 % confidence intervd using 

INSTAT (GraphPAD software, version 1.1 1 a). Multiple cornparisons of various groups 

in cytotoxic assays were evaluated using one-way anaiysis of variance aiso performed on 
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INSTAT. Post-tests comparing the various treatment means were done using 

Bonferroni's test. Data was considered statisticalty signifiant at p values < 0.05. Data 

were reported as mean * standard deviation (S.D.). 

4.4 RESULTS 

4.4.1 Phenotyping of  AR877 multiple myeloma ceU line using flow cytometry. 

The expression of selected antigefls on AM77 cells was compared to wntrol 

staining with the appropriate isotype-rnatched IgGl or IgG2a antibodies conjugated to 

FITC or PhE (Table 4.1). A M 7 7  cells expresseci the foliowing leukocyte differentiation 

antigens: CD 19, CD20, CD21, CD22, CD24, CD38, CD45, CD45Rq CD45RO. The 

rankuig of  levels of expression of the B - c d  epitopes was CD20 > CD21 = CD22 = CD24 

> CD19 (Table 4.1). Antibodies to CD4 and CD8 were negaiive on -77 cens, and B- 

ceil mAbs tested were not found to cross-react with the control T ceii line, H9. 

Using antitiCD 19-FITC, the nurnber of CD 19 recepton on ARH77 ceils was 

estimated using flow cytometry, by cornparison to the mean fluorescence intensity (MFI) 

of the human B lymphoma cell (Nadwa), which expresses approximately 40,000 CD19 

receptors (3 12-3 14). From the binding curves of fiee anti-CD19-FITC to -77 cells 

and Namalwa cds (at saturation binding), the relative density of CD 19 receptors on 

ARH77 ceiis was estimated to be approximately 3000 sites per WU. 

4.4.2 Binding of immunoIiposomes to AR877 ce&. 

Binding experiments on the CD 19' multiple myeloma celi line ARH77 were done 

u s i .  3H[CHE]-labelled liposomes (Fig. 4.1). SILlanti-CD 1 91 showed a 2- to 3 -fold 



Table 4.1. Irnrnunopheaotyping of-77 ceii line using flow qtometry. 

The human multiple myeloma c d  luie AM77 was incubateci with appropriate mAbs (10 
pg mAb/106 cells) at 4OC for 30  min. Celi surface markers were evaluated by 
immunostaining with specific Abs, by either direct or indirect immunofluorescent staining 
methods (see methods). CeUs were washed with IF buffér and cd-associatecl 
fluorescence was analysed on a Becton Dickuison FACScan. 

Marker 
CD4 (T cell) 
CD8 (T ceil) 
CD19 
CD20 
CD21 
CD22 
CD24 
CD29 (Pl 
CD34 (haematopoietic stem cefl) 
CD38 
CD45 
CD45RA 
CD45RO 
PCA-1 (plasma ceii antigen) 
I g G l  (control) 
IgG2a (control) 

l The reactivities of mAbs are presented in ternis of relative mean intensity of fluorescent 
stahhg on Namalwa d s .  +fi+ MF1 1 O4 (very high); +tt MF1 IV (high); * 

Mn id (moderate); + MF1 10' (dirn/low); +/- MF1 ~ O O - ~ '  (very low); - MF1 <1 oaS 
(negative). Control unstaioed cells were set at <loO-' MFL 
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Figure 4.1. Binding of [3HJCHE-labeUed liposomes by A m 7 7  cells as a function of 
liposome concentration. 
Liposomes, 104 nm in diameter, were wmposed of HSPC:CHOL*EG--DSPE, 2: 1 :O. 1 
* mAb anti-CD19 or isotype-match control mAb IgG2a at approximately 50 pg 

mAb/pmol phospholipid. SL @), SDL[anti-CD191 (H) or NSIL&$2a] (A) were 
incubated with 106 ARH77 ceils for 1 h at 37°C. Data are expressed as mol PL S D .  
per 106 celis (n=3). 



higher bindhg to -77 cells compared to either non-targeted SL, or the isotype- 

matched control liposomes NSIL[IgC2a]. 

From the binding data, at the maximum liposome binding at 1600 nmo1 PL, there 

were approxhately, 6.9 xlo4 pmol PL binding sites/106 cells for SIL[anti-CD191 and 2.1 

x104 pmol PL binding sites/lo6 ceils for SL, respectively. The dissociation constant K, 

for the SIL[anti-=(SD 191 was estimated at 220 pM, and was 2-fold lower than that for SL. 

Similar experiments were done using fluorescent MD-PE-labelleci liposomes and 

flow cytometry (Fig. 4.2). -77 celis specifically bound fhe antitiCD 19-FITC, 

compared to isotype-matched staining with irrelevant IgG2a-FïTC or autofluorescence of 

untreated cells (Fig. 4.2A-a). The association of SL or NSILpgG2a] to AM77 cells after 

1 h incubation at 37°C was non-specific and low (MF1 = 4) (Fig. 4.2A-b ). SIL[anti- 

CD 191 was found to have a 2-fold higher recognition to ARH77 cells wmpared to non- 

targeted Liposome controls (MFI = 9) (Fig. 4.2A-b vs. c). Compdtion with excess fke 

anti-CD 19 was able to inhibit the binding of SII,[anti-CD 191 with -77 cells ( M T i  = 4), 

indicating specincity of SIL[anti-CD 1 91 with CD 1 9 receptors (Fig. 4.2A-c). 

In addition, we wrnpared the recognition of two formulations of liposomes, a rigid 

formulation composed of HSPC, and a more fluid formulation composed of the 

phospholipid PC40 (Fig. 4.2B) as a hc t ion  of tirne up to 24 h at 37OC. Mer 1 h or 24 h 

incubation at 3TC, both SIL formulations demonstrated approxhately 2-fold higher 

binding (or MFI) to Am77 cens over an irrelevant NSIL formulation (Fig. 4.2B-c vs. a,d 

vs. b). There was no ciifference between binding of NBD-PC40-SIL[anti-CD191 or NBD- 



Fluoresce nee intens ity 



Figure 4.2. In vibo binding of nuorescent NBD-labeled Iiposomes to AR877 ceUs 
using flow cytometry. NBD-labelled liposomes (0.1 mol %) were composed of 
HSPC:CHOL:Hz-PEG-DSPE or PC40:CHOL:Hi-PEG-DSPE, 2: 1 :O. 1 molar ratio (105 
nm in diameter) * mAb ah-CD1 9 or isotype-matched control IgG2a. A . 7 7  celis were 
incubated with various formulations of Liposomes at a fina lipid concentration of 400 
nrnoi/ml for 1 or 24 h at 37OC. Excitation was 480 nrn (argon laser) and emission at 5 10 
nm m l ) .  Overlayed histogram panels illustrate: (A) a. Unstained cells (dotted), or ceils 
treated with irarelevant anti'body IgG2a-FITC (dashed) or anti-CD 19-FITC (bold line); b. 
NBD-HSPC-SL (doaed) or NBD-HSPC-NSIL[TgG2a] @old line); c Free anti-CD19 + 
NBD-HSPC-SE[anti-CDi9] (dashed) or NBD-HSPC-SIL[anti-LP19] (bold hm). @) 
a. NBD-HSPC-SL at 1 h (dashed) and 24 h (bold he); b. NBDPC40-SL at 1 h (dashed) 
and 24 h (bold line); c NBD-HSPC-SIL[anti-CD19] at f h (dashed) and 24 h @old line); 
d. NBDPC40-SILLanti-CD191 at 1 h (dashed) and 24 h (bold he). 
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HSPC-SIL[anti-CD191 to -77 cells after 1 h treatment at 37OC (Fig. 4.2B-c vs. d). 

After 24 h incubation at 3 7 T ,  there was a 5-fold higher non-specific association of HSPC- 

SL, and a 10-fold higher association ofPC40-SL with ARH77 cells (Fig. 4.2B-a,b) 

compared to the binding at 1 h. The wrrespondiig increase in binding at 24 h for HSPC- 

and PC40-SIL[anti-CD 191 was 6- and 15-fold, respectively (Fig. 4.2A-c,d). 

4.43 Association of free doxorubicin (Dm) or liposomal DXR with ARE77 cells in 

vitro using flow cytometry. 

AN77 cells (1x10~ celldwell) were incubated with fkee DXR or Iiposornal DXR 

at a DXR concentration of 20 w DXWml for 1 and 24 h at 37OC. The relaîive c d -  

associated DXR was analysed using flow cytometry with excitation at 488 nm; the 

emission of the drug wuld be detected at 560 nm (FL2). 

Free DXR rapidly acaunulated in AM77 ceils after 1 h at 3 7OC vig. 4.3 b). The 

two targeted fomulations (Fig. 4.3e,t) had a 3-fold higher association of DXR compared 

to non-targeted DXR-HSPC-SL (Fig. 4.3) or isotype-matched Liposomes DXR- 

NSIL[IgGZa] (Fig. 4.3d). The cellular uptake of DXR redting fiom either of the DXR- 

SIL[anti-CD 191 treatments was significantly lower (5-8 fold) than that seen for fiee DXR 

(Fig. 4.3e,c vs. b). Incubation of c e k  with various treatments for 24 h, increased the 

amount of DXR associated with the ceils (Fig. 4.3). At 24 h DXR-HSPC-SIL[anti-CD 191 

showed a 2-fold higher accumulation of DXR into -77 cells (Fig. 4.3e), compared to 

non-targeted DXR-SL (Fig. 4 . 3 ~ )  or DXR-NSIL[IgG2a] (Fig. 4.3d). DXR-PC4O- 

SL[anti-CD 191 demonstrateci 1 -5-fold levels of cellular DXR than DXR-HSPC-SIL[anti- 

CD191, (Fig. 4.3e vs. 4.3f). 



ARH77 cells 
t Untreated cclIs b, Free PXR c, DXR-HSPCSL 

Fluorescence intensity 

Figure 4 m 3 m  Flow cytometric analyses for the association of free DXR or liposome- 
encapsulated DXR with ARH77 cells. 
-77 ceiIs (1x10~ ceIidweii) were incubated with either fke DXR or various 
fomulations of liposomes, 108 nm in diameter, at a final DXR concentration of 20 pglml 
for 1 (doneci line) or 24 h @old line) at 37°C. Cells were washed and ceIl-associated DXR 
was evaluated using flow cytometry. a. Untreated cells; b. Free DILR; r DXR-SL (no 
mAb); dm DXR-NSILDgG2a]; e. DXR-HSPC-SIL[anti-CD 191; F. DXR-PC40-SIL[anti- 
CD191. 
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4.4.4 Spectrofluorimetnc mensurement o f  immunoliposomal internalization using 

liposomcencapsulated HPTS. 

To ascertain if the interaction of targeted SIL[anti-CD 191 Liposomes with CD 19 

recepton on M 7 7  ceUs triggers intenialization, we examinai this process using a 

spectrofluorimetric assay described previously (329, 330). Incubation at 37°C for 1 h of 

ARH77 with HSPC-SIL[anti-CD 191 or PC40-SIL[anti-CD 191, containing en~apped 

HPTS, was associated with a drop in pH fiom 7.3 to pH 6.5-6.6 @<0.01). No pH change 

was observeci for the control CD 1 9- T ceil üne, Hg. The pH dro p for either of the 

formulations of SIL[anti-CD191 was simüar (p>0.05). The drop in pH was more apparent 

&er the liposomes were allowed to incubate with celis for 24 h (Fig. 4.4C). This drop in 

pH could be inhibited by incubations at 4°C or by metabolic inhibitors like 0.1 % sodium 

azide (Fig. 4.4A and D), suggesting acidincation of HPTS-Liposomes was an event 

requiring metabolic active celis. These results support the involvement of receptor- 

mediateci endocytosis in the cellular uptake of liposomes. No pH drop was o b s e d  for 

non-targeted SL or isotype-matched control liposomes, NSILDgG2al @>0.05), 

consistent with non-specinc absorption of liposomes at the ceii surface (Fig. 4.4). 

4.4.5 Interaction o f  liposomes with ARE77 cells by confocal microscopy. 

The mechanism of association of various formulations of liposomal DXR iocubated 

with ARIF77 cells for 1 h at 37°C was also studied using confocal laser scanning 

microscopy. DXR fluoresces red, and is entrapped in liposomes at concentration which 

result in approxhately 10-fold quenching of the fluorescent signal. ARH cens express 

CD19, and the epitopes on the surface of cells were stained with anti-CD19-FITC, 



Figure 4.4. Internakation of liposomes by CD19* multiple myeloma ceiI line 
AR8[77 using a pH-sensitive fluomphore, HPTS. 
Liposomes, 109 nm in diameter, were composed ofHSPC:CHOL:Hz-PEGMOO-DSPE or 
PC40:CHOL-LHz-PEGaW]O-DSPE * mAb antitiCD 1 9 at a 2: 1 :O. 1 :0.002 molar ratio (5 0 pg 
anti-CD19/ p o l  PL) and containing encapsulated HPTS. ARH77 ceus were plated in 
48-well plates (1 x 106 celldwell) and incubated with either HPTS-SL (empty bars), 
HPTS-HSPC-SIL[anti-CD 191 (solid bars) or HPTS-PC40-SIL[anti-CD 191 (hatched bars) 
with indicated treatments. Mer incubation, celis were washed with cold PBS and the 
fluorescence excitation spectra were scanned fkom 1=325-500 nm, keeping the emission 
wavelength fked at A-5 10 nm. Measuring the ratio of the excitation peaks, 403/413 nrn 
and 450/413 nm, the pH environment of the liposomes (in cells) was detennined (n=3). 
(A) 4OC, 1 h; (B) 3TC, 1 h; (C) 37T, 24 h or 0) sodium azide-treated AM77 at 37OC, 
1 h. * student' s t-test pCO.0 1. 
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and fluoresce green. 

Free D W  rapidly ciiffùsed into ceiis and brightly stained the c e U  nuclei of AM77 

ceiîs Fig. 4.5A). Cellular DXR fluorescence for non-targeted liposomes, DXR-HSPC-SL 

(Fig. 4.5B) or non-specinc, isotype-match& D;ILRNSILpgG2a] (Fig. 4. SC) was minimal. 

The DXR fluorescence for the targeted formulations (Fig. 4.5D,E), although higher 

compared to non-targeted formulations, was significantly lower than that seen for the f?ee 

DXR at 1 h incubation (Fig. 4.5A). Cells incubated with targeted liposomes appeared to 

contain punctate red fluorescent dots within the cytosoI, with some DXR fluorescence 

associateci with the outer cd membrane (Fig. 4.5D and E). There appeared to be minimal 

m s e  DXR fluorescence (from released dmg) in the cytoplasm after 1 h at 37OC. This 

suggests that, at early times, the chg  may be locaiised to the c d  d a c e  or sequestered in 

the endosornes andor lysosomes in -77 tek, with no nuclear staining. 

No Merence in binding and internakation between DXR-HSPC-SIL[anti-CD191 

and DXR-PC40-SIL[anti-CD 191 (Fig. 4.5D vs. E) was observed at 1 h. The binding of 

targeted DXR-SIL[anti-Cl91 could be competitively inhibited by excess fke anti-CD19, 

resuiting in lower levels of DXR fluorescence associatecl with c d s  (Fig. 4.5F). 

In another experiment to determine iftargeted liposomes are able to internalize and 

traf£ic the dnig 60m the lysosomes to the nuclear cornpartment, experiments were 

conducted with an aqueous, charged, fluorescent nuclear stain, propidium iodide (rd) 

encapsulated within liposomes. Intact cd membranes are imperneable to fiee propidium 

iodide (Fig. 4.6A), but will stain the nuclei of ethanol-permeabilized ceiîs (Fig. 4.6B). 



Figure 4.5. Confod  laser scanning micrographs of ARH77 ceUs treated with free 
DXR or various formulations of liposomd doxombicin. 
Liposomes (104 nrn in diameter) were wmposed of HSPC:CHOL:Hz-PEG-DSPE or 
PC40:CHOLPEG--DSPE at a 2: 1 :O. 1 molar ratio * mAb anti-CD 19 or isotype-match 
control mAb IgG2a Am77 cells (1x10~ ceus) were inaibatai with either fiee DXR or 
various DXR formulations of liposomes at DXR concentration of 20 pg DXR/mi, for 1 h 
at 3TC. Post-incubation of liposomes, ceUs were washed and stained with anti-CD 19- 
FITC. (A) Free Dm (B) DXR-HSPC-SL; (C) DXR-HSPC-NSIL[IgG2a]; @) DXR- 
HSPC-SIL[anti-CD 191; (E) DXR-PC40-SIL[anti-CD 191; (F) DXR-HSPC-SIL[anti- 
CD 191 + excess fiee antitiCD 19. 





Figure 4.6. Confocal laser scanning micrographs of AR877.ceUs treated with 
liposornal propidium iodide. 
Liposomes (1 04 nm in diameter) were composeci ofHSPC:CHOL:PEG--DSPE, 2: 1 :O. 1 
molar ratio I mAb anti-CDl9, and encapsuiating propidium iodide. AM77 ceUs (1x10~ 
cds) were incubated with either fkee propidium iodide or Iiposomal propidium iodide for 
1 h at 37°C. Post-incubation, celis were washed and stained with antitiCD 19-FITC. (A) 
Free propidium iodide, 1 pg/ml; (B) ceus permeabilized with 70 % ethanol and then stained 
with 1 pglrni propidium iodide (C) SL containhg propidium iodide; @) DXR-SILlanti- 
CD 191 containhg propidium iodide. 
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Propidium iodide released firom liposomes at the ceii d a c e  wouid not be expected to 

cross intact celi membranes. Targeted SIL[anti-CD 191 containhg propidium iodide gave 

higher levels of propidium iodide fhorescence ( r d )  in AM77 celis compareci to non- 

targeted SL, but none ofthis fluorescence was associateci with the nucleus (Fig. 4.6D vs. 

C). This indiates that the liposornal drug may be endocytoseci, but access of the h g  to 

the cytoplami and the nucleus d l  depend on the chernical nature of the entrappeci dmg 

a d o r  the existence of transporters or other mechanisms for drug release. 

4.4.6 In vitro cytotoxicity of SIL[anti-CD191 to ARH77 cells. 

Targeted DXR-HSPC-SIL[anti-CD 1 91 or DXR-PC40-SE[&-CD191 were more 

cytotoxic to -77 c d s  than were DXR-HSPC-SL (pc0.0 1) or DXR-PC40-SL 

(p<O.01), or the isotype-matched control DXR-HSPC-NSILPgGZa] (pc0.00 1) (Table 

4.2). The IC, of DXR-PC40-SIL[anti-CD191 was lower than that of DXR-HSPC- 

SIL[anti-CD 191 (pa).00 1) and was equivalent to the cytotoxicity of free DXR @>O.OS) 

after 1 h incubation at 3 7 T  (Table 4.2). Twenty-four incubations lowered the ICms of aii 

DXR-formulations (p4.01) (Table 4.2). At 24 4 DXR-PC40-SIL[anti-CW] were 

more cytotoxic than fiee DXR @<O .O0 l), DXR-HSPC-SILCanti-CD191 (p<0.00 1) or non- 

targeted DXR-PC40-SL @<O.OS). HSPC-SIL[anti-CD 191 were 17- to 27-fold more 

cytotoxic than DXR-HSPC-SL or DXR-HSPC-NSILFgGZa] at 1 h, and 8- to 1 1-fold 

more cytotoxic at 24 h (Table 4.2). suggesting that at later times non-specific association 

of liposomes and ieakage rnay wntniute to the cytotoxicity of non-targeted liposomes. 

For comparisons, at the IC, for DXR-SIL[anti-CD191, Le., 9.97 @M, the relative amount 

of anti-CD19 coupled was @valent to a rnAb concentration of 10 nM, which was 



Table 4.2. Cytotoxicity data (XC, pM) for fne mAbs, doso.mbicin (Dm), or 
various liposomoencapsulated DXR formulations against AR877 cens. 
AN377 ceiis (5x10' /weU) were incubated with various treatments, shown in Table below. 
CeUs were incubated for 1 or 24 h at 37°C in an atmosphere of95 % humidity and 5 % 
CO2. At the tirne points indicated, cens were washed and each weU replaced with fiesh 
media. At 48 4 the plates were then centrifùged and the tetrazolimn dye MTï solution 
(25 pg/weli) was added to each weil and the plates were f.urther incubateci for 4 h at 37°C. 
The coloreci fonnazan product was dissolved ushg 100 pi of acid-isopropanoi and the 
plates were read on a Titertek Multiskan Plus (Flow Laboratones Inc., Wssissauga, Ont.) 
at dual wavelengths 570 and 650 na Data represent mean of n= 2-4, * S.D. for n=3 4. 

Treatment 
L 

Drug-free SIL[anti-CD191 (pM PL) 

Free DXR @M DXR) 

DXR-HSPC-SL @M D m )  

DXR-HSPC-NSIL&g%;Za] @M D m )  

1 Free IgGZa isotype match (pM d b )  1 N.28 1 > I . 2 8 1  

IC-, 1 h 

H500 

- - 

DXR-PC4O-SIL[anti-CDw ($Pl DXR) 

Free anti-CD19 (liM mAb) 

1 anti-CD19 + Free DXR (pM DXR) 1 1.06 * 0.40 1 0.09 * 0.02 1 

I C ,  24 h 
1 

580 

1.28 * 0.16 
265.85 * 3 1.98 
165.78 * 17.21 

- 

anti-CD19 + DXR-HSPC-SL 

0.47 0.03 
1 

10.39 It 0.62 
, 

7.90 * 2.24 

1.06 0.29 

>1.28 

7 -  
- 

O. 16 =ts 0.05 

N.28 

CD191 (M D m )  

IC, ratio, Dm-HSPC-SL:DXR-HSPC- 
S1L[an ti-CD 191 

IC, ratio, DXR-PCQO-SL:DXR-PC4û- 
SIL[anti-CD191 

26.7: 1 

IC, ratio, anti-CDl9+DXR-SL:anti- 
CD19kDXR-SIL[antiXD19] 

10.6: 1 

I 
2.6: 1 

1 . H  

2.1: 1 

3 -2: 1 
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greater than 130-fold the IC, of fiee anti-CD 1 9 (not cytotoxic at 1.28 pM, Table 4.2). 

Ernpty SIL[anti-CD 191 without loaded h g ,  at comparable anti'body densities, showed 

low cytotoxicity to -7 cells compared to DXR-SIL[anti-CD 191 (Table 4.2). 

To detennine if the fkee anti-CD 19 sensitizes cells to D m  we repeated the 

cytotoxkities by CO-incubating cells and DXR or liposomal DXR formulations with 3 -2 x 

10'7 pmoles fkee anti-CD19, Le., to saturate all CD19 sites on AM77 cells (Table 4.2). 

Free ad-CD 19 and the isotype-match non-specific IgG2a were not cytotoxic in the 

concentration range tested (Table 4.2). Cornparhg the IC, &er 1 h incubation, there was 

no difference between the cytorcicities of either fiee DXR or fke DXR cornbined with 

anti-CD 19 (pW.05). The cytotoxkity of DXR-SL plus anti-CD 19 was comparable to that 

of DM(-SL alone (pXI.05) (Table 4.2). Combination of fiee anti-CD19 6 t h  DXR- 

SIL[anti-CD 191 increased the IC, of the liposomes by 24-fold @<0.00 l), to a value 

similar to that of the non-targeted DXR-SL @>O.OS). This indicates that fiee anti-CD19 

competitively inhibits the binding of DXR-SIL[anti-CD191 to ARH77 cells, whereas the 

cytotoxicity of fiee DXR or DXR-SL was independent of the association of anti-CD 19 

with its receptor. 

At 24 4 an kcreased cytotoxïcity was observed when fiee anti-CD19 was 

incubateci with fkee DXR @<0.001) (Table 4.2). However this effect was not seen with 

the fiee anti-CD 19, used in combination with non-targeted DXR-HSPC-SL (pW.05). 

4.4.7 Specific binding, and recognition of immunoliposomes to PBMC from MM 

patients. 

The population of B celis present in the PBMC fkom dierent multiple myeloma 
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patients ranged fiom 4-20 %, detemineci by staining with anti-CD19-FITC d o r  anti- 

CD2O-Phycoerythrin (Pm) (Table 4.3). As the radiolabellexi liposome binduig assays do 

not discriminate between B celis and other ceUs in mMed populations of cells we used 

two-coiour immunofluorescence experiments and FACS to determine if SIL[anG-CD 191 

specificaiiy bound target B cells in heterogenous populations of PBMC fiom MM patients 

(Fig. 4.7). 

Fluorescent Liposomes containing NBD-PE were incubated with PBMC, and 

individuai populations of B- and T-ceUs were identifieci by staining with fluorescent 

markers anti-CD20PhE (for B celis) or anti-CD4,8-PhE (for T celis). Individuai ceii 

populations were identifid, agaiost appropriate control RTC- or Pm-conjugated isotype- 

matched IgGl or IgG2a mAbs cell staining. B ceils were stained with anti-CD20PhE 

instead of anti-CD19-PhE, as binding of SIL[anti-CD191 to CD 19 receptors was found to 

inhibit labelling of B ceils with fiee &-CD 19 (see Fig. 4.2A-c,Fig. 4-99. Identification 

of B lymphocytes with CD20 stalliing may preclude identification of a subset of CDlg+ 

CD2U B lymphocytes, and thus underestimate the total B cd count. Hence, patient 

samples were tested for their absolute B and T ceil percentages by dual labelhg with both 

CD19 and CD29 and to T-ce11 subsets with both CD4 and CD8. This c o h e d  the 

CD19', CD20' pheno~rpe on B ceus, and allowed a m t e  determination of any B-ceii 

subsets that wouid be CD l9+ and yet be CD20: 

Figure 4.7 shows a representative experiment, for the association of NBD-labelleci 

liposomes with individual B- or T- ce11 populations stained with either CD20-PhE or 

CD4,8-PhE. By stalliing with ad-CD19-FITC or anti-CD4,8-PhE the percentages of B 



Table 4.3. Specific binding of liposomes to either B or T relis in a heterogenous 
mixture of PBMC fmm multiple myeloma patients. 
PBMC fiom MM patients were purifid using Ficoll gradients. The percentage of B and T 
ceils in PBMC isolated nom each MM patient blood sample was determined by 
immunofluorescent staining with anti-CD 19-FiTC or anti-CD4-PhE plus anti-CD8-PhE 
foilowed by two-color flow cytometnc dysis. For an accurate determination of the 
percentage of B celis, PBMC were stained with both anti-CD 19-FITC and anti-CD20- 
PhE. B and T lymphocytes h MM patient PBMC ranged f?om 4-20 % B cells and 25-70 
% T cells (n=10). Staining of individual ceil populations was compared against relevant 
fluorescent isotype-matched control anb'bodies. 

PBMC were uicubated with various formulations of liposomes (400 nmol PUd)  
in RPMI 1640 media supplemented with 10 % FBS. Liposomes, with or without coupled 
mAb anti-CD19 or isotype-rnatched control mAb IgG2a were wmposed of 
HSPC:CHOL:Hz-PEG-DSPE (2: 1:O. 1 molar ratio, 100-1 12 nm in diameter) and 
contained 1 mol % fluorescent lipid marker NBD-PE (green). S p d c  labeling of 
individual c d  populations by liposomes was detemiined by idenacation of ceUs with 
either mti-CD2ePhE (B cells) or anti-CD4,tPhE (T cds) (see Fig. 4.7). Cells were 
appropriately gated to exclude debris, and files of 10,000 gated events were collecteci. 
Files were later d y z e d  and the percentages of liposomes Iabehg individual cell 
populations was determineci by quadrant statistics. Data represents mean * S-D. 

Liposome 1 Specifk lnbeling of B O 

I ceils binding 
liposomes 

T ceils by liposomes 

ceUs binding 
liposomes 

SL (no Ab), 
n= 10 patients 

NSm3GW, 
n= 3 patients 

SIL[anti- 
CD191, n= 10 
patients 

% of CD4+ 
and CDS+ T 
ceiis binding 

liposomes 

2.6 * 4.2 8.3 5.3 

6.7 *1.8 

% of Non-T 
cells binding 

liposomes 

1.6 2.2 0.9 * 0.80 

0.5 * 0.4 

72.0 k 20.5 2.7 * 1.9 



Figure 4.7. Twacolour flow cytometry of the binding of immunoliposomes by B 
ceils in PBMC from a representative multiple myeloma patient 
Liposomes were composed of HSPC:CHOL:PEG--DSPE (2: 1 :O. 1 molar ratio, 1 O7 nm) 
* mAb ad-CD19 coupled by the hydrazide method and were labelled with 1 mole% 
NBD-PE . PBMC nom a MM patient was incubateci with either NBD-SIL[anti-CD 191 or 
NBD-SL, and stained with either anti-CDPO-PhE (B 1RD1, a B c d  marker) or both anti- 
CD4-PhE -f- anti-CD8-PhE (T cell markers). (A) NBD-SL and anti-CD4-PhE + a d -  
CD8-PhE,(B) NBD-SL and anti-CD20-PhE, (C) NBD-SIL[anti-CD191 and anti-CD4- 
PhE + anti-CD8-PhE, @) NBD-SIL[anti-CD 191 and anti-CDZO-PhE. 
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and T lymphocytes in the patient sample were found to be 9 % B cells and 63 % T cells. 

NBD-SILCanti-CD 191 selectively bound to B cells (7 % ceiis dual-labelle& Fig. 

4 3 3 ,  i.e., 78 % speciiïc labelling), with Little or no labelhg of the T ceil population (O % 

dual-labelled, Fig. 4.7C). Sixty-three percent of the celIs stained with CD4,8-PhE (Fig. 

4.7C), and are presurnably T ceils. From Fig. 4.7C, it is also observai that 9 % of non-T 

cells were labelled with NBD-SILLanti-CD191 are presumably B c e k  The association of 

NBD-SL (Fig. 4.7AB) to PBMC cells was significantly lower. In this case, only 1 % of 

cells were positive for both NBD and anti-CDZO. and 2 % of T cells with both NBD-SL 

and anti-CM, 8. 

A summary of the results for 10 patients is presented in Table 4.3, nonnalired for 

the percentages of B and T cens in individual patient samples. The average percentage of 

B cells in patient samples was 9.5 I S. 1 % and for T celis was 43.3 I 18.3 % (n= 10). 

non-spdc labelling of B cells was comparatively higher (rnargînally signi£ïcant at 

pc0.05) (Table 4.3). SIL[anti-CD191 displayed a specinc afbity for B celis (72 % 

labeiied) comparai to T cells (5 % labeiled) @<0.001). The specifk labelhg of B cells by 

SIL[anti-CD191 was signincantly higher than either SL (8 %) (p@<0.001) or the isotype- 

matched control NSIL[IgG2a] (7 %) (p<0.00 1) (Table 4.3). There was no signifiant 

merence between the association of non-targeted SL or NSILFgG2al (pXl.05) to either 

B or T ceIls (Table 4.3). 

4.4.8 Confod microscopy of uptake of DXR-SIL[antCCD19] by PBMC. 

Targeting and intracefldar distribution of liposome-encapstdated DXR in PBMC 

fkom MM patients was examinecl using fluorescent confocal laser scanning microscopy 
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(Fig. 4.8). PBMC were inaibated with liposome-encapsulated DXR for 1 h at 37T in 

v&o. Individual B and T ceus were identifieci using anti-CDl9-RTC for B ceus and aati- 

CD4 plus anti-CD8-FITC for T cells. Free DXR rapidly stained the nuclei of both T ceU 

(idenMd with anti-CD4,8-FITC) and non-T celis (Fig. 4.8A). Similarly, B cells 

(identifleci with anti-CDl9-FITC) and non-B ceils were found to rapidly accumulate f?ee 

DXR (Fig. 4.8B). Neither non-targeted DXR-SL (Fig. 4.8C,D). nor isotype-matched non- 

specific DXRœNSIL[IgC2a] (Fig. 4.8E,F) showed accumulation of DXR into either T 

(Fig. 4.8C,E, respectively) or B ceh (Fig. 4.8D,F, respectively). DXR-SL[anti-CD191 

incubated with PBMC did not associate with T cells (Fig. 4.8G), but did associate with a 

non-T population of ceiis, presumably the B cells. The identity of these cells was 

detemineci by staining PBMC with ad-CD19-RTC (Fig. 4.8H). In this case, DXR- 

SIL[anti-CD 191 was found to co-localize with antitiCD 19-FITC, confimiing that targeted 

DXR-SL[anti-CD 191 bind to CD 19' B lymphocytes. B cells appeared to intemalize 

DXR-SIL[anti-CD 191, while DXR-SIL[anti-CD 191 did not associate with non-B cells, 

which were not fiuorescently labekd, and hence not ideatifed in the confocal image. 

4.4.9 Cytotoxicity of DXR-SIL[anti-CD191 to B ceus in PBMC from MM patients. 

The cytotoxicity of DXR-SIL[anti-CD 191, kee D m  DXR-SL or DXR- 

NSILClgG2aI to PBMC isolateci fiom MM patient blood was evaluated at concentrations 

of 1,5 and 25 pM DXR Evaluation was by two-colour immunofluorescence and DAPI 

staining for DNA content as  an indicator of ceil death. The cytotoxicity results for 

individuai samples fiorn eight MM patients are presented in Table 4.4. A typical 

experiment for Patient 6 (Table 4.4, #6) is illustratecl in Figure 4.9. Using this 



Figure 4.8. Confocai micmcopy of the interaction of ~iposom~ncapsu~ated DXR 
with PBMC fmm MM patients. 
Liposomes were composeci of HSPC:CHOL:Hz-PEGMOO-DSPE, 2: 1 :O. 1 molar ratio (108 
nm in diameter) * mAb anti-CD19 or isotype-matched control mAb IgG2a, and contained 
encapsulated DXR PBMC fiorn MM patients (2x10~ cefls) were incubated with either 
fiee DXR or various liposomal formulations of DXR at 20 pg DXWml, for 1 h at 37OC. 
After incubation with Liposomes, ceils were washed and stained with anti-CD 19-FITC or 
ad-CD4-FITC plus ad-CD8-FIK. (A) Free DXR and mti-CD4,WITC; (B) Free 
DXR and anti-CD 19-FITC; (C) DXR-SL and anti-CD4,I-FITC; @) DXR-SL and a d  
CD lg-J?ITC; (E) DXR-NSIL[IgGZa] and antitiCD4,8,-FITC; (F') DXR-NSILFgG2al and 
anti-CD 19-FITC (G) DXR-SIL[anti-CD 191 and anti-CD4,I-FITC; (H) DXR-SIL[anti- 
CD 191 and antitiCD 19-FITC. 
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experimental design, untreated PBMC &om MM patient samples had fkom 7-40 % 

hypodiploid and apoptotic ceUs (Fig. 4.9, Table 4.4). T ceiis showed a DNA content 

approximately three times that of the cRBC controls consistent with normal diploid cells 

(GûIG1, marker M3) (Fig. 4.9A). MM B ceUs displayed a slightly higher DNA peak 

(excess D M )  correspondhg to an aneuploid B-ceil clone speailative of a malignant clone 

describeci elsewhere (Fig. 4.9A) (255). Hypodiploid (marker M2), diploid (rnarker M3) 

and hyperdiploid ceils (>2N, seen as a shodder over the diploid peak), tetraploid ceiis 

( G m  4N) and low percentage of B ceus in S-phase (marker M4) were observed (Fig. 

4.9A) (255). As seen in Fig. 4.9B, fiee DXiZ results in random apoptosis of both B and T 

cell populations, as indicated by a reduced aaining with DAPI. The majonty of the B ceUs 

(70 %) and T c e k  (54 %) were hypodiploid (hypodiploid + apoptotic DNA content), Le., 

celis with very low DAPI binding implying low DNA content in the marker Ml (Fig. 

4.9B). Non-targeted DXR-SL (5 pM D m )  displayed minimal cytotoxicity to either B or 

T cells (Le., <6 % hypodiploid + apoptotic B or T ceus) (Fig. 4.9C). DXR-SE-[an& 

CD 191 (5 pM DXR) was selectively cytotoxic to B ceus (47 % hypodiploid, 33 % 

apoptotic), with the T ceII population remaining mostly diploid (89 % diploid, 9 % 

hypodiploid, 1 % apoptotic) (Fig. 4.9D). 

A fiee DXR concentration of 5 pM appeared to be a minimal concentration 

required for achieving toxicity against both B and T cells. This however varieci amongst 

the patient sarnples, e-g. patient 5 and 6 showed diaerent sensitivities to the fiee DXR 

treatment (Table 4.4), and may be relateci to the h g  resistant statu of the cds. Lower 

concentrations (1 pM either fiee or liposomal DXR) did not result in si@cant 



Figure 4.9. I n  vibo eytotoxicity lssay of free DXR or various liposornal DXR 
formulations on PBMC obtained from a MM patient using the DAPI assay. 
Gated populations of B (solid line) or T ceiis (dotted iine) were elected by appropriate 
staining with either anti-CD19-FITC (3 ceiis) or ad-CD4,8-PhE (T cells) and each of 
these populations was d y s e d  independently for their DAPI content. Histograrn panels 
A-D illustrate DAPI profiles of Patient 6 pable 4-46). (A) Untreated B- or T ceus, and 
inteniai cRBC control (dashed he), (B) 5 pM Eee DXR, (C) Non-targeted DXR-SL (5 
pM Dm),  and @) DXR-SE-[antitiCD 191 (5 pM Dm). 
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Table 4.4. Cytotoxicity of' free DXR or various f'ormulrtions of liposomal DXR on PBMC f'rom MM patients. 
PBMC fiom MM patients isolated via Ficoll gradients were untreated or treated with free DXR or various liposomal DXR (quivaleni 
to 5 FM Dm). Mer incubation, cells were stained with anti-CD19-FITC, anti-CD4-PhE plus anti-CDI-PhE, and DAPI. Files were 
gated for either B (CD19') or T (CD4,8') cells, and their DAPI profiles were plotted as DNA histograrns (Fig. 4.9). The relative ploidy 
levels of cells were determined fiom the position of the diploid (2N) DNA peak ofB and T cells, against a cRBC intemal standard (Fig. 
4.9A). Hypodiploid cells were defined as those having <2N DNA and severely apoptotic cells were those with extremely low DNA 
content (determined from their reduced DAPI binding). Samples were charactenzed as dividing if they had >2N DNA content (this 
included tetradoid ceils of 4N rlNA content). 
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cytotoxkity to either B or T c d  populations, and higher concentrations (25 pM DXR or 

liposomal DXR) were extremely cytotoxic to both cell populations. 

An aggregate data set for ail patient eight samples in presented in Table 4.4. 

In al patient samples, fiee DXR (5 CiM) was equdy cytotoxic to both B and T ceii 

populations @>0.05), observed experimentaüy as a decrease in percent diploid celis, and a 

concomitant increase in cells with reduced DNA content (Table 4.4). In cornparison, 

Dm-SIL[anti-CD 191 was more selectively cytotoxic to CD 19+ B celis, and displayed a 

relatively low cytotoxicity to T ceils @<0.00 1, Table 4.4). DXR-SIL[anti-CD 1 91 

increased the percent hypodiploid celis by 1.5 to 4-fold that of cells treated with non- 

targeted DXR-SL, or untreated controls (p<0.00 1, Table 4.4). The percent hypodiploid 

resultuig from DXR-SIL[anti-CD 191 treatment were not signincantly diffierent f?om that 

of fke DXR @>O.OS). Non-targeted DXR-SL or isotype-matched NSIL[IgGZa] showed 

minimal cytotoxicity to both B and T celis (pW.05, Table 4.4), resulting in only a 

margjnafIy increase in percent hypodiploid ceils compared to untreated controls (pX.05, 

Table 4.4). Empty SIL[anti-CD191 were not cytotoxk at equivaient mAb and iipid doses 

of cimg-loaded liposome fomulations (Table 4.4, Patients 4 and 5). 

4.4.10 In  vivo thenapeutics of -77 ceils in S-beige mice. 

AM77 cells were not transplantable i.p. or i.v. either into either BALBK nude or 

SCID-Tadicr mice (0/5 mice). SCD-NOD mice were able to en@ ARH77 cells via the 

i.p. route but not via the i-v. route. The tumour takes (2/5 mice) and tirne for twnour 

development (mean survival tirne, 47 * 14 days) were not reproducïle. Excised tumours 

developed in SCID-NOD mice were selected for CD1g4CD45' -77 celis by Coulter 
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Elite cd-sorting (Codter, Hialiah, FL). These ceiis were g r o v  in culture and passaged 

into SCID-beige mice. 

Xenografting of passageci AN77 cens i.p. into SCID-beige mice resulted in 100 

% transplantation success (1011 0 mice) and the mean suNival tirne of mice was 3 6 * 4 

days. Mice showed distinct signs of abdominal distention, characteristic of ascitic tumour 

growth The majority of the tumour cells were detected in the peritoneal cavity, dong 

with some solid tumours in lymph nodes, particularly the mesenteric and inguinal lymph 

nodes. Some ARH77 cells were found to infiltrate certain organs, namely spleen, liver, 

kidney capsule, and ovaries. There was no histological evidence of -77 cells 

infiltrahg the bone marrow in any of the necropsied mice. From histology, single ceils or 

clusters of ARH77 cells were detected in the peritond cavity. 

To confirm the presence of -77 cens and expression of target CD19 receptors 

on AM77 ceils implanteci in SCID-beige mice, representative control mice were 

necropsied, and cells dissociateci f b m  tissues were detected by imrnunophenotyping for 

CD19 using flow cytometq. Isolated celis fiom selected tissues, PBMC (recovered via 

FiwN gradients) and celIs fiom ascites fluid lavaged fiom i.p. tumours were stained for 

both CD 19 and CD45 (human common leukocyte antigen). This allowed for identification 

of human ceus, in SCID-beige mice. Fiow cytometry could not detect any tumour celis in 

the iiver, spleen, lung, heart, kidney, or bone marrow, perhaps due to the Iow tumour-cell 

involvement in these tissues (confirmed using histology). A large hction of the cells 

içolated fiom solid himours and ascites (Fig. 4.10) was found to be ARH77 celis and to 

retain expression of CD 19. 
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The antitumour effect of DXR-SIL[anti-CD lg] was tested against -77 c d s  

xenografted i-p. into SCXD-beige mice. SCID-beige rnice were injected i.p. with 1x10' 

AREi77 cells and treatments were commenceci i.p. on day 1 with either free D m  DXR- 

SL, DXR-HSPC-SIL[anti-CD 191, DXR-PC40-SIL[anti-CD 191 or fiee antitiCD 19 given in 

conjunction wiîh D X R - S I L [ M ~ ~ - C D ~ ~ ] .  The results of this therapeutic study are show in 

Figure 4.1 1. Control mice were injected with PBS had a mean survivai time (MT) of 36 

days. Am77 ceiis were extremely sensitive to free DXR in vitro (see Table 4.4.2). and 

consequently, fkee DXR was able to substantiaily delay tumour growth in tumour- 

implanted mice compared to controls (fke D m  MST 130 * 41 days, p<0.01). There 

was no statistically signiiïcant merence (pX.05) in effectiveness between either âee 

D m  DXR-SL (MST 83 * 29 days) or DXR-HSPC-SIL[anti-Cm] (MST 66 * 13 

days). However, each of these treatments was significantly better than PBS controls. 

Treatment with either DXR-PC40-SIL[anti-CD19] (MST 3/5 mice= 66 * 3 days; LTS 

215) or fiee anîï-CD19 &en in conjunction with DXR-HSPC-SIL[anti-CD 191 (MST 2/5 

mice= 73 * 6 days; LTS 3/5)  was able to sigdicantly increase s u ~ v a l  times of ARH77- 

implanted mice, resulting in some long-term survivors (LTS> 250 days). 

4.5 DISCUSSION 

In Chapter 2, on the use of irnmunoliposomal DXR to treat human B lymphoma 

we suggested that this treatment may be applicable to other B-ceil malignancies. In MM, 

malignant B cells are present as individuai ceils or s d  clusters of cells in blood, or in 

close access to the Nailatory system (247,248,255,276). This may make MM more 



A. Tumour (confrol) 8, Tumour - ARH77 

Figure 4.10. Two-colour flow cytometrg to examine the expression of CD19 on 
-77 cells after i.p. implantation in SCID-beige mice. 
Celis retneved fiom peritoneal cavity were stained with both anti-CD 19-FITC (B cell 
marker) and anti-CD45-PhE (common leucocyte antigen marker) and nui on the flow 
cytometer. Panel illustrate, (A) Control ascitic tumour ceUs fiom peritoneum stained with 
isotype-matched antiiodies; (B) tumou cells stained with a d - C D  19-FITC and anti- 
CD45-PhE. 
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Figure 4.11. In vivo therapeutics of free DXR and varioos liposomal IlXR in SCID- 
beige micc SCID-beige mice (5/group) were implanted i.p. with 5x1 0' ARE77 cells. 
Treatments were wmmenced 24 h after inoculation of cells with a siogle i.p. injection of 
PBS (*) or 2 mgkg DXR as either fiee DXR (O), DXR-SL 0, DXR-PC40œSIL[anti- 
CD 191 (a), DXR-HSPC-SIL[anti-CD 191 or DXR-HSPC-~~[anti-c~ 191 in 
conjunction with 10 pg igee anti-CD19 (A). Individual mice received approximately 0.27 
pmol PL and 14 pg mAb in 0.2 ml. Data are reported as % SUTVival vs. days Survived. 
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amenable to treatment with targeted &ers, which are resident in the blood for prolonged 

times (139). The studies presented in this paper focus on the applicability of targeted 

Liposomes in hematological cancers, specificdy multiple myeloma This work 

demonstrates that some selecthity of targeting of DXR-SIL[anti-CD 191 can occur aga* 

the human CD 19' multiple myeloma ceil line A m 7 7  in vitro, and against CD19' B 

lymphocyte populations of penpheral blood mononuclear cells fkom MM patients ex vivo. 

Our binding studies reveal that SIL[anti-CD 191 rapidly associate with the ARH77 

cells. At maximal bindiq, approxhately 5300 SIL[anti-CD191 or 1600 SL were bound 

per AU77 cd. This translates into approximately 3 700 specinc SIL[mti-CD 191 binding 

sites per AW77 ce4 which is similar to the estùnated 3000 CD19 sites determined on 

ARH77 ceils by flow cytometry. The fact that equiliirium binding was not completely 

attained at 1 h at liposome concentrations as high as 1600 pmol PUml suggests that 

SIL[anti-CD19] bound to the surface of -77 cells may be contindy endocytosed and 

CD19 may recycle to the cell sudace to participate in M e r  binding. It has been 

previously shown that &ee anti-CD19 binds CD 19 with a high affinity (295,3 13) and 

hence, it is unlikely that the binding process (see Fig. 4.1) is a result of weak or low 

affinity interaction. At a mAb coupIing density of 25 antibodies/iiposome and assuming a 

single antibody interaction with a single CD 19 site, the relative &, of the anti-CD 19 mAb 

coupled to liposomes was calculated as 2.2 x 1 O5 pM. The K, of the liposome-coupled 

anti-CD 19 was s h d a r  to that seen for the Namaiwa ceil h e  (1.8 x 10-~ pM), and 9-fold 

lower than the &, of fiee anti-CD 19 to Daudi cells (B ceIl h e )  &,= 2.5 5x1 O4 @id (i-e., 4 

x IO9 (3 13). The slight decrease in affinity of the mAb may be due to oxidative 
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modification of the antiiody prior to couphg to Liposomes (53, 168, 169). It is ais0 

possible that anchoring of the mAb to the PEG polymer tenninus via the Fc portion ofthe 

mAb could resdt in decreased rotational fieedom of anti-CDl9, or that the mAbs affinity 

may be decreased by the effects of couplhg to PEG challis (3 15). 

We observed a high in Miro cytotoxicity of SIL[anti-CD19] to ARH77 cells. 

However, uniike our observations with the human 33 lymphorna mode1 (Chapter 2), this 

did not translate into a sipifkant antihimour actMty in *o. At the maximum tolerated 

DXR dose (2 mgkg), mice showed no signs of fiee dnig toxicity, and both targeted and 

non-targeted liposomes had pronounceci antitumour activity in the i.p. xenografts of 

ARH77 ceils in SCID-beige mice. A . 7 7  cens express low levels of CDlq Le, 3000 

siteiceL In our therapeutic experiments mice were dosed at 2 mg DXR/kg, which was 

approximately 0.27 pmol PL (or 2.1 x 1 012 liposomes). As i. p. treatments were initiateci at 

24 h (afker approxkately one doubling time of these cells), this means that there were 

potentially 6 x 10'' total CD 19 sites avaiiable to bind DXR-SIL[anti-CD 191. Mice were 

injected with 35-fold higher nurnber of liposomes reIative to the totd CD 19 receptor sites 

on ARH77 cells, and yet this did not translate into a signifiant antitumour effect in vivo 

compared to non-targeted controls. Implanted -77 cells in SCID-beige mice are 

rnainiy present d y  as single cek or small clusters of cds within the pentoneal cavity¶ 

and hence cytotoxicity of DXR-SIL[anti-CD 191 to ceils may be directiy dependent upon 

the association of liposomes to c d s  witbin this cornpartment. We have previously shown 

that the transit of SL fiom the peritoneal cavity into blood occurs with an W We of 

approximately 0.6 h (3 1 1). As DXR-SIL[anti-CD 191 were able saturate all CD 19 



receptor sites on AM77 ceils the rate at which the receptor intenializes and recycles to 

the c d  d a c e  may detemine the effectiveness of Dm-SIL[anti-CD191. In addition, the 

passage of liposomes out of the pentoneal cavity into blood (284) or uptake by peritoneal 

monocytes and macrophages may contribute to the poor antitumour response (3 1 1 , 3  55). 

Our binding resdts indicate that fluid PC40 liposomes bound more readily to 

AM77 ceils than did their rigid HSPC counterparts (Fg. 4.2B). This was consistent with 

the increased DXR fkom DXR-PC40-SIL[anti-CD19] associated with ARH77 celis, 

compared to their HSPC counterparts (Fig. 4.3e vs. 4.30. It is possible that portion of the 

drug entering celis may corne fiom any fkee h g  released in the media, or at the ceil 

surface afker drug leakage fiom liposomes in pentoneal fluid. Hence, the enhanced 

antitumour activity of DXR-PC40-SIL[anti-CD 191 may be due to a high local release rate 

of h g  fiom these liposomes (Chapter 3). 

Numerous studies have utilized fiee antibodies in targeting B ceil tumours, and it 

has been suggested that anti-CD19 signals a series of intracellular messages leading to B- 

ce11 differentiation, ceii arrest or apoptosis (4,289, 3 12). It is likely that the in vivo 

cytotoxicity of fiet? anti-CD19 is a result of a variety of host immune factors, acting after 

binding of the mAb to CD 19 (4), and may result £tom mechanisms involving CD 19- 

mediated signaiiing, antibody-dependent celidar cytotoxicity, activation of immune system 

(mediated via monocytes, macrophages or natural Hier (NK) cells) or complement- 

mediated processes (4,289, 3 12, 356, 357). This is reasonable given that SCID mice, 

although lacking fiuictional B and T cds, possess a residual immune system comprïsing 

monocyte, macrophage, NK celis, and complement-actMty (3 58,3 59), and this lack of an 
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immune system may be responsible in part for the cytotoluc action of the fiee anti-Cû19. 

W e  were unable to observe any effect of ffee ad-CD 19 in our in v i ~ o  cytotoxicity 

assays up to a concentration of 1 W. In the cytotoxicity studies reported here, an& 

CD19 did not induce any increased sensitivity of AM77 ceUs to f?ee DXR or liposomd 

DXR In fact at 1 4 fiee ad-CD 19 in conjunction with targeted DXR-SIL[anti-CD 191 

competively inhibited the action of DXR-SIL[anti-CD19], givhg cytotoxicities equivalent 

to non-targeted liposomes. However, a cytotoxic effect of anti-CD 19 in combination with 

DXR-SIL[anti-CD191 was obsewed at 24 4 suggesting that recycling of the receptor in 

the continued presence of the DXR-SIL[CD19] may be involved in the obsemed 

cytotoxicity (Chapter 3). We have previously reported that the Eree mAb has an additive 

effect when given in conjunction with DXR-SIL[anti-CD 191 in vivo therapeutics of human 

B-celi lymphoma (Namalwa) in SCID mice (Chapter 2). Similar to these results, the kee 

antitiCD 19 plus DXR-SIL[anti-CD 191 therapy appeared to be by fiu the most successfbl 

treatment for Am77 cells in SCID-beige mice (Fig. 4.1 1). It is likely that, although both 

anti-CD 19 and DXR-SIL[anti-CD 191 wrnpete for the same membrane receptor, they may 

subsequently have cytotoxic effects via independent pathways, i.e., anti-CD19 signalling 

of apoptosis (4,289,3 12,356, 357) or DXR-induced DNA strand breaks in cells (341). 

The antitumour effects of DXR-PC40-SIL[anti-CD191 in the i.p. mode1 (Fig. 4.11) were 

in agreement with our in vibo resuits, and may be due to specific binduig and 

intemakation of liposomes, together with the cytotoxic effect ofany &ee drug reIeased in 

liposomes within the peritoneal caviiy. 

In myeloma peripheral blood ceils we observeci a variable cytotoxicity of free DXR 
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(quantifid experimentdy using DAPI staining), givhg anywhere fiom hypodiploid to 

apoptotic DNA profiles in B and T celis f?om different patient sarnples (Table 4.4). DXR- 

SIL[mti-CD 191 was able to selectively target and r d t  in selective cytotoxic to a large 

fhction ofrnalignant CD19' B ceils in MM blood ex vivo (Fig. 4.9, Table 4.4). 

DEerenes in the cytotoxicity of DXR or DXR-SIL[anti-CD 191 to human B cefls from 

different MM patients blood may be due to several patient factors. In this study we did 

not correlate cytotoxic outcornes with patient factors, such as, the disease stage (newly 

diagnosed, remission, or relapsed), the treatment schedule of the patient, or the multidmg 

resistant P R )  status of MM B celis. CD 19' B ceUs in relapsed MM have been shown 

to express fimetional P-gp, and the expression of the pump has been impiicated in 

multidmg resistance (258,270). Drugs like Dm which are substrates for the multidmg 

resistance transport protein, would be actively pumped out of the cytoplasm in P-gp- 

expressing celis (269, 3 17, 360), leading to low intracellular drug levels. 

Our confocai data shows that interaction of B cells with targeted DXR-SIL[anti- 

CD 191 r d t s  in perinuclear, punctate DXR fluorescence throughout the cytoplasm 

These observations are consistent with cellular uptake of D X R - S I L [ ~ ~ ~ ~ - C D ~ ~ ]  by 

receptor-mediated endocytosis into possible endosorne a d o r  lysosomal structures (206, 

361). This mechanism rnay be responsible for the improved selective toxicity to B ceiis 

versus T ceils, relative to fiee DXR or DXR-SL. Routing of dmg through receptor- 

mediated endocytotic processes may bypass the P-gp pump mechanisq to deliver high 

DXR concentrations directly into the cytoplami. Experiments to test this hypothesis are 

undemay. 



MM still remains largely incurable. Current therapeutic interventions, Le., 

conventional chemotherapy, or radiotherapy, including, bone rnarrow transplants, have 

resulted in limited therapeutic success (247,267,362). Although these therapies are able 

to eliminate the plasma celis fiom the bone rnarrow, CD19' malignant B cells in blood stiil 

persist, and presurnably have regeaerative potentiai, despite treatment (255,257,259). 

Considerable evidence now implicates this invasive population of blood B ceiis, which are 

often multidrug resistant, in disease spread (255,263). Relapse has been suggested to 

occur as these blood B celis continuously differentiate into end-stage plasma cells which 

migrate to the bone rnarrow (25SS257). Treatment with DXR-SIL[anti-CD Ig] may 

eradicate the malignant clone of cirailatory B ceIls, preventing these ceiis fiom 

repopdating the bone marrow and hence decreasing the likeiihood of relapse. 

As both normal and rnalignant B cells express CD19 (287,288), the lack of 

specificity of treatment with DXR-SIL[antitiCD19] to the malignant B-cd  cornpartment 

over the normal B-ceIl clone may lead to deletion of both normal and malignant B-ceii 

populations, causing patients to become immunocompromised. Normal B-cell numbers in 

MM are generaiiy depressed, and hence this issue may be of little signincance (3 16). 

Moreover, the target CD19 antigen is present ody on a certain heage of 33 cells, and is 

absent on progenitor B ceils, which could d o w  CD 19-negative B-ceil precursors and 

hernatopoietic stem c d s  to regenerate the B-cd population fiom normal precuTsor celis 

(287,288). Due to the selecfivity of immu.noliposomai treatment, T cd-mediated 

irnmunity shouid not be not be compromiseci. 

The success of immunoliposod therapy relies on twnour ceIis expressing their 
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target antigen Modulation or down-regdation of CD19 epitopes during the normal ceU- 

growth cycle, differentiation stages, or during the process of therapy may b i t  this 

approach (4, 15, 16,288,3 10). Highly expressed, intemalking btigens, like CD19, rnay 

be ideal target epitopes for such antibody-based therapies (4,287,288). Surface 

phenotyping of ARH77 ceUs (Table 4 4 ,  reveal that this ceII line resembles an end-stage 

B-, or lymphoplasmacytoid ceii phenotype. The observations that ARH77 celis have a 

lower CD1 9 expression, and thus lower capacity for endocytosis of SIL[anti-CD 191 

compareci to maligrmt B ceiis fiom MM patients, and may account for the differences in 

targeting and cytotoxicity observeci between -77 ceus in vivo therapeutics, and MM 

patient CD 19' B lymphocytes ex vivo. 

This strategy is dependent on the ability of the maligaant B cells to retah CD 19. 

End-stage plasma celIs do not express (or express low levels) of CD 19, and hence this 

targeting strategy precludes treatment of the plasma c d  wmponent of the disease. In 

cases where the receptor is downregulated or lost during cell dinerentiation, it may be 

necessary to i d e n e  a different cell surface antigen for targeting imrnunoliposomes. An 

attractive approach could be the use of a combination of several different 

immunoliposomes, including CD19 (9), CD20 (IO), CD22 (363), and/or CD38, that 

wodd target both the malignant blood B cells and plasma cell components of this disease. 



CHAPTER 5 

Summarizing discussion and conclusions 
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The use of liposomes as drug carx-iers has been extensively investigated, and this 

has led to the dwelopment of a number ofliposomal h g s  that are being used in humans 

or in clinical trials (48, 50, 55,60). Amongst the first of the liposomal therapies to be 

approved were the Liposomal antht-acyclines doxorubicin @XR) and daunorubicin (48, 54, 

55). Encapsdation of DXR in liposomes, has led to significant pharmacokinetic and 

phamiacodynamic improvements over the fke drug (47,5 1,86,364). The engrafting of 

hydrophilic polymers on liposomes (SL) inhibits the in vnto adsorption of plasma prote* 

reducing their recognition by ceus of the mononuclear phagocyte system (ME'S), thus 

allowing longer circulation times for SL (123,13Q 282). As a consequence ofthe 

circulation longevity, SL have been shown to "passively" localize into solid tuxnours which 

develop leaky capillaries during the process of angiogenesis accompanying tumour growth 

(47, 5 1, 8 1, 365). This mechanism of "passive" targeting may not be appropriate for 

hematological cancers, where angiogenesis is not a predominant feature. In hematologicai 

malignancies, individual cells or clusters of cells are present in the blood, lymph and bone 

marrow. Since SL lack the means of attaching to maiïgnant ceils an approach that would 

selecfively deliver the dnig to the target ceus via targeted liposomes may result in 

improved therapy. 

In this thesis, we exafnined the applicability of antibody-targeted, long-circulathg 

Iiposomes in the treatment of hematologicai diseases, like B-ceil lymphoma and multiple 

myeloma m. In these diseases, target cens are present in the blood Stream or in close 

proxkity to the circulatory system, and are easiiy accessible by injected inununoiiposomal 

drugs. The premise of this approach relies on the ability of targeted liposomes to 
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specincally bind himour c d s  and to internaiize the targeted liposome-hg package. As a 

result, the high intraceîidar h g  levels achieved in this way would augment the 

cytotoxicity of the entrapped agent. 

B cells express a variety of d a c e  antigens, like CD19, CD20 and CD22, and 

have been targets for a variety of immunotherapies (4,s). CD 19 antigens are present on 

90 % of human B-ceil rnalignancies and are intemaiizing receptors. Ln our experiments, 

targeting of liposomes was achieved with high afEn.ity anti-CD 19 monoclonal antibodies 

(mAbs) (295,3 13) duected against the highly expressed leukocyte dinerentiation antigen 

CD19 on B celis (287,288, 308-310). MAb anti-CD19 was coupled to the terminus of 

Hz-PEG-DSPE via a hydrazone bond (168). In this coupling procedure, the Ab was 

irnmobiiized by an oxidized carbohydrate on the Fc portion of the Ab so as to expose the 

binding regions, allowing it to recognize CD 19 epitopes on B c d s  (169). In chapter 2, 

we showed that targeted SlL[anti-CD191 rapidly bound Namalwa or AM77 cells in vitro, 

and the binding was specincally mediated through the interactions of the coupled anti- 

CD19 with the CD 19 receptors on B ceîis. 

As the interaction of liposomes with cells depends primarily upon random 

collisions, the number of productive collisions would be affected by the density of target 

epitopes a d o r  the number of ligands coupled to liposomes. High ligands 

interacting with highly specific receptors could increase the strength ofbinding to target 

ceUs (165, 199). The association of liposomes with cells may be enhanced by multivalent 

interactions of more than one Ab with one or more target epitopes on cds. 

In our system, liposomes were actively loaded with DXR via an ammonium 
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sulphate gradient, which results in the precipitation of DXR as DXR-sulphate increasing 

its latency in liposomes. The fke DXR has a large volume of distribution, and after i.v. 

injection is rapidiy cleared fiom blood (51). Drugs, with large volumes of distribution, 

and with low latency in liposomes rnay not reach target cells due to rapid release and 

distribution in vivo (Fig. 5.1). Convenely, dmgs with high latency in liposomes may be 

retained within liposomes, and may not release their drug contents. 

Liposomes may specincaliy or non-specifically associate with cells. Non-specific 

association of liposomes with cells may result in diffusion of released DXR away âom the 

ceU and inefficient uptake of dmg into the cell(195,201,324, 366). Specific interactions 

may be mediated Ma binding of targeted liposomes to either internaking or non 

intemalizing receptors. In the case of non-intemalking receptors, liposomes bond to the 

d a c e  may result in diffusion-mediated uptake of only a portion ofdrug into cells and 

a s i o n  and redistribution of the remainder of the released dmg into blood and tissues 

(Fg. 5.1) (1 5 1, 185,324, 342). In cornparison, in our mode1 interaction of SIL[anti- 

CD 191 with CD 19 on B tels triggered rapid internalization of the liposomal drug package 

into c d s  via receptor-mediated intemalkation. And as a result, higber levels of DXR was 

found to accumulate in target cells treated with DXR-SIL[anti-CD 191 compared to non- 

targeted DXR-SL, which are not intemalid (Fig- 5.1). 

Our results nom Chapter 3, indifate that SIL[anti-CD 191 are sequestered in 

cornpartments of low pl3, providing evidence of endosoma1 andlor lysosorna1 trafficking 

(schematized in Fig. 5.1). The cytotoxicity of the h g ,  wiU depend upon its stability 

within the acidic pH of the endosomes (198,367) and its release fiom this cornpartment to 



Figure 5.1. Proposed mechanisrn of action of immuno~iposomes. 
Binding of SIL[anti-CD 191 to target CD 1 9 recept ors results in receptor-mediated 
endocytosis of liposomes into endosorne &or lysosomes (A). Non-targeted liposomes 
non-specifically associate with ceIls, to release dmg in clox prorcimity to celis @). 
hunoliposomes targeted to non-internaüzing receptors, specifically bind to ceUs and 
release dmg at the celi d a c e ,  but are not intenialized (C). Processing of internalized 
immunoliposomes in the acid-labile, enzyme-e~ched environment of lysosomes, results in 
disintegration of liposomes in the lyososomes. Nwtd dmg species that are resistant to 
the acid environment of the lyososomes may tmffic across the lysosornai membranes into 
the cyîoplasm Drugs released in the cytoplasm may be accessible to intracellular targets, 
like the nucleus. The raptors  engaged in binding immunoliposomes may be recycIed to 
the surface to participate in M e r  bindhg events 0). 
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its site of action in the nucleus. The release of drug fi-om the endosornes depends upon 

the disrnantihg of liposomes withio the lysosomes (336). In stable liposomes, such as 

those used in these experiments, dmg may not easily be released fiom the liposomes and 

may be sequestered for rnany hours within the endosome &or lysosomes. In chapter 3, 

we demonstnited that the translocation of DXR moleailes fiom DXR-SIL[anti-CD 191 

across the lysosod membranes into the cytoplasm was a time dependent event, and 

probably determineci by the rate of charge neutrahtion ofthe cationic fom of the dmg 

(335, 341,342). Negatively charged dnigs like carboqdluoresq5.n encapsulated in 

liposomes, will translocate scross the lysosornai membranes, after liposome internalization 

and subsequent charge neutralïzation within acidic lysosomal cornpartment (33 5,342). 

On the other hand, dmgs like DXR wbich are protonated at acid pH may be sequestered 

within the lysosomes, and entry of the drug into the c d  cytoplasm may depend upon the 

rate of generation of unchargeci molecules. In chapter 3, we showed that the 

intemalkation, and intracellular release of DXR f?om DXR-SIL[anti-CD 191 after 

translocation across the lysosomal membranes led, after 24 to 48 4 to appearance of DXR 

into the nucleus of cells and ceîl kill. 

B ceils have inberent endocytosing capacity, where antigens processai by cells 

within the endosome may be presénted to dl d a c e  via MHC class II molecules (368). 

Analogous to this mechanism, it is possible that immunoliposomes endocytosed within the 

lysosomes could be regurgitated out of celis after liposornereceptor intetnalization, with 

some of the dmg loa to the celI interior (309). This would apply in the case of recychg 

receptors such as the CD19 receptor, but not in cases where the receptors are degraded 



within the lysosomes (336). There was no evidence of this phenornenon in our 

experiments f?om either the pH-sensitive fluorophore HPTS or confocal Maging. 

Possibly, breakdown ofthe hydrazide M e r  at low pH results in release of the anti-CD19 

fiom the liposome and presemes the liposomes within the lysosomal compartments (172). 

In other words, the iije of cleavable polymers or acid-labile coupling chemistry may 

prevent the irnrnunoiiposomes fiom being dragged back to the ceIl d a c e  dong with the 

receptor-cornplex during recycling (369, 370). In chapter 3 and 4, we showed that DXR- 

SIL[anti-CD191 were able to elicit nuclear strand breaks in B celis, connrming that DXR 

released nom DXR-SIL[anti-CD 191 within the lysosomes was able to translocate across 

the lysosomal membranes and bind to nuclear DNA 

In our worlg fiee DXR treatment was cytotoxic in vitro to Namalwa, ARH77 or 

ED ce&, Le., it demonstrated non-selective cytotoxicity to both B and T ceils. DXR- 

SIL[anti-CD 191, on the other han4 was selectively cytotolric to 'CD 19' Namalwa and 

ARH77 cells in vifro, and had low cytotoxicity to the control T c d  line (H9). The 

specificity of targeting of SIL[anti-CD191 to B cells was also demonstrated in a 

heterogenous mixture of PBMC f?om MM patients ex vivo. In a l l  MM patient samples ex 

vivo, DXR-SIL[anti-CD 1 91 was selectively apoptotic to B cells, with relatively low 

cytotoxicity to T cells. Non-targeted liposomes, on the other hand, showed Iow 

cytotoxicity to both B and T cells &om MM patients. These resuits suggest that the DXR- 

SIL[anti-CD191 rnay be an effective strategy for the seleaive eradication of malignant B 

ceus in blood of MM patients. 

Imm~oliposomes having circulation times of d c i e n t  length to ailow bindllig 



of the liposomes to their target B ceUs within the cirdation (53, 171, 3 7 1) were 

necessary to achieve the therapeutic results descnbed in the p r d m g  chapters. 

Foiiowing i.v. administration, the susceptibility of liposomes to opsonization and rapid 

clearance by the MPS is related to the composition of immunoliposornes, particularly the 

presence of stencaily stabiiizing components such as PEG, and the density of antibodies 

on the liposomes (3 72, 3 73). There is an inverse relationship between the number of 

antibodies on liposomes and their circulation haif Me (53). The development of long 

circulating liposomes, and improved methods for the attachent of antibodies (53), have 

increased the potential for targeting liposomes to diseased tells (1 6, 175, 21 6). Sites 

easily accessible fiom the vasculature are obvious targets for immunoliposornes, and our 

results demonstrate the utility of this approach. 

In Chapter 2, we showed that SIL[antitiCD19] with approximately 50 pg 

mAb/pmol PL retained long-circulation times, consistent with the pharmawkinetics of 

Ab-fiee SL (53, 71, 123). In tumour-bearing mice implanteci i.p.. with Namalwa cells, the 

kinetics were found to be remarkably diaerent from that seen in naive mice. SIL[anti- 

CD191 were rapidly eliminated corn circulation, probably because of their binding to 

tumour ceils in blood and the peritoneal cavity, which were detected fiom histological 

evidence. Evaluation of the Ievels of liposomes in solid tumours of the lymph nodes 

indicated that the accumulation of SL was significantly more than SIL[anti-CD 191. We 

hypothesize that SIL[aati-CD 191 can readily bind to individual tumour celis or smaii 

clusters of cells, accessible f?om the vasculature, but the penetration of SIL[anti-CD 191 

into large solid tuinours may be restncted by the ''bininding site barrie? to ceus at the 



tumour periphery pig. 5.2) (174). In the case of SL, the penetration of SL into solid 

tumours may be Iess restricted, as it depends prvnarily on the presence of discontinuities in 

the capillaries of the blood vessels in the solid tumours (80,81). 

The antitumour efféctiveness of targeted liposomal therapy was demo~l~trated in 

the models of human B lymphoma (Namalwa) and multiple myeloma (ARH77) growing in 

SCID mice. Treatment effîveness of Dm-SIL[anti-CD191 in the Namalwa mode1 

depended upon the dnig formulation, dose ad ?oskg schedule. SIL[anti-CD 191 therapy 

resulted in a significatltiy increased mean survival times of mice implantai with N d w a  

ceIk compared to non-targeted liposomes or fke DXR. Treatment of the i.p. implanted 

tumour with the immunoliposomal dnig was more e f fdve  than treatment of the i-v. 

implantecl tumour. In the case of the i.p. modei, ceUs were mainly c o h e d  within the i.p 

cavity as individual ceIls or s d  clustea of ceus. We observed no ascitic himour growth 

in rnice with i-p. treatments of DXR-SILCanti-CD191 when the tumour cells were 

implanted i.p., but observed some solid tumours in the peritoneum of DXR-SIL[anti- 

CD1 91-treated mice. This suggests that DXR-SIL[anti-CD191 may readily target single 

ceus or srnaII clusters of cells in the peritoneum, however, DXR-SIL[anti-CD191 was 

unable to k3.i cells once they extravasated out of circulation and established thexmeIves as 

mdticellular tumours. Initiation of DXR-SIL[anti-CD 191 treatment at 14 while c d s  

were still in circulation, or at lower himour burdens, resulted in the most successfid 

therapy, yieldhg some cures in mice implanted with the B-ceIl tumour. The success of 

this treatment schedule, indicated that DXR-SIL[antitiCD19] were resrdily able to target 

and destroy tumour cds which are circulating in blood. Multiple treatments of 



in the targeting of hematological 
and solid tumours 

Mechanisms 

Figure 5.2. Schematic illustrating the interaction of targeted and noo-targeted 
liposomes in vivo. 
Non-targeted SL do not associate widi individual blood ceUs to a sisnifiant extent (A) 
and are able to passively localize into solid tumours (B). The d i s t r i ion  of SL is 
however, dependent upon the v a d a r  pemeability of capillaries, particdarly enhanced in 
areas of solid tumour growth. Passive accumulation of liposomes into the solid tumour 
may release drug over time. Immunoliposornes can interact with individual celis in blood 
or small clusters of cds in blood (C), or as micrometastatic tumours (D) contiguous to 
the capiliary lining. The binding of SIL[anti-CD 191 to target CD 19' B cells in blood may 
lead to the rernoval of SIL[antiœCD19]-celî complexes via recog&tion and uptake by 
macrophages in lher and spleen. The penetrability of SIL[anti-CD 191 into large solid 
turnours may be restricted by the "binding site barrie?, where liposomes wodd fist bmd 
to ceIis on the outer limits of the tumour mass, preventing further penetration of SIL[anti- 
CD 191 into the tumour intenor (E). 
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DXR-SIL[anti-CD191 were able to slightly increase the survival times of mice implanteci 

with Namalwa c a s  over single treatments. This may be due to the fact that at later 

treatment doses, the c d s  begin to grow as multiceilular tumours, or at sites not readily 

accessible to immunoliposomes circulating in the blood. 

Clinid applications of immunoliposomes in humam may require repeated 

administration of liposomes to achieve maximum therapeutic benefit. Some studies in 

mice have shown that repeated administration of injected immunoliposomes may induce an 

immune response, leading to the rapid clearance of subsequent injections of 

~unoliposomes (1 7l,2O 1). Most anti'bodies that are currently in clinicd trials are of 

murine origin (4). The possible immunogenicity of liposomes bearing murine Abs remains 

a conceni when liposomes are to be injected into humans (4, 176-180). Antibody-based 

therapies may becorne ineffdve or daugerous because of immune responses to the 

foreign protein (1 7 1, 177, 3 74). In clinical studies, murine monoclonal antibodies or 

immunoconjugates have led to the development of human anti-mouse antibodies (HAMA) 

(4, 176, 179, 180). HAMA (anti-idiotypic antibodies to the injected antibody) can lead to 

rapid elunination of the injected Ab-based therapeutic, significantly reducing its in vivo 

targeting and hence its therapeutic effectiveness. To alleviate some of these problems, 

antiidy fiapents, chimeric or humanized antibodies with lower immunogenic potentid 

have been developed and are being investigated in association with immunoiîposomes 

(165, 183, 184, 295,3 13,375,376). From the pharmaceutid $andpoint there are a 

variety of issues that have to be addressed for human applications of immunoliposomes. 

These include, the quality of the monoclonal antiiody (affinity, purïty), the linker 



chemistry (and wupling efficiency), and the sterility and pyrogenicity of the 

immunoliposomai therapeutic. 

One of the major problems in the treatrnent of most B ce11 diseases is the 

development of resistance to dmgs upon wntinuous exposure to chemotherapeutics, like 

DXEt (27 1, 272). For DXR the expression of the multidrug resistant glycoprotein purnp 

(P-gp), or the multidmg resistant protein, MRP, is responsible for one fom of resistance 

in which there is the efflux of dmgs from cancer celis (269.3 17,360). P-gp expression 

has been correlated with shorter patient remissions and higher relapse rates in B-celi 

lymphoma and MM patients treated with vincristhe and DXR Agents such as verapamil 

and cyclosporin A (CsA) (360), that work as s p d c  blockers of P-gp, have been shown 

to reverse drug resistance. The clinicai effectveness of these P-gp blocken may be 

limited, because of potentid toxicities of these agents in clinicaiiy effective doses. The use 

of P-gp blockers not oniy sensitize resistant cancer cells but also sensitize the nonnal 

tissues which express P-gp to the effects of DXR ~ntibod~-targeted liposomes may be 

applicable as an alternative mode of treatment, where the mechanism of action of DXR- 

SIL may be independent of the dnig ef£lwc pumps. Such therapies could diiectly deliver 

the dmg, via endosorne and/'ysosomes, into the ceil interior, delivering high intrace11uia.r 

h g  levels to target c d s  in excess of the capacity ofthe P-gp purnp to flush the h g  out 

of the ceU. 

Efforts at improving the effectiveness of chemotherapeutic regimens may rely upon 

combination drug therapy in the treatment o f B e l l  malignancies. New therapeutic 

protocols using combinations of dmgs with non-overlapping toxicities have demonstrated 
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increasing success in terms of toxicity and overall patient response rates. In spite of these 

efforts, patients with B ceIi malignancies or MM relapse, or becorne resistant to 

chemotherapy. Recent reports have suggested combiniug a variety of anniodies andior 

immunotoxhs 6 t h  a variety of cytotoxic agents to obtaui synergistic responses (377). 

The fiee antiXD19 on its own is a signahg antiiody and is known to induce ce1 cycle 

amest and apoptosis (4, 289, 3 12). In this thesis, we established that combining fiee mAb 

with free D m  DXR-SL, or DXR-SIL[aati-CD191, resulted in an additive action. The 

combination of two therapeutic agents which may act on the sarne receptor but by 

different mechanisms rnay be an interesting therapeutic application that rernains to be 

investigated. 

Recently, with the development of long circulating Liposomes and strategies for 

coupling of targeting moieties to liposomes, possibilities exist for targeting drugs within 

the vadature or to sites outside the MPS (165, 167, 199,201, 283, 3 18,378). The 

successf'ul development of DXR-SIL[anti-CD 191 for targeting malignant B cells requires 

the idenacation of appropriate targets on the B mlls, the accessibility of DXR-SIL[anti- 

CD191 to target ceus, and the use of high afEnity antibodies against intemaiizing epitopes. 

To date, there have been few reports of targeting of immunolip&mes to specific ceil 

populations in vibo or in vivo. The results in this thesis are an important step towards 

realizing the goal of selective toxicity for anticancer drugs, i.e. magic bullets. We have 

shown that targeted iiposomal anticancer dnigs can selectively increase cellular drug levels 

in target ceiis, decreasing toxicities to normal tissues. This has led to an increase in the 

therapeutic index of the encapsdateci dnig, DXR 



In conclusion, the studies presented in this thesis have hiportant clinicai 

applications. W e  establish that targeted long-circulating immunoliposomes are an 

effective therapy for the treatment of murine models of human B ceil lyrnphorna, and for 

the eradication of malignant B ceus il MM ex vivo. This strategy may be generally 

applicable to other blood dyscrasks ofB or T cell cri,r;;qin, or for other therapeutic 

applications within the vasdar system, and may be helpful in overcoming multidrug 

raistance in cancer patients. 
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