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Abstract

Conventional cancer chemotherapy lacks specificity for malignant cells,
resulting in dose-limiting side effects, sub-optimal dosing and poor patient qualitiy
of life. Entrapment of doxorubicin in long-circulating (Stealth®) liposomes
(Doxil®) has led to an increase in the selective toxicity of the encapsulated drug.
This thesis explores methods to further increase the selective toxicity of liposomal
anticancer drugs. These include: the development of a method to measure
bioavailable (released, biologically active) drug in solid tumors; the manipulation
of bioavailable drug levels by altering drug release rates; attempts to increase
bioavailable drug levels in tumor cells via ligand-mediated targeting of liposomal
drug to tumor-specific antigens; and development of methods to increase the
apparent receptor density on cancer cells that will result in an increase in the
amount of drug delivered to tumor cells. This thesis will help in the design of

more effective liposomal drugs with improved therapeutic effects and fewer side

effects

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgments

First and foremost I would like to thank my supervisor Dr. Terry Allen for
giving me the chance to work in her laboratory and for her guidance and support
throughout my graduate training. I would especially like to thank her for help in
preparing manuscripts, presentations and especially this thesis.

I would also like to thank my supervisory committee, Dr. Andrew Shaw and
Dr. Elena Posse de Chaves for their help and guidance with this project, and 1
would also like to thank the graduate supervisors in the Department of
Pharmacology during my time as a graduate student, Dr. Wendy Gati and Dr.
Susan Dunn.

I would like to thank everyone I have worked with in the Allen laboratory
during my graduate studies who made going to work an enjoyable experience. 1
would especial]y like to thank Elaine Moase and Heather Vandertol-Vanier who
always made the lab run smoothly and lended me a hand whenever [ needed it. I
would also like to thank my fellow graduate and summer students who worked in
the Allen laboratory during my time, Wilson Cheng, Jennifer Hare, Puja Sapra,
Gregory Charrois, Sylvia Verwoert, Davis Mumbengegwi, Stacy Hall, and Jessie
Dhillon.

Most importantly I would like to thank my husband Lucas Duerksen, and my
sister Antonia, and both my parents for always being there and helping me

whenever I needed it. You guys are the best and nobody could ask for a better

family.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

CHAPTER 1 oottt et ettt e 1
Introduction, hypothesis, and ObjECtiVES ..........cccccoeiiiiiiiiiiiiiiiiiin e 1
F I R FT0 4o Yo 10 (o1 5 o) 1 O OO OSSO OO P O PP EO TSR 2
| O s [oT=: SO PP TP P SR URRP 3
1.3. What i8 @ LIPOSOIMIE?...c.veciriiieeieeiieee e ettt 6
1.4. Liposomal drug delivery SyStems ........coovvuriiiriiiiiniiiiiiiiiciic e 6
1.5. Methods of Liposome Preparation ..........ccceevviviiiiiniiiiiiien o, 9
1.6. Drug LOading ...oeovvviieieieieieeee e 12
1.7. Targeted liposomal drug delivery SyStems...........ccooociiiiiiiiiiiinniiiiine i, 15
1.8. Formation of antibody-targeted 1ipoSOMES ........cccevviiiiiiieriririiniiiicciiiiieneens 18
1.9. Bioavailability of drug in fUmOTS .....c.eeeeeieeerrie et 19
1.10. Rationale and Hypothesis..........cccocieiiiiiiiiiiiniiiiiiciie e 24
1.11. Choice of Animal Model and Drug ..o 26
1.12. Thesis OULINE. ....cooiiiiiiii e e e 28
CHAPTER 2 ...ttt e sttt s snee e 31

Determination of Doxorubicin levels in whole tumor and tumor nuclei in murine

DIeast CAnCET tUIMIOTS. «..uiiiuiieiiieieiir et et ettt e sttt e st e e stae e e s eeaaereeessreeenresssnseaas 31
2.1, ADBSITACT .o 32
2.2, INrOQUCLION c...eeeeniinieciie ettt ettt e e e e eae b e sneesene e 33
2.3. Materials and Methods..........ccooieviiiiiiieeiici e 35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3.1. Chemicals and 1€agents ..........ccovvviiiiiriiiriiiiiiiiiiiii e 35

2.3.2. Animals, cell line, and tumor implantation .........c.cccceveveeeenviennieeeninnnn 36
2.3.3. Preparation of lIPOSOMES .......eeeiuiereriiieiiiiiecieiiiec e 37
2.3.4. Measurement Of DXR .....cocoiiiiiiiiiiii e 38
2.3.5. In vivo tumor bioavailability eXperiments..........ccceoveeeeierreiniencnierenieneenn 39
R ] 71 5 1 5 1ot PRSPPI PRPR 40
2.4. Results and DiSCUSSION c....ceeruirieriiriieitiiiieeeieniieeteseieeeerirer e e e enenaessier e 40
CHAPTER 2A (Addendum to Chapter 2) .......ccoeoviiiiieieieiiiiiiiiieicneceeieiiee e 52

Therapeutic activity of various doxorubicin formulations in murine breast cancer

........................................................................................................................... 52
2A 1. RAUONAIE. ....ceeiiiiiiiiiee e s 53
2A.2. Materials and Methods ..........coruiieriiiiiirnice e 53
2A.3. Results and DiISCUSSION.......ueeiiiieriiiriiieeiieeeeieeeertee et ee e e e eae e eare e 54
CHAPTER 3 .ottt et s e et e et 56
Doxorubicin levels in tumors after targeted or non-targeted liposomal drug
delivery in a human breast cancer model..........ccoooeevriieiiiiniie i, 56
3.1 ADSEIACE .o eeiee ettt e e e ettt es e enee e 57
3.2 INrOAUCTION ..cueiiiei ettt e e evee e 58
3.3 Materials and Methods.........c.coviiiiiiiiiiieie e 61
3.3.1. Chemicals and r€agents .........c.cccuieviuieeiireeiiriie et 61
3.3.2. Animals, cell line, and tumor implantation ..............cccooeevveeveeeerneeneenen 62
3.3.3. Preparation of lIPOSOMES .....eeoveruiiuiiiiiiieeicciiee e, 63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3.4 Preparation of ImmunolipoSOMEes ........ccoovveeirimiririeriiiiieeeniiie e 64

3.3.5. In vitro immunoliposomes binding and uptake ............cccceoereriiiiinnin 65
3.3.6. In vitro cytotoXiCity StUAIES ....cc.ueviiiiiiiiiiiiiiie e 65
3.3.7. In vivo tumor bioavailability eXperiments..........cccccceeerrrriieeierenineenennn. 66
G TR T 721 5 11 (-SSP PRUPPPU PP 67
3.4 Results and DISCUSSION ...cvuieriieriiieiiieeiiie et ce et e e sane e 67
CHAPTER 4 ..ottt sttt 78

Liposomes targeted via two different antibodies: Assay, B-cell binding and

CYEOTOXICIEY e uvvtteeiiteeeieee et ee ettt et e st e e et e e et e st e e e st e e et e s et e e e baeesaen e 78
4.1, ADSITACE ..o 79
4.2, INTOAUCHION ...ttt et e e e 80
4.3. Methods and materials ........ceeeiiiiiiiiiiiii e 82
i LY, 21 £ o -1 OO UPUUUOPPRTPOPRTN 82
4.3.2. Antibodies and Cell lNe........ccccveviiiiiiiiiriicceie e e, 83
4.3.3. Preparation of lIPOSOIMES ..cc...uuviveiiiiiiiiiieee ettt s e eireee e 83
4.3.4. Preparation and assay of immunolipoSOmes ...........cccccecevevvveriivvveeennnnee. 84
4.3.5. In vitro immunoliposomes binding and uptake ..............ccocoeeieeviereennnnn.. 86
4.3.6. In vitro cytotoXicity STUAIES ....oevuiireirieiriee et e et 87
4.3.7. Statistical aNalYSIS .....ccovvuiiiiiiiiiiriiiie ittt 87
4.4, RESUILS ..o e eaaee e 87
4.4.1. Fluorescence assay for quantifying coupled antibodies...............coe....... 88
4.4.2. Binding and uptake of immunolipoSomes..............coceevvuvrevieereeicneennnn. 89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4.3. I VItTO CYLOTOXICIEY ..uvviivrrerireireeenaeiete it seeiiee e s einee s sitae s s eaneeeens 94

4.5, DISCUSSIOI 1vvvevveieerrreiusrreeeeseeaeesneeesariereeesireesanreeessneneaesianeeeeenstessssaaneesoneaees 96
CHAPTER 5 oottt eee et e e et e e sttt e e s ebte e e e setene e s naeaeessanae s 101
SUMMAriZing diSCUSSION ....eeuveeeririeriiiee ettt e 101
RETEIEIICES .. vvveeeeieitieei ettt e ettt s et e e sttt e e ee ettt e e e e e e e nnenneeeeennes 116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables
Table 1.1. Ligands or antibodies that have been coupled to liposomes............... 16
Table 2.1. Comparison of tumor pharmacokinetics of free DXR vs. liposomal
formulations of DXR. ..o Error! Bookmark not defined.
Table 3.1. Comparison of tumor pharmacokinetics of liposomal formulations of
DXR. oo Error! Bookmark not defined.
Table 4.1. Cytotoxicity of liposomal doxorubicin formulations against Namalwa
CEILS. ettt r e e ee e et rae e e e e e 95
Table 5.1. Comparison between liposomal formulations of total liposomal DXR
and released, non-nuclear DXR....covioviiiiiiiiiii e 105
Table 5.2. Comparison between liposomal formulations of total liposomal DXR

and released, non-nuclear, DXR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Figure 1.1. Chemical structure of doxorubicin..............ccccoccciiiii. 5
Figure 1.2. Classification of liposomes based on size and lamellarity................ 11
Figure 1.3. Remote-loading of doxorubicin using an ammonium sulphate

A 0210 1 = ¢ L A SOOI 14
Figure 2.1. DXR concentrations in 4T1 tumors in mice receiving free DXR,

DOPC-PLD , 0F DOXIl®. ...t 43
Figure 2A.1. Therapeutic activity of different formulations of DXR against 4T1

MUTINE MAMMATY CATCINOINA. 1..uevereeenirtireeaeriiereeeeseiinreereeeeeeeeninnreesaineeeeenenees 55

Figure 3.1. Cell association of liposomes with BT-474 ATCC cells as a function

of lipid concentration and temMPerature ............ccoocvveeiriinieiieniiiniiiieiiiceienn 69
Figure 3.3. DXR concentrations in BT-474 M3C5 tumors in mice receiving F5-
Doxil®, DOXII®, O 1€ DXR ...veveveereeeeeeeeeeeeeeeeeeeeeeeeeeee s seeeeeereneserereeeene. 73

Figure 4.1. Single-targeted immunoliposomes, dual-targeted immunoliposomes
and combination of single-targeted immunoliposomes binding to Namalwa
LIS, ettt ettt e e s e e e e 90

Figure 4.2. Specific cell association of immunoliposomes with Namalwa cells as
a function of lipid concentration and temperature.................. ........................ 92

Figure 4.3. Specific cell association of immunoliposomes with Namalwa cells as

a function of lipid concentration and temperature................cocveeeveriivennerinennnn 93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ab

AIDS

Anti-CD19

Anti-CD20
cell

Anti-HER2/neu

ASC

AUC

BD
Chol
CL

Cnax

d

D5W
DMSO
DNase 1

DOPC

List of Abbreviations

antibody

human acquired immunodeficiency
syndrome

monoclonal antibody I1gG,,, against the B
cell antigen, CD19

monoclonal antibody IgG, against the B
antigen, CD20

monoclonal antibody IgG; against the
HER2/neu oncogene

aqueous counting scintillant

area under the time versus concentration
curve

biodistribution

cholesterol

plasma clearance

maximal tissue drug concentration

days

dextrose, 5% in sterile water

dimethyl sulphoxide

deoxyribonuclease 1

dioleoylphosphatidylcholine

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DOPC-PLD

DXR

DXR-SL

DXR-SIL[anti-CD19]

DXR-SIL[anti-CD20]

EPR

FBS

SH-CHE

HBS

HEPES

HSPC

ICsg

IeG

1.v.

KS

dioleoylphosphatidylcholine PEGylated
liposomal DXR

doxorubicin

DXR-loaded Stealth® liposomes
DXR-loaded Stealth® immunoliposomes,
targeted via anti-CD19

DXR-loaded Stealth® immunoliposomes,
targeted via anti-CD20

enhanced permeability and retention
fetal bovine serum

hour

*H-cholesteryl hexadecylether
HEPES-buffered saline
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

fully hydrogenated soy
phosphatidylcholine

concentration required for 50% inhibition
of cell growth

immunoglobulin

intravenous

Kaposi’s sarcoma

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



kg

LTTs
LUV
mAb

Mal-PEG-DSPE

mPEG-DSPE

MEM
pum
mM
Hg
umol
min
MPS
MRT

MTT

MLV

MW

kilogram

ligand-targeted therapeutics

large unilamellar vesicles
monoclonal antibody
maleimide-derivatized polyethylene glycol
(MW 2000) covalently coupled to
distearoylphosphatidylethanolamine
methoxypolyethyleneglycol (M; 2000)
covaltently coupled to
distearoylphosphatidylethanolamine
minimal essential medium
micrometer

millimolar

microgram

micromole

minute

mononuclear phagocyte system
mean residence time
3-[4,5-dimethylthiazole-2-y1]-2,5-
diphenyltetrazolium bromide
multilamellar vesicles

molecular weight

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NHL

NLB

PBS
PEG
PK
PL

pmoles

PFV

scFv

SCID
S.D.
SL
SUV
tin

tm
VCR
viv

vd

non-Hodgkin’s lymphoma
nanometers

nuclear lysis buffer

probability constant

phosphate buffered saline, pH 7.4
polyethylene glycol
pharmacokinetics

phospholipids

picomoles

programmable fusogenic vesicle
reticuloendothelial system

single chain antibody fragment of the
variable region

severe compromised immunodeficient
standard deviation

sterically stabilized Stealth® liposomes
small unilamellar vesicles

half-life

phase-transition temperature
vincristine

volume/volume

volume of distribution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w/v weight/volume

w/w weight/weight

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1

Introduction, hypothesis, and objectives
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1.1. Introduction

Despite the clinical approval of several liposomal anticancer drug
formulations, relatively little is known about the rate and extent of drug
bioavailability following liposomal delivery to tumor sites. This is an important
research topic because drugs that are encapsulated in liposomes assume the
pharmacokinetics (PK) and biodistribution (BD) of the carrier (1-5) and are not
bioavailable, i.e., have no biological activity, until they are released from
liposomes. To date, selection of lipid formulations for liposomes has been largely
empirical. Numerous studies have looked at total liposomal drug accumulation at
malignant sites (6-13), but no one has quantitatively assessed the amount of
biologically active drug at these sites.

The objective of this project is to assess the levels of total tumor drug
(encapsulated drug + released drug) in solid tumors as a function of time and also
to measure the levels of bioavailable drug, i.e., released drug, in tumors. A further
objective is to correlate levels of bioavailable drug in tumors with therapeutic
activity for the same drug formulations. By developing methods that can measure
the rate, extent and amount of drug released from liposomes at various sites in the
body, we will be able to improve the therapeutic outcome of cancer chemotherapy
and decrease its dose-limiting toxicities such as myelosuppression and

cardiotoxicity.
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1.2. Cancer

Cancer is a worldwide problem. In Canada alone, it is estimated that there
will be 149,000 new cases and 69,500 deaths from cancer in 2005 (14).
Approximately 40% of Canadians will be diagnosed with cancer, and 1 out of
every 4 Canadians will die from it. The economic impact of cancer is staggering.
In 1998 the total cost of cancer to Canada was estimated to be $14.2 billion
dollars. Of this, $11.8 billion dollars was for indirect costs such as death and loss
of work.

Breast cancer, in particular, is a major concern for Canadian women. It is
estimated that 1 in every 9 women will be diagnosed with this disease, and 1 in
every 27 women will die from it (14). Currently, the primary treatment for breast
cancer is surgery followed by radiation therapy, chemotherapy, hormone therapy
or a combination of all three.

A recently approved breast cancer therapy in Canada is Herceptin® (anti-
HER2/neu monoclonal antibody). Herceptin® was initially approved as a
monotherapy and more recently was approved for the treatment of advanced breast
cancer in combination with chemotherapy (15). Herceptin® therapy has been
shown to increase overall survival of breast cancer patients and decrease
metastatic spread of the disease (16-18).

Another recently approved drug for metastatic breast cancer in Canada is
Caelyx® (Stealth® liposomal DXR, vide infra) (19). Doxorubicin (DXR, Fig. 1.1)

is an anthracycline antibiotic anticancer agent that is one of the most commonly
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used of the chemotherapy drugs (20). DXR has several cytotoxic mechanisms of

action, including inhibition of topoisomerase II in the nucleus (20, 21).
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Figure 1.1. Chemical structure of doxorubicin.
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1.3. What is a Liposome?

Liposomes are bilayer vesicles composed of amphipathic phospholipids that
have hydrophilic head groups and hydrophobic fatty acyl chains. In an aqueous
environment, phospholipids self-associate to form lipid bilayers that enclose an
aqueous compartment. Cholesterol is often added to phospholipid mixtures for its
bilayer stabilizing properties. Liposomes were first described 40 years ago by Dr.
Alex Bangham (22) and were extensively studied as models of biological
membranes (23). Hydration of phospholipid mixtures in buffer solution results in
the formation of multi-lamellar vesicles of approximately 200 to 4000 nm in
diameter. In this thesis, we employed a commonly used technique to obtain small
(~100 nm) homogenous unilamellar vesicles. This method uses moderate pressure
(<300 psi) to extrude lipid mixtures through polycarbonate filters with pore sizes

ranging from 0.4-0.08 pm (24).

1.4. Liposomal drug delivery systems

After the discovery of liposomes, their potential as drug delivery systems
was soon identified. As early as 1971, enzymes were being entrapped
successfully in the aqueous interior of liposomes (25), and soon liposomes were
identified as potential carriers for cancer chemotherapy drugs since they were able
to alter the PK and BD of their entrapped drugs (26). After a number of

technological advances, liposomes are now the leading nano-scale drug delivery

system.
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The first generation of liposomes, often called 'conventional’ or ‘classical'
liposomes, was composed of unmodified (“naked”) phospholipid bilayers;
“naked” because no proteins, glycolipids, or other polysaccharides that are present
on the exterior of the plasma membrane of all eukaryotic cells are present at the
liposome surface. A significant portion of a parenterally administered dose of
classical liposomes is rapidly cleared by the mononuclear phagocyte system
(MPS), also called the reticuloendothelial system (RES), principally into Kupffer
cells of the liver and fixed macrophages of the spleen. This is because opsonins
(plasma proteins that adsorbed onto the "naked" surface of liposomes) mark them
for destruction by the MPS. Rapid uptake into the MPS is the cause of the
saturable, non-linear, dose-dependent (Michaelis-Menten) PK that is seen for
classical liposomes (27).

A classical liposomal formulation of doxorubicin, Myocet®, is currently
approved in Europe for the treatment of metastatic breast cancer in combination
with cyclophosphamide (28). These liposomes, despite having a significant
portion of the drug cleared by the MPS, have reduced the dose-limiting
cardiotoxicity and maintained the antitumor efficacy that is seen with conventional
doxorubicin therapy.

One of the goals of cancer chemotherapy, and drug delivery systems in
particular, is to selectively target therapeutic agents to the disease site. Entrapping
cytotoxic drugs in classical liposomal formulations that are cleared by the MPS

within a few minutes after administration limits the distribution of entrapped drug
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to tumors and may result in damage to the liver and spleen. It takes from 24 to 48
h or longer for liposomes to distribute to solid tumors in murine models of cancer
(7, 29). In order to increase distribution of liposomal drugs to tumors, a means of
increasing the circulation times of liposomes had to be found. The most
successful approach to date for increasing the circulation times of liposomes was
to graft a polymer coating to the surface of the liposomes, e.g., polyethylene
glycol (PEG) (30-32). The PEG coating attracts a layer of water around the
liposomes, preventing opsonisation with plasma proteins, which in turn
significantly increases the circulation half-life (t;,2) of these liposomes compared
to classical liposomes (3, 27, 33, 34).

When liposomes have diameters in approximately the 60 to 120 nm range
and circulation half-lives of several hours, their distribution to solid tumors is
increased (called "passive targeting") through the enhanced permeability and
retention (EPR) effect (35). The EPR effect takes advantage of the relatively large
gaps (~200-600 nm) between cells of the newly established endothelium (36).
These gaps are large enough to allow extravasation of liposomes into the
interstitial space of tumors (36, 37). In addition, tumors have impaired lymphatic
drainage and elevated oncotic pressure. This is thought to prevent liposomes from
leaving the tumor once they have localized there (38). Sustained release liposomal
anticancer drug formulations that have extravasated into the tumor interstitial
space will release their drug at a rate that is dependent on the liposome

composition, bathing the surrounding tumor cells in cytotoxic drugs (13). A

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PEGylated liposomal formulation of doxorubicin (Caelyx®/Doxil®), with reduced
dose-limiting toxicity, prolonged circulation and enhanced tumor accumulation,
has been clinically approved for treatment in AIDS-related Kaposi’s sarcoma,

refractory ovarian cancer, and metastatic breast cancer (39-43).

1.5. Methods of Liposome Preparation

While more large scale clinical preparations of liposomes are made by
French Press extrusion, the thin film hydration method, followed by extrusion
under pressure through polycarbonate filters is a common method of small scale
liposome production in research laboratories (24). In this procedure, homogenous
lipid mixtures are made in an organic solvent, which is then evaporated to form a
thin film. The dried lipid film is then hydrated at a temperature above the most
abundant phospholipid’s solid-to-liquid crystalline phase transition temperature
(Ty). Upon hydration, the lipids self-assemble into large multilamellar vesicles
(MLV). These vesicles are composed of multiple concentric bilayers of
phospholipids separated by aqueous compartments (Figure 1.2). MLV are
heterogeneous in diameter (200-4000 nm) and their trapped volume is relatively
small, since much of the interior volume is taken up by multiple phospholipid
bilayers (44). Ultrasonication of MLVs or passaging them through a French press
at high pressures, produces small unilamellar vesicles (SUV) that are relatively
homogenous in size (20-70 nm in diameter) (44). One of the limitations of SUVs

is that the trapped volume is relatively small. This restricts the amount of drug
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10

that can be encapsulated inside, which can be problematic for low potency drugs
since large amounts of lipid would have to be administered in order to reach
therapeutic drug concentrations The most commonly used liposomes are large
unilamellar vesicles (LUV), 80-200 nm in diameter. They are most often formed
from MLVs by repeated extrusion using moderate pressure (< 500 psi) through
polycarbonate filters of defined pore size. LUVs have large trapped volumes
relative to their lipid content and can encapsulate more drug per unit weight of
lipids than either SUVs or MLVs. The diameter of LUV can be controlled to
some extent by the choice of the pore size for the polycarbonate membranes (80,
100, 200, etc.), Repeated sequential extrusion through membranes of decreasing
pore sizes produces a homogeneous liposome mixture of approximately 80-120
nm in diameter. Solvent injection and reverse-phase evaporation can also produce
LUVs, and are good methods for large-scale production of liposomes (44-46). In

the experiments used in this thesis, we extruded liposomes through polycarbonate

filters.
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sSuv Ly MLY
{small unilametlar vesicles) {large unitamellar vesicles) {multitamellar vesicles)
~20 - 70 nm ~80 - 200 nm ~200 1o more than 2000 nm

Figure 1.2. Classification of liposomes based on size and lamellarity.
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1.6. Drug Loading

There are various ways to entrap drugs in the aqueous interior of liposomes.
The choice of method often depends on the properties of the drug being loaded.
Hydrophilic drugs like cisplatin or cytosine arabinoside can be passively loaded
into liposomes (47, 48) but this results in poor loading efficiency. Drugs such as
DXR that have poor water solubility have been entrapped in the aqueous interior
of liposomes via a remote-loading method that is applicable to weak acids and
weak bases and relies on the ability of the liposomes to retain a proton gradient
across their membrane (49).

In this thesis DXR is remote-loaded into the aqueous interior of liposomes as
follows. Stable loading of the amphipathic weak base DXR is achieved
generating an ammonium sulphate gradient across the liposome membrane, where
the concentration of ammonium sulphate is greater inside the liposomes than in
the medium surrounding the liposomes (50, 51). Efflux of ammonia out of the
liposomes increases the interior proton concentration. At higher pHs outside the
liposomes, DXR is in the uncharged state and readily diffuses down its
concentration gradient across the lipid bilayer; once inside the acidic pH
enviroment in the liposome aqueous interior, it becomes protonated and cannot
cross back to the liposome exterior (Figure 1.3.). Protonated DXR in the liposome
interior forms a precipitate with SO,* ions, allowing the diffusion of more DXR
into the liposomes. Remote loading by this method results in >95% encapsulation

efficiency with a ratio of PL to DXR of 1:0.2.
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Doxorubicin can also be loaded into liposomes by utilizing a pH gradient
(acid inside) or Mn*" complexation (52). Loading DXR into liposomes using a pH
gradient is similar to remote loading using an ammonium sulphate gradient. This
technique utilizes a citrate gradient to trap DXR in its protonated form inside
liposomes (53, 54). Similarly, DXR can also be trapped inside liposomes when it
forms a complex with Mn®" (55). Remote loading has also been used for the weak
base vincristine, which is even less water-soluble than DXR (56), but the retention
of the drug in the liposomes is not high. An ionophore-loading technique at high
drug to lipid ratios results in improved drug retention for vincristine and other

vinca alkaloids in liposomes (57, 58).
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Aqueous Interior

{DXR-NH2)2504
(Precipitate)

DXR-NHy + H+ 5042- + 2 DXR-NH>
—_
DXR-NH3+ 2NH4+ + 5042-
(NH4)2504 4 4

NHg+

Lipid Bilayer

NH3
Figure 1.3. Remote-loading of doxorubicin using an ammonium sulphate
gradient. The production of hydrogen cations, resulting from the diffusion of
ammonia out of the liposomes, creates a pH gradient across the liposomal bilayer.
Uncharged DXR outside the liposomes diffuses down its concentration gradient
into the liposome interior where it reacts with sulphate anions to form a
precipitate. Precipitation of DXR inside the liposome reduces its apparent
concentration inside the liposomes allowing more DXR to diffuse into the
liposomes and precipitate. Adapted from (51).
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1.7. Targeted liposomal drug delivery systems

Another approach to increase the drug payload being delivered to cancerous
cells is to selectively target drugs to diseased sites. This is an important goal since
the side effects of chemotherapy are often so severe that sub-optimal dosing
and/or discontinuation of therapy are common. One approach that is being
extensively studied is targeting cancer cells with monoclonal antibodies (mAb) or
other ligands specific for cell surface receptors or antigens (59). This is a viable
approach in cancer since many cancer cells uniquely express or overexpress
antigens or receptors compared to normal cells.

Kohler and Milstein first developed methods to make mAbs from mouse cell
lines over thirty years ago (60). In more recent times, humanized or chimeric
mAbs have had extremely high success in the clinic, with clinical approval ratings
between 18-29% (61). Currently, there are over 150 mAb products in company-
sponsored studies worldwide. Small long-circualting liposomes have a natural
ability to passively target tumors via the EPR effect, so an obvious extension of
this observation is to “actively” target liposomes by coupling ligands or mAbs to
their surface. Table 1.1 is a partial list of ligands and mAbs that have been
attached to liposomes. Already, some ligand-targeted liposomes are showing
potential for clinical develoment, e.g., liposomes targeted via folate, NGR, anti-

HER2/neu and anti-CD19. The latter two are related to this thesis.
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Table 1.1. Ligands or antibodies that have been coupled to liposomes.

Targeting Agent Target Reference

Non-antibody

APRG Angiogenic blood (62)
vessels

RGD Cellular adhesion (63)
molecules (avp3-
integrin

NGR Aminopeptidase N | (64)
(CD13)

Folate Folate receptor (65)

Transferrin Transferrin receptor | (66)

Hyaluronan Hyaluronon (67)
receptor, CD44

Antibody

Anti-CEA Carcinoembryonic (68)
antigen

Anti-EGFR Endothelial growth | (69)
factor receptor

Anti-HER2/neu HER2/neu receptor | (70)

Anti-CD19 CD19, B-cell (71)
receptor

Anti-GD, Disialoganglioside | (72)
expressed on tumors
of neuroectodermal
origin

Anti-CD20 CD20, B-cell (73)
receptor

Anti-CD22 (scFv) CD22, B-cell (74)
receptor

Anti-MUC1 Aberrantly (75)
glycosolated
epithelial mucin

Anti-34 CD34, T-cell (76)
antigen

Anti-2C5 Tumor-cell bound (77)
nucleosome

F5 (scFv) HER2/neu receptor | (78)
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The therapeutic efficacy of anti-HER2/neu-targeted liposomes has been
compared in numerous models of breast cancer that exhibit high overexpression of
HER2/neu. The targeted liposomes have an advantage over non-targeted
PEGylated liposomes in these models (70, 79-81). Targeting to the HER2/neu
receptor does not increase the total amount of drug or liposomes delivered to
tumors, but it influences the distribution profile of the liposomes within tumors
(81). Using colloidal-gold labeled liposomes, Park et al. showed that targeted
liposomes had efficient intracellular delivery in the target cells whereas non-
targeted liposomes accumulated in the stroma or within macrophages of tumors.
The therapeutic effects were mediated by the complete package of targeting agent,
liposome and drug and not to the targeting agent or the free drug alone. Recently,
this group has developed a single-chain fragment of the variable region (scFv) that
was derived from anti-HER2/neu (78, 82, 83). Indeed, numerous antibodies are
actively being transformed to scFvs because these small fragments lack the Fc
(constant) region of Abs, which is the main region involved in generating an
immune response and clearing the Abs from circulation. The scFv derived from
anti-HER2/neu, F5, was selected for the high rate of receptor-mediated
endocytosis that is triggered when it is bound to the HER2/neu receptor. DXR-
loaded liposomes targeted with F5 are scheduled to undergo clinical trials in the
United States in the future.

A targeted liposomal drug delivery system that has been extensively studied

in our laboratory is anti-CD19- or anti-CD20-targeted liposomal doxorubicin
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(DXR) or liposomal vincristine (VCR). These systems have produced promising
preclinical data in which it was demonstrated in a xenograft B-cell lymphoma
model (Namalwa cells) that treatment with targeted liposomes resulted in
significant increases in murine life span compared to mice treated with non-
targeted liposomes (84, 85). Recently, a non-targeted VCR-loaded liposomal
formulation was in clinical trials for aggressive non-Hodgkin’s lymphoma (NHL)
(86). In 2004, this liposomal formulation was denied accelerated approval by the
US Food and Drug Administration, so it is currently undergoing randomized
clinical trials in non-Hodgkin's lymphoma and acute lymphoblastic leukemia.
With the clinical approval of a DXR formulation and the possible clinical approval
of a VCR formulation, antibody-targeted DXR- or VCR-containing liposomes are

also candidates for clinical development.

1.8. Formation of antibody-targeted liposomes

Antibodies can be coupled to the surface of liposomes by a variety of
methods (87). Antibodies were first coupled directly to phospholipid head groups
on the surface of PEGylated liposomes, but the PEG-DSPE groups were found to
sterically hinder the binding of the antibodies to their target cells (88). It has been
shown that coupling antibodies to the terminus of PEG-DSPE prevents steric
hinderance of antibody binding (89-91). Several heterobifunctional derivatives of
PEG-DSPE have been developed specifically for coupling antibodies to

liposomes, including PEG derivatized with hydrazide or maleimide (71, 80, 92).
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In a different approach, which has a number of advantages over direct coupling to
the liposome surface, ligands are coupled to PEG micelles and the PEG-ligand
construct is post-inserted into liposomes (93, 94).

In this thesis we coupled antibodies to liposomes using the Mal-PEG-DSPE
coupling lipid. This method involves thiolating free antibodies with 2-
iminothiolane (Traut’s reagent). This converts amine groups of lysine residues on
the antibodies to free sulthydryl (-SH) groups which then react with terminal
maleimide groups on the liposomes. Coupling antibodies to liposomes via this
method results in random orientation of the antibodies because many lysine
residues on the antibodies are thiolated. In some cases, the Fc portion of the
antibodies may be exposed which would increase clearance of the targeted

liposomes from plasma via Fc receptor-mediated mechanisms (94).

1.9. Bioavailability of drug in tumors

The liposome bilayer serves as a protective barrier between the entrapped
drug and its environment. Also, as long as the drug remains encapsulated in the
liposomes, it assumes the PK and BD of the liposomal carrier. Entrappment in
liposomes prevents the drug from being metabolized and degraded, but also
prevents its therapeutic effects. Release of the encapsulated drug from liposomal
drug delivery systems is required for the drug to have biological activity, i.e., for
the drug to be bioavailable.

Both circulation half-life and the rate of drug release are important

parameters in determining the therapeutic activity of liposomal drugs. It takes
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from 24 to 48 h or longer for liposomes to localize to solid tumors via the EPR
effect, so long circulation half-lives are necessary to achieve good tumor uptake of
liposomal drugs (12). If the drug is released too slowly from liposomes after the
carrier localizes to tumors, the therapeutic efficacy may be attenuated. This is
seen with the liposomal cisplatin formulation SPI-077. Although pharmacokinetic
studies revealed prolonged circulation times and enhanced tumor uptake of the
SPI-077 compared to conventional cisplatin, the therapeutic efficacy was similar
to conventional cisplatin in a number of mouse tumor models (48). In vitro
release experiments showed that very little cisplatin was released from SPI-077,
explaining its poor therapeutic efficacy. In Phase I/II clinical trials, this liposomal
formulation did not result in improved antitumor effects over conventional
treatment (95). In the case of SPI-077, since drug release was very slow, levels of
bioavailable drug in tumor likely did not reach the minimum therapeutic drug
concentration.

Drug release can also be too rapid. Rapid release of drug from liposomes
hardly changes the PK and PD of the associated drug and does not alter the
therapeutic effects away from those seen with free drugs (96). When liposome
composition was manipulated to achieve a variety of drug release rates for
liposomal DXR, the drug could be changed from a minimally effective drug, to a
toxic drug to a drug with good efficacy against murine breast cancer tumors (13).

Liposome composition, as well as the physical properties of the drug itself,

governs the rate of release of drugs from liposomes. Drug release rates from
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liposomes can be manipulated to some degree. When liposomes are injected in
vivo, lipids from the carrier can be exchanged or transferred to high-density
plasma lipoproteins, hence destabilizing the liposomal bilayer (97). Altering the
composition of liposome bilayers can confer stability or fluidity. When long-
chain fully saturated lipids, such as hydrogenated soy phosphatidylcholine
(HSPC), are the major constituent of liposomes, they have rigid bilayers and,
except for very hydrophobic drugs, tend, in the presence of plasma, to have higher
levels of drug retention than liposomes with fluid bilayers. In contrast, if short-
chain or unsaturated lipids are the major bilayer constituent, the bilayer is fluid,
and drug release rates in the presence of plasma tend to be more rapid than for
liposomes with rigid bilayers.

The importance of the relationship between drug release rate and therapeutic
activity, and its unpredictability, can be illustrated with two different liposomal
formulations: liposomal mitoxantrone and liposomal DXR. The therapeutic
activity of a more rapid release (fluid) liposomal formulation of mitoxantrone was
compared that of a rigid formulation (98). Despite the fact that the rigid liposomal
formulation had a greater area under the concentration vs. time curve (AUC) for
tumor, the liposomal formulation with a more rapid release rate had improved
therapeutic activity in both a colon carcinoma model (LS1180) and a squamous
cell carcinoma model (A431). In contrast, when a slow release (rigid) liposomal

formulation of DXR was compared to a more rapid release (fluid) formulation in a
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breast cancer model, the more rigid formulation had greater tumor drug AUC and
also greater therapeutic activity (13).

Clearly, the relationship between the rate and levels of drug bioavailability
from liposomal carriers at the disease site and their therapeutic efficacy is
complex. Depending on the properties of the encapsulated drug and the type of
tumor, results may be very different. Even though total levels of liposomal drug
can be much higher in tumors than a similar dose of free drug, this may not result
in substantially more bioavailable drug uptake by tumor cells or in the drug
becoming bioavailable at an inappropriate rate. Thus, there has been interest in
increasing the amount of bioavailable drug delivered to tumors, at an optimal rate,
through the use of drug carriers.

There is considerable recent interest in the design of liposomes where the
release of drug into, or in the vinicity of, the target cell can be triggered by an
external stimulus, so-called "triggered release" liposomes. Strategies such as pH-
sensitive liposomes, fusogenic liposomes and thermosensitive liposomes are being
investigated (52, 99-105). Antibody-targeted pH-sensitive liposomes are designed
to destabilize in the acid environment of endosomes of lysosomes following the
receptor-mediated internalization into tumor cells (102, 106, 107). Rapid
destabilization of the liposome in the lysosomal apparatus is thought to enhance

the cytoplasmic delivery of released drug relative to liposomes that do no undergo

triggered release.
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Another approach to increasing the payload of bioavailable drug delivered to
target cells is the use of programmable fusogenic vesicles (PFVs) (99). These
liposomes contain a cationic lipid and a stabilizing PEG-lipid derivative that can
exchange out of the liposomes at a rate that is dependent on the acyl-chain length
of its lipid anchor. Loss of the PEG from the surface leads to exposure of the
cationic lipid at the liposome surface, which promotes non-specific binding and
internalization into cells and/or release of their contents due to membrane
destabilization. As an example of this approach, mitoxantrone-loaded PFVs
showed enhanced antitumor activity in both a murine leukemia model (L1210) and
a human colon carcinoma model (LS180) (99).

Thermosensitive liposomes have lipid compositions that undergo a phase
transition at a temperature that is within the range that is clinically attainable in
local hyperthermia (41-42 °C). When this temperature is reached, the liposomes
become fluid, allowing the encapsulated drug to be released and become
bioavailable at the tumor site. Using this approach, liposome extravasation and
accumulation in tumors will also increase since local hyperthermia has been
shown to increase tumor blood flow and vascular permeability (108). However,
the clinical application of thermosensitive liposomes is limited to those cases
where treatment of local tumor will either be curative or will improve patient
quality of life, since thermosensitive liposomes are not designed to treat tumor

metastases.
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All of these studies attempt to develop liposomal formulations that can
increase the amount of bioavailable drug at the tumor site and/or optimize the
timing of the delivery of bioavailable drug. However, none of these studies have
differentiated between encapsulated (non-bioavailable) and released (bioavailable)
drug. In order to develop improved liposomal carriers, it is necessary to develop
methodologies that can distinguish between bioavailable and non-bioavailable

drug in the tumor, and can measure the drug levels of each with respect to time.

1.10. Rationale and Hypothesis

The subject of this thesis is how to meaure levels of bioavailable drug in
solid tumors and the implications of these measurements for the therapeutic effect
of liposomes. When drugs are encapsulated in liposomes they are not
bioavailable; the drug is not therapeutically active because it is physically
separated from its site of action by the liposome bilayer. The classical definition
of bioavailable drug is a "...measurement of the rate and extent of therapeutically
active drug that reaches the systemic circulation and is available at the site of
action" (109). In cancer chemotherapy we are primarily interested in the amount
of “bioavailable” drug that reaches tumors. We know an increased amount of total
drug reaches solid tumors when PEGylated liposomal DXR, i.e., Doxil®/Caelyx®,
1s administered compared to free DXR. Even though there may be more
liposomal drug in tumors, this does not necessarily translate into increased levels

of bioavailable drug if the drug is not released from the liposomes. Since
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Doxil®/Caelyx® has better therapeutic activity in some highly vascularized cancers
such as KS, we assume more bioavailable drug is reaching the tumor cells (110).
For other cancers, such as breast cancer, Caelyx® is a clinically approved therapy
not because of increased therapeutic efficacy, but because of diminished dose-
limiting toxicities, such as cardiotoxicity and myelosuppression. Currently, when
we manipulate the rate and extent of drug release from liposomes, we do not have
a good understanding of how this affects the amount of bioavailable drug in
tumors; this makes it difficult to optimize liposomal formulations, other than
empirically. Therefore, developing methods to measure bioavailable drug in
tumors is an important aim of this thesis.

A further question deals with how ligand-mediated targeting of liposomal
drugs to tumors affects the levels of bioavailable in tumors. It has been
established in some tumor models, but not in others, that targeting liposomes to
cell surface receptors on cancer cells results in improvements in the therapeutic
efficacy compared to non-targeted liposomes. Successful results with targeted
liposomes have been achieved with DXR-loaded liposomes targeted with anti-
HER2/neu in a HER2/neu overexpressing breast cancer model compared to non-
targeted liposomes, as long as the level of over-expression of HER2/neu on the
target cells remain high (81). This finding was despite the observation that the
total drug uptake into tumor did not increase for the targeted formulations relative
to a non-targeted formulations. Therefore, the increased therapeutic activity could

be a result of an increase in the levels of bioavailable drug delivered to tumor cells
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or the rate at which it is delivered. Hence, another aim of this thesis is to compare
levels of bioavailable drug in tumors for targeted vs. non-targeted liposomes.

The therapeutic activity of targeted-liposomal drug delivery is correlated
with the density of the targeted receptor on the tumor cells (80). Since it is
impossible to increase the receptor density on target cells, an effective means to
overcome this limitation may be to target to two or more receptors expressed on
cancer cells. This also may lead to an increased amount of bioavailable drug
delivered to tumor cells. This thesis contributes to this area of research by
developing and testing a method to quantitate two different antibodies coupled to
the surface of liposomes.

There are some unique features of doxorubicin that make it an excellent
candidate for studying the release of drug from liposomes in tumors, namely its
fluorescence and its rapid localization to the nucleus after uptake into cells.
Doxorubicin and its metabolites have unique fluorescent properties that enable

both the drug and its major metabolites to be detected fluorometrically (111, 112).

1.11. Choice of Animal Model and Drug

A murine model of mammary carcinoma (4T1) was used to evaluate the
bioavailability of DXR in tumors after delivery with a rigid liposomal formulation
of DXR, a leaky liposomal formulation of DXR, or free DXR. This tumor model,
which was derived from a spontaneously arising tumor from a BALB/cfC;H

mouse (113), is a thioguanine-resistant cell line that metastasizes to the lungs and
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liver (114). This model was chosen because it has a >99% tumor take rate when
implanted in mammary fatpads, is sensitive to DXR and grows well in BALB/c
mice (75). For targeting studies against the HER2/neu receptor, the human breast
cancer cell line BT-474 M3C5 was used. This cell line was isolated from an
invasive ductal carcinoma of the breast (115). The M3CS5 variant, a gift from
ALZA Corporation, has been passaged through NCr nude mice three times to
improve its tumorigenic profile in athymic nude mice; it expresses 1 x 10°
HER2/neu receptors per cell and has an immunohistochemistry (IHC) rating of 3™
(81). This model was chosen because it has been established that receptor density
plays a role in the therapeutic activity of targeted liposomal therapy (80), and the
high receptor density on this cell line is characteristic of what is seen in women
that are eligible for Herceptin® therapy (116, 117).

For experiments comparing the effects of targeting liposomes with two
mAbs directed to two different cell surface receptors, the human Burkitt’s
lymphoma cell line, Namalwa, was used. This cell line is positive for the CD19
and CD22 internalizing surface antigens and the CD20 non-internalizing surface
antigen (84, 118-120).

Namalwa cells grow readily in severely compromised immunodeficient (SCID)
mice. Anti-CD19 can be produced in large quantities from hybridoma cells in the
Allen lab and anti-CD20 (Rituxan®) can be purchased commercially.

Furthermore, CD19 and CD20 are expressed on greater than 90% of B-cell
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lymphomas (121), and targeting liposomes to these antigens has already been
shown in our laboratory to be therapeutically advantageous (73, 84, 122).

DXR has several attractive properties for the development of a
bioavailability assay. It has intrinsic fluorescence and it binds strongly to nuclear
DNA,; therefore the nucleus acts as a sink for bioavailable drug. Measurement of
nuclear DXR levels provides a good indicator of the relative amount of drug being
released from liposomes, since liposomal DXR cannot reach the nucleus (123,
124). In this thesis we developed methodology to measure nuclear DXR in
murine breast cancer tumors and examined levels of bioavailable drug as a
function of time and liposome composition.

We hypothesize that a greater understanding of the rate and extent of drug
release from liposomal carriers at malignant sites can provide insights into how
liposomal drug therapy can be optimized. The observation of correlations
between the bioavailability of liposomal drugs at cancerous sites and their

therapeutic activity will help in the rational design of future drug carriers.

1.12. Thesis Outline

The studies presented in this thesis explore differences in the bioavailability
of drug in murine breast cancer tumors after delivery of various formulations of
non-targeted or targeted liposomal DXR compared to free DXR. In addition, the

effects on cell association and cytotoxicity of increasing the apparent receptor
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density on tumor cells by targeting liposomes via two different mAbs to two
different cell surface antigens were evaluated.

Chapters 2 and 2A explore the difference in bioavailability of drug in murine
breast cancer tumors when mice are treated with free DXR, a leaky liposomal
DXR formulation, or two different dose levels of a slow release formulation of
liposomal DXR. Methods were developed for isolating nuclei from tumor cells
and for accurately quantitating DXR extracted from tumors and tumor cell nuclei
by DXR fluorescence. Controls for tumor processing procedures were developed
in order to confirm that DXR did not significantly redistribute from liposomes to
tumor nuclei during processing and that processing did not rupture the bilayer of
liposomes. We also compared the therapeutic activities of various liposomal DXR
formulations in this model to the bioavailability results.

[t has been hypothesized that targeted liposomal therapy would deliver a
larger drug payload to cancerous cells than non-targeted liposomal therapy and
that this would result in greater therapeutic activity. To date, numerous studies
have shown that ligand-targeted liposomal drug delivery has greater therapeutic
efficacy than passively-targeted delivery when liposomes either have good access
to the target cells or are targeted against a highly overexpressed internalizing
antigen such as HER2/neu. In Chapter 3 we directly compare the amount of
bioavailable drug in tumors of BT-474-tumor bearing mice when they were
mjected with free DXR, untargeted liposomal DXR, or an anti-HER2/neu scFv

(F5)-targeted liposomal DXR formulation.
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In Chapter 4, the effect of targeting B lymphoma cells with liposomes via
two different antibodies, anti-CD19 and anti-CD20, was compared to results
obtained for targeting liposomes via a single antibody. We hypothesized that
liposomes targeted via antibodies against two or more receptor populations would
increase the apparent receptor density on target cells, resulting in improved
therapeutic effects due to greater levels of bioavailable drug being delivered to the
target cells. In vitro cytotoxicity experiments and in vitro cell association
experiments were performed with dual-targeted liposomes using the human B-cell
lymphoma cell line, Namalwa.

Lastly, chapter 5 summarizes the findings of this thesis work. Conclusions

are made and ideas for future directions of this work are discussed.
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CHAPTER 2’
Determination of Doxorubicin levels in whole tumor and tumor nuclei in
murine breast cancer tumors.
Laginha, K., Verwoert, S., Charrois, G. J. R, and Allen, T. M. Clin. Cancer Res.,

11: 6944-6949, 2005

" All experimental work completed in this Chapter was performed by K. Laginha
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2.1. Abstract

Purpose: Pharmacokinetic studies on liposomal drugs have previously
measured total drug levels in tumors, which include non-bioavailable drug.
However, drugs must be released from liposomes to have activity. We have
developed a method for measuring levels of bioavailable (released) doxorubicin
(DXR) in vivo in tumors that will allow therapeutic activity to be correlated with
bioavailable drug levels.

Experimental Design: Mice orthotopically implanted with mammary
carcinoma (4T1) were injected intravenously (i.v.) 10 d after implantation with
free DXR or formulations of liposomal DXR with different drug release rates.
Tumors were excised at various times after injection, and total tumor DXR levels
were determined by acidified isopropanol extraction of whole tumor homogenates.
Bioavailable DXR levels were determined by extraction of DXR from isolated
tumor nuclei.

Results: Free DXR had high levels of bioavailability in tumor tissue; 95% of
the total DXR in tumors was bound to nuclear DNA by 24 h after injection.
Administration of Doxil®, a slow release liposomal formulation of DXR, gave an
area under the time vs. concentration curve (AUC) for total DXR 7 d after
injection that was 87-fold higher than that obtained for free DXR, and 49% of the
liposomal DXR was bioavailable. For liposomes with a more rapid DXR release
rate, by 7 d after injection the AUC.7 4 for total DXR was only 14-fold higher than

that for free DXR, and only 27% of liposomal DXR was bioavailable.
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Conclusions: This technique allows correlations to be made between drug

bioavailability and therapeutic activity and will help in the rational design of drug

carriers.
2.2. Introduction

Long-circulating PEGylated liposomal formulations of doxorubicin (DXR),
Doxil®, have been shown to result in increased accumulation of drug in solid
tumors and reduced dose-limiting toxicities, such as myelosuppression and
cardiotoxicity. This is due to alterations in the pharmacokinetics (PK) and
biodistribution (BD) of the encapsulated drug (2, 4, 5). Doxil®is currently
approved for use in AIDS-related Kaposi’s sarcoma, refractory ovarian cancer,
and metastatic breast cancer (19, 40-43).

Doxorubicin-loaded liposomes have enhanced efficacy in some solid tumors
compared to free DXR because they passively target solid tumors through the
enhanced permeability and retention (EPR) effect (35, 125), resulting in increased
drug payloads delivered to tumors. The EPR effect is a result of defective
vascular endothelial linings of growing tumors, resulting in gaps in the
endothelium up to approximately 800 nm in diameter, which are large enough to
permit the extravasation of liposomes with diameters in the range of 100 nm
(126). In addition, growing tumors have defective lymphatic drainage, which
contributes to the extended residence time of extravasated liposomes in the
interstitial space of the tumor. Liposomes residing in the interstitial space

gradually release their entrapped drug, exerting anti-tumor effects.
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Many studies have measured total drug levels in solid tumors following
administration of liposomal drugs (6-11). These studies do not distinguish
between entrapped (non-bioavailable) drug and released (bioavailable) drug in the
tumor. However, only released drug has biological activity, and the therapeutic
effects of liposomal drugs will, we propose, be correlated with the levels of
bioavailable drug in tumor as a function of time, not the levels of total drug in the
tumor. Therefore, knowledge of the levels of bioavailable drug in tumor tissue
and the rate of bioavailability will help in the design of improved liposomal
formulations of anticancer drugs.

An important site of cytotoxic action of the anticancer drug DXR is the
nucleus, where DXR intercalates into DNA, forming DNA adducts and inhibiting
topoisomerase II (21). When free DXR reaches the tumor site, DXR that is
released from liposomes within the tumor interstitial space is capable of diffusing
widely within the tumor. Doxorubicin can diffuse into surrounding cells, become
membrane or protein-associated, or diffuse into subcellular compartments such as
mitochondria and nuclei. Confocal studies show that a large proportion of DXR
that diffuses into the cell accumulates in the cell nucleus (71), where 1t binds
strongly to nuclear DNA. Nuclear DNA functions as a sink for the drug, including
drug initially present in other sub-cellular organelles (123, 124). Therefore, we
hypothesize that measurement of DXR bound to nuclear DNA will provide a good
estimate of levels of bioavailable DXR in tumor tissue in vivo. Levels of DXR in

total tumor and tumor nuclei were measured in mice orthotopically implanted with
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4T1 murine mammary carcinoma. Tumor-bearing mice were injected
intravenously (1.v.) with either free DXR, Doxil® (slow drug release), or with a
faster drug release formulation with a fluid bilayer composed of unsaturated
dioleoylphosphatidylcholine (DOPC) and cholesterol. Total tumor DXR and
nuclear DXR were determined as a function of time after injection.
2.3. Materials and Methods
2.3.1. Chemicals and reagents

Doxorubicin hydrochloride (DXR), Doxil® (PEGylated liposomal DXR
(PLD), also called Stealth® liposomal DXR and Caelyx®) and
methoxypolyethyleneglycol (M, 2000)-distearoylphosphatidylethanolamine
(mMPEGg000-DSPE) were provided by ALZA Corporation (Mountain View, CA).
Cholesterol (CHOL) and dioleoylphosphatidylcholine (DOPC) were from Avanti
Polar Lipids (Alabaster, AL). Minimal essential medium (MEM),
deoxyribonuclease 1 (DNase 1) and digitonin were from Sigma-Aldrich (St.
Louis, MO). Fetal bovine serum (FBS), penicillin, streptomycin, and L-glutamine
were from Invitrogen (Burlington, ON, Canada). Sephadex-G50 and Sepharose
CL-4B were from Amersham-Pharmacia Biotech (Baie d’Urfe, PQ). Halothane
was from MTC Pharmaceuticals (Cambridge, ON). The DNeasy® Tissue Kit was
from Qiagen (Mississauga, ON). Sterile, pyrogen-free saline was from Baxter
(Toronto, ON). Dextrose United States Pharmacopeia (USP) (D5W), 5% w/v in

water was from Baxter Corp. (Mississauga, ON). Chol-[1,2-°H-(V)]hexadecyl
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ether ("H]JCHE, 1.48-2.22 TBg/mmol) was from PerkinElmer Life Sciences

(Woodbridge, ON). All other chemicals were of the highest grade possible.

2.3.2. Animals, cell line, and tumor implantation

Female BALB/c mice (6-8 weeks) were purchased from Health Sciences
Laboratory Animal Services, University of Alberta. Mice were housed under
standard conditions and had access to food and water ad libitum. All animal
protocols were approved by the Health Sciences Animal Policy and Welfare
Committee, University of Alberta, and animals were treated in accordance with
the Guide to the Care and Use of Experimental Animals set forth by the Canadian
Council on Animal Care.

The 4T1 mouse mammary carcinoma cell line is a metastatic, thioguanine-
resistant cell line, donated by Dr. Fred Miller (Barbara Ann Karmanlos Cancer
Institute, Detroit, MI). The cell line was maintained in MEM supplemented with
10% FBS, penicillin (100 units/mL), streptomycin (100 pg/mL), and L-glutamine
(0.292 mg/mL) at 37°C in a humidified incubator with a 5% CO, atmosphere
(114). Cells were released from their substrate by rinsing with phosphate-buffered
saline containing EDTA (PBS-EDTA; 0.54 mM EDTA, 137 mM Na(Cl, 3 mM
KCl, 8 mM Na,HPO4, 1.5 mM KH;PO4, pH 7.4), followed by trypsin-EDTA (
0.05% trypsin in 137 mM NaCl, 5.4 mM KCl, 7 mM NaHCOs3, 0.34 mM EDTA).
Cells were kept in exponential growth.

Tumors were orthotopically implanted in female BALB/c mice as previously

described (75). Briefly, a small incision was made in the lower right abdominal
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region of anaesthetized mice, and 1 x 10° 4T1 cells, in full media, were injected
into the right #4 mammary fat pad. A surgical wound clip was used to close the

incision and was removed 7 d later.

2.3.3. Preparation of liposomes

Doxil® was used as obtained from the manufacturer. Liposomes with faster
release DXR rates were composed of DOPC:CHOL:mPEG;40-DSPE at a 2:1:0.1
molar ratio (DOPC-PLD). For these liposomes, [’H]JCHE was added as a non-
exchangeable, non-metabolized lipid tracer. A lipid mixture of chloroform stocks
was prepared, and dried to form a thin film using a rotovaporator; this was then
placed in a vacuum overnight. DXR was remote-loaded into liposomes using the
ammonium sulphate gradient method previously described (51). The resulting
liposomes contained 0.2:1 (w/w) drug/lipid ratios, and the diameter of liposomes
was determined to be 100 = 20 nm, using a Brookhaven BI-90 particle sizer
(Brookhaven Instruments, Holtsville, NY). DXR concentrations were determined
in methanol extracts of DXR-loaded liposomes from the absorption of the drug at
480 nm compared to a standard curve; phospholipid concentrations were
determined by counting the ["’H]JCHE on a Beckman LS-6800 scintillation counter.

The in vitro half-life values for release of DXR from either Doxil® or from
DOPC-PLD were previously determined in 50% (v/v) adult bovine plasma in

FBS, pH 7.4, to be approximately 118 h and 12 h, respectively (13).
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2.3.4. Measurement of DXR

To determine if the tumor homogenization process disrupted liposomes,
resulting in premature DXR release, Doxil® or DOPC-PLD in nuclear lysis buffer
(NLB, 0.25 M Sucrose, 5 mM TrisHCI, 1 mM MgS0Os, 1 mM CaCl; pH 7.6) was
homogenized in an ice-cooled Potter-S® homogenizer. After each homogenization
stroke, aliquots of liposomal DXR were taken. Doxorubicin fluorescence (Aex=
470 nm; Aem= 590 nm) was measured before and after the addition of 10% (v/v)
Triton X-100, which lyses the liposomes and releases 100% of the entrapped
DXR. Total tumor DXR and DXR in tumor nuclei were quantified using a
method similar to Mayer et al. (29). At various times after injection, 10% w/v
tumor homogenates from mice receiving free DXR, Doxil® or DOPC-PLD were
prepared in NLB. Samples of the homogenate (200 uL) were placed in 2 mL
microcentrifuge tubes, and 100 uL of 10% (v/v) Triton X-100, 200 pL of water,
and 1500 pL of acidified isopropanol (0.75 N HCI) were added. The tubes were
vortexed to ensure complete mixing, and DXR was extracted overnight at —20°C.
The next day, the microcentrifuge tubes were warmed to room temperature,
vortexed for 5 min., centrifuged at 15,000 X g for 20 min., and stored at —80°C
until analysis. Doxorubicin was quantified fluorometrically (Aex: 470 nm, Aem: 590
nm). To correct for nonspecific background fluorescence, the samples were
compared to a standard curve made from the fluorescence emission of known
amounts of DXR added to acidified isopropanol extracts of homogenized tumor

tissue from untreated mice. The data are the mean + standard deviation (SD) of
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triplicate aliquots from tumor homogenates from 3 to 5 individual mice, expressed
as microequivalents of DXR/g tissue since this assay does not discriminate
between DXR and fluorescent DXR metabolites, if any.

Tumor cell nuclei were isolated from total tumor homogenates by
differential centrifugation through a 1.3 M sucrose gradient at 1000 X g for 10
min. The efficiency of the nuclear DXR extraction was first compared by 2
different methods: an acidified isopropanol extraction, described above; and a
DNase 1 digestion method, previously described (127). Since the extraction
efficiency of the acidified isopropanol method was superior to that of the DNase [
method, all further nuclear DXR accumulation assessments were performed using
the acidified isopropanol extraction method.

In addition, the effect of tumor homogenization on liposome redistribution
was investigated. Doxil® or DOPC-PLD in concentrations comparable to what
was observed in tumors were homogenized together with tumors in NLB. After
homogenization, total tumor DXR and nuclei-associated DXR were determined by

the methods described above.

2.3.5. In vivo tumor bioavailability experiments

BALB/c mice were orthotopically implanted with 4T1 tumor cells, and 10 d
after implantation, the mice were given 1.v. injections via the lateral tail vein (200
uL) with 9 mg/kg of DXR either as free DXR, Doxil®, or DOPC-PLD. To see if
the method scaled with dose, some mice received 16 mg/kg DXR from Doxil®.

Control mice were injected with 200 pL sterile saline. Mice (n = 3-5 per time
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point) were euthanized, and tumors were excised at various time points up to 7 d
after injection or until DXR levels were below detectable levels (0.005
uequivalents DXR/ml). Total and nuclear DXR in 4T1 tumors were determined
via the acidified isopropanol extraction method. The % bioavailability of DXR in
tumor tissue was determined from the AUC of nuclear drug relative to the AUC of

drug in whole tumors over the time-course of the experiment.

2.3.6. Statistics

The pharmacokinetic parameters, tumor AUCq.241, (free DXR) or tumor
AUC.74 (liposomal DXR), maximum drug concentration (Cpmax), and time to
maximum concentration (Tp.x) were calculated for total and nuclear DXR using
WinNonlin 4.1 software (Pharsight Corporation, Mountain View, CA). Statistical
differences between groups were determined by analysis of variance (ANOVA)
with a Tukey-Kramer post-test using GraphPad InStat Version 3.01 (GraphPad
Software, Inc., San Diego, CA).

2.4. Results and Discussion

In determining the amount of bioavailable drug in tumors, it is important that
the liposomal formulations do not release their entrapped drug prematurely during
the homogenization procedure. The prematurely-released drug could diffuse
rapidly to nuclei in the homogenate, thus artificially increasing the amount of
tumor bioavailable drug. Drug release from liposomes can be measured by the
DXR dequenching assay. When DXR is entrapped at high concentrations in

liposomes, its fluorescence signal is quenched, and release of the drug increases
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the fluorescence signal (128). For example, addition of 10% Triton X-100 (v/v) to
our liposomal DXR samples, mimicking 100% drug release, caused the relative
fluorescence signal to increase by approximately 10-fold (data not shown).
However, up to 10 strokes of the Potter-S® homogenizer caused no increase in the
fluorescence signal, so we conclude that no DXR was released from either Doxil®
or DOPC-PLD during homogenization. The effect of homogenization of tumor in
the presence of liposomal drug was also investigated. If the presence of tumor
tissue during homogenization affects the release of drug and its redistribute to the
nucleus, this could also result in an artifactual increase in the amount of
bioavailable drug in tumor. Both liposomal DXR formulations used during in
vivo experiments were tested with 10 strokes of the Potter-S® homogenizer in the
presence of tumor and it was determined that between 3-10% of liposomal drug
distributes to the nucleus during this procedure (data not shown).

The extraction efficiency for DXR using the acidified isopropanol extraction
method for both total tumor and tumor cell nuclei was >90%; this is consistent
with previous findings by us and others that >90% of DXR can be extracted by
this method (13, 129). There was a linear relationship between the amount of
DXR added to control samples and the amount of DXR recovered from either total
tumor homogenates or tumor nuclei purified from the homogenates (data not
shown). We used nuclear DXR accumulation as an indicator of bioavailable
liposomal drug because the nucleus acts like a “sink” for doxorubicin. Once DXR

leaks out of liposomes in the interstitial space of solid tumors, the drug rapidly
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diffuses into cells and can traffic to cell nuclei, where it intercalates with DNA,
rendering the drug immobile. The nucleus is not the only site of action of DXR,
e.g., subcellular organelles such as mitochondria are important sites of drug
toxicity (130, 131), but it is the only site that functions as a sink for the drug.
Hence, nuclear DXR, we postulates, provides a reasonable first approximation to
bioavailable DXR in cells.

Figure 2.1A presents total DXR levels in mouse mammary tumors and DXR
levels in tumor nuclei after treatment of the mice with 9 mg/kg of free DXR. As
expected, total DXR levels in tumors increased quickly, then dropped rapidly and
fell to below-detectable levels by 48 h after injection. The free drug was rapidly
bioavailable; the tumor AUCy.,4 1, for nuclear drug was 95% of that of the AUCy.24
1 of total drug (Table 2.1). The maximum total DXR concentration in tumor
(Cmax) was 8 pequivalents DXR/g tumor and occurred at 30 min after
administration. Nuclear DXR levels did not reach Cp.x (3 pequivalents DXR/g
tumor) until 4 h after injection. Concentrations of DXR that were determined in
these experiments were close to the detectable limits of the drug, so quantification

of both total and nuclear DXR resulted in large standard deviations.
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Figure 2.1. DXR concentrations in 4T1 tumors in mice receiving free DXR,
DOPC-PLD , or Doxil®. Female BALB/c mice were orthotopically implanted
with 4T1 murine mammary carcinoma and were injected 10 d after implantation
(time zero) with either free DXR at a dose of 9 mg/kg, DOPC-PLD at a dose of 9
mg/kg, or Doxil® at a dose of 9 or 16 mg/kg. Total (solid line) and nuclear
(dashed line) DXR levels were determined following acidified isopropanol
extraction. Data represent mean = SD of triplicate aliquots from 3 to 5 mice per
time point. A. Free DXR, 9 mg/kg; B. DOPC-PLD, 9 mg/kg. C. Doxil®, 9 mg/kg;
D. Doxil® 16 mg/kg.
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Figure 2.1C and 2.1D show levels of total tumor DXR and DXR levels in
tumor nuclei for Doxil® at doses of 9 and 16 mg/kg. At a dose of 9 mg/kg, this
liposomal formulation of DXR had a very different tumor distribution profile than
free DXR, with significantly higher tumor AUCy; 4 for total DXR levels (87-fold
higher) and nuclear DXR levels (45-fold higher) in the tumors (p < 0.001)
compared to free DXR (Table 2.1). The AUCy.; 4 appeared to scale with dose,
with the tumor AUC in mice receiving 16 mg/kg being 1.5-fold higher than that in
mice receiving 9 mg/kg. Total DXR levels in tumor for either Doxil® dose
reached Cpax much later than free DXR (24-48 h after injection vs. 0.5 h). These
differences reflect the different mechanism of accumulation of liposomal vs. free
drugs in tumor tissue, both of which are distributed to tumors via the blood stream.
Liposomes, however, are particles of approximately 100 nm in diameter, and must
extravasate through gaps between the endothelial cells in the permeable blood
vessels within solid tumors to accumulate in the interstitial space of tumors (126).
This is a slow process. Therefore, the delay in time to Cy.x and the slow rate of
clearance reflect the time that it takes for liposomal drugs to extravasate into
tumor tissue by the EPR effect (125). These data are similar to the delayed time to
Cmax and prolonged residency times for liposomal drugs that have been observed
in other tumor models (12, 132). Nuclear accumulation of liposomal DXR also
showed a different profile than free DXR (Figure 2.1C vs 2.1A). For doses of
either 9 or 16 mg/kg, Cmax for nuclear accumulation of DXR in murine mammary

tumors occurred at 2 to 3 d after treatment versus 4 h for free DXR. This reflects
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the slow rate of release of DXR from the carrier, which must occur before the drug

can traffic to the nucleus. During the 7 d time course of these experiments, 40 to

50% of the liposomal drug was bioavailable (Table 2.1).
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Table 2.1. Comparison of tumor pharmacokinetics of free DXR vs. liposomal formulations of DXR. Tumor levels of
total DXR and nuclear DXR were determined in mice bearing orthotopic 4T1 mammary carcinomas, following administration
of 9 mg/kg DXR as Doxil®, DOPC-PLD, or free DXR. Some mice also received 16 mg/kg of Doxil®. Area under the time
versus concentration curves are AUC0-24 h for free DXR and AUCO- 7d for liposomal DXR formulations. All parameters
were determined using WinNonLin software.

Doxil® Doxil® DOPC-PLD Free DXR

Formulation (16 mg/kg) (9 mg/kg) (9 mg/kg) (9 mg/kg)
Total Nuclear Total Nuclear | Total | Nuclear Total Nuclear

AUC (peq h/g tumor) 5918 2444 3988 1970 641 172 45.8 433
% Bioavailable 41.3% 49.4% 26.8% 95.1%
Crnax (neq DXR/g tumor) 48.8 25 28.6 15.9 11.9 11.4 7.9 2.9
Trmax (hr) 48 96 24 96 12 4 0.5 4
ti/2 (hr) 135 ND 151 ND 78 ND 25 ND
MRT (hr) 81 ND 81 ND 52 ND 10 ND
Clearance (g/hr/kg) 1.5 ND 1.1 ND 11.3 ND 89 ND

‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

ND=no value determinable by the PK program
AUC =area under the curve, C,x = maximum drug concentration, DOPC-PLD = dioleoylphosphatidylcholine: CHOL:mPEG,,-DSPE,
DXR = doxorubicin, MRT = mean residence time, t,, = half-life, T, = time to maximum drug concentration, pleq = pequivelent
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Liposomes with more rapid release rates than Doxil® have pharmacokinetic
(PK) profiles in tumor that are intermediate between Doxil® and free DXR (Figure
2.1B vs. Figures 2.1A and 2.1C). DOPC-PLD liposomes have a more fluid
bilayer due to the presence of the unsaturated fatty acyl chains in DOPC. This
leads to more rapid rates of drug release from DOPC-PLD than from Doxil®,
which contains long-chain saturated fatty acyl chains. Using dual-labeled
liposomes (radiolabelled DXR and radiolabelled lipid), the half-life for release of
DXR from liposomes in vivo has recently been reported to be 1.9 h for DOPC-
PLD vs. 315 h for Doxil® (133). In clinical trials, it has been show that less than
10% of the encapsulated DXR is released from Doxil® by 24 h after i.v.
administration (134). However, since DOPC-PLD has a substantially greater rate
of drug release, a considerable portion of the drug will be released before much
tumor accumulation occurs. In other word, drug from DOPC-PLD will reach
tumors as a combination of residual DXR still entrapped in liposomes and free
DXR that has been released from liposomes into the blood compartment and has

redistributed to tissues including tumor tissue.

The levels of total DXR from DOPC-PLD in tumors were only 14-fold
higher than those from free DXR, vs. 87-fold higher for Doxil®. The Crax Tor total
tumor DXR from DOPC-PLD occurred 12 h after injection, i.e., between the 0.5 h
for free DXR and the 24 to 48 h for Doxil®. The tumor AUC,7 4 of total drug for
DOPC-PLD was over 6-fold lower than that seen for Doxil® at the same dose, and

the AUCy.7 4 of bioavailable drug, i.e., bound to nuclei, was over 11-fold lower.
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When drug-depleted liposomes accumulate in the tumor, only limited amounts of
the drug are available for release, cellular uptake, and trafficking to the nuclel.
Nuclear DXR concentrations reached maximum levels by 4 h post-injection,
similar to free DXR and much more rapidly than Doxil®. This suggests that a
considerable amount of the drug was reaching tumor nuclei as released drug.
Doxorubicin bioavailability from the DOPC-PLD formulation was 26.8%, and
there was 4-fold more bioavailable DXR delivered to tumors than for free DXR
(Table 2.1). Nuclear levels of drug were at or below measurable limits for many
of the later time points, possibly resulting in an underestimate of the amount of
bioavailable drug. Also provided in Table 2.1 are the t;,; for DXR in tumor tissue,
mean residence time (MRT), and tumor clearance of DXR, which reflect a similar
rank order as those seen for other PK parameters.

Our results for bioavailable drug levels in tumor tissue for the two liposomal
formulations correlate well with the pharmacokinetics and therapeutic effects for
the same formulations in the same animal model, reported recently by our group
(13). In this PK study, we reported that the plasma half-life for DXR was 18.2 h
when the slow release formulation was administered to tumor-bearing mice, and
the plasma AUCy... was 3020 pg -h/ml. In contrast, the plasma half-life for DXR
in DOPC-PLD was only 2.1 h, and the plasma AUCy., was 430 pg -h/ml. The
plasma AUC., for the lipid component of the liposomes was very similar for the
two formulations (10,600 for DSPC vs. 12,700 ug-h/ml for DOPC), indicating that

drug-depleted liposomes were circulating in plasma (13). In distribution
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experiments using fast versus slow release liposomal DXR, DXR 1n the slow
release liposomes (similar formulation to Doxil®) accumulated to a significantly
higher extent in 4T1 tumors compared to liposomes with fast release rate (DOPC-
PLD) (12). In therapeutic experiments, the slow release formulation had superior
therapeutic activity to the fast release formulation (13), which correlates with the
observations on DXR bioavailability in tumor tissue report in the paper.

Currently, several strategies to optimize liposomal drug delivery are being
evaluated by us and others, and a bioavailability assay for DXR in tumor tissue
will be useful in designing optimal formulations. One approach is to use targeting
moieties against malignancies that uniquely express or over-express cell surface
antigens. Targeting drug-loaded liposomes with monoclonal antibodies such as
anti-HER?2 or anti-CD19, for example, has resulted in improved efficacy in vivo in
murine xenograft models over non-targeted liposomes or free drug (122, 135).
We have begun studies to examine how targeting internalizing or non-
internalizing epitopes at the surface of cancer cells affects the rate and extent of
bioavailability of the entrapped drugs. Another strategy is to design triggered
release formulations of liposomes that release their contents in a burst when
triggered by temperature or pH after the liposomes have localized to tumors (101,
136). Bioavailable measurements will also be useful in the design of these types
of formulations.

The fluorescent properties of DXR and its interchelation into DNA made it

relatively easy to make bioavailability measurements for this drug in tumor tissue.
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For other drugs, more complex techniques may be required. For example, it has
been hypothesized that lack of bioavailability of liposomal cisplatin may account
for the relatively poor clinical results found for liposomal formulations of cisplatin
(137). Recently, the release of active platinum from liposomes was determined in
murine melanoma tumors by the use of microdialysis probes and atomic
absorption spectrophotometry (138). Although more total liposomal cisplatin
distributed to tumors than free cisplatin in this study, less Pt was released into the
tumor extracellular fluid, suggesting that tumor bioavailability of active Pt was
sub-optimal. In an alternative approach, liposome drug concentrations and levels
of released drugs were measured by MRI using liposomes loaded with DXR and
Mn(SO,) and measuring the relaxivity T(1) of Mn"". When the drug is inside the
liposomes T(1) was relatively unaffected; release of the drug from a flank
fibrosarcoma tumor, mediated by hyperthermia, resulted in a significant
shortening of T(1) (139).

The ability to quantitate bioavailable drug at the site of drug action may
assist in developing new anticancer drug carriers, such as the ones mentioned
above, that may have improved therapeutic effects and reduced side effects
compared to conventional drug treatments. We believe the results presented in
this paper are a good first approximation of the rate and extent of bioavailable
drug in tumor tissues for liposomal carriers; refinement of the methodology may
be necessary to achieve definitive results. For example, studies on the rate and

extent of tumor tissue bioavailability of liposomal DXR, done in combination with
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apoptotic assays, can provide valuable information on the minimum
concentrations of bioavailable DXR required for cell kill and on the exposure

times needed for driving the cells into apoptosis.
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CHAPTER 2A (Addendum to Chapter 2)
Therapeutic activity of various doxorubicin formulations in murine breast

cancer
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2A.1. Rationale

In chapter 2 we determined the rate and extent of bioavailable DXR in 4T1
tumors after DXR delivery with different DXR formulations. We concluded that a
greater amount of bioavailable drug in 4T1 tumors would lead to increased
therapeutic activity in the 4T1 murine mammary carcinoma model. We referred to
a paper published in our laboratory by Charrois et al., which described a
therapeutic study in the same model with similar liposomal formulations, but at a
different drug dosage and lacking data on the therapeutic effects of Doxil® (13).
In order to more accurately assess the impact of the rate and extent of bioavailable
DXR in 4T1 tumors on therapeutic activity, we completed a therapeutic study
evaluating the therapeutic activity of the exact dosage and formulations that were
used in Chapter 2.
2A.2. Materials and Methods

BALB/c mice were orthotopically implanted with 4T1 tumor cells as
described in the previous chapter. Four days after tumor implantation, groups of 7
mice were given i.v. injections via the tail vein (200 puL) with either 9 mg/kg free
DXR, 9 mg/kg DOPC-PLD, or 9 and 16 mg/kg Doxil®. Control mice received
200 pL of sterile DSW. The mice were injected 4 d after tumor implantation
instead of 10 d after implantation, as in the bioavailability experiments, because
the 4T1 tumors grow very rapidly. Tumor size was measured using calipers at
various times after treatment and tumor volume was calculated using the formula:

v = 0.4ab2 were a and b are perpendicular diameters and a>b.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

2A.3. Results and Discussion

The results of the tumor growth delay experiment are presented in Figure
2A.1. Mice in the 16 mg/kg Doxil® group were euthanized on day 12 due to
severe weight loss. These toxicities did not occur in the previous bioavailability
experiments, likely because the final group in those experiments were euthanized
7 d after drug injection. The rank order of tumor growth delay for mice treated
with 9 mg/kg DXR in various formulations was Doxil® had greater effects than
DOPC-PLD, which in turn had greater effects than free DXR. Treatment with free
DXR resulted in minimal tumor growth delay. These results are consistent with
what we expected to find based on the tumor bioavailability data in Chapter 2. In
those studies, mice treated with free DXR had the least amount of drug in the
tumors and tumor nuclei, and this resulted in no delay in tumor growth compared
to control mice. In addition, mice injected with the fast drug release formulation,
DOPC-PLD, had significantly more total tumor drug and nuclear levels of drug
compared to free DXR but drug levels were significantly less than what was seen
for mice treated with 9 mg/kg of Doxil®.

We hypothesized that the ability to quantitate total and bioavailable drug at
the site of drug action, will aid in the design of new drug carriers or help to
optimize currently available drug carriers. We conclude that our measurements

with DXR provide a good first approximation of the therapeutic activity.
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Figure 2A.1. Therapeutic activity of different formulations of DXR against
4T1 murine mammary carcinoma. BALB/c mice were orthotopically implanted
with the 4T1 murine mammary carcinoma. Four days after tumor implantation
(arrow), mice were treated with 9 mg/kg free DXR ('¥), 9 mg/kg DOPC-PLD

(A), 9 mg/kg Doxil® (e), 16 mg/kg Doxil® () or D5W control (m).
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CHAPTER 3
Doxorubicin levels in tumors after targeted or non-targeted liposomal drug

delivery in a human breast cancer model
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3.1 Abstract

Purpose: An increase in therapeutic activity has been reported when
doxorubicin (DXR)-loaded liposomes are targeted via anti-HER2/neu compared to
non-targeted liposomal DXR in mice bearing tumors with high levels of
overexpression of HER2/neu. We have attempted to quantitate the amount of total
and bioavailable drug in tumors that overexpress HER2/neu when exposed to
targeted and non-targeted formulations of DXR and free drug.

Experimental Design: Cell association and in vitro cytotoxocity of anti-
HER2/neu-targeted liposomes, Doxil® and free DXR were determined in the BT-
474 ATCC human breast cancer cell line. Total and bioavailable drug levels were
determined in NCr nude mice bearing 200-300 mm® BT-474 M3C5 tumors as a
function of time after administration of 9 mg/kg free DXR, Doxil®, and anti-
HER2/neu scFv-targeted Doxil®. Total tumor DXR and tumor cell nuclei levels of
DXR were determined for excised tumors at various times after injection (140).

Results: Anti-HER2/neu-targeted liposomes associated with BT-474 ATCC
cells to a significantly greater extent than non-targeted liposomes and, when DXR-
loaded, were more cytotoxic than non-targeted liposomes. Administration of anti-
HER2/neu-targeted liposomal DXR to tumor-bearing mice resulted in 1.8 fold
higher total tumor DXR levels over 7 d after injection compared to Doxil®. For
targeted liposomes, 26% of the drug was bioavailable compared to 46% for
Doxil®. There was no significant difference in maximum nuclear levels of DXR

after administration of free DXR, F5-Doxi1®, and Doxil®
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Conclusions: More total drug was delivered to tumors using F5-Doxil®
compared to Doxil® but the amount of DXR associated with tumor nuclei over the
7 d time-course was the same.

3.2 Introduction

Since the clinical approval of the liposomal formulation of doxorubicin
(DXR), Doxil®, only two more anticancer liposomal drug formulations have been
approved for clinical use, DaunoXome® (daunorubicin) and Myocet®
(doxorubicin)(141-143). All of the approved liposomal anticancer drugs alter the
pharmacokinetics (PK) or biodistribution (BD) of the encapsulated drug (27, 144,
145). This results in decreased dose-limiting side effects and may or may not
increase therapeutic efficacy over conventional chemotherapy in the cancers for
which they are clinically approved.

One approach that is being rigorously explored in order to increase the
therapeutic efficacy of liposomal formulations is to target liposomes with ligands
or antibodies that bind to receptors or proteins that are uniquely expressed or
overexpressed on cancer cells. Liposomes such as Doxil® increase drug
accumulation in solid tumors because they passively target solid tumors through
the enhanced permeability and retention (EPR) effect (35, 125). This is a result of
the “leaky vasculature” and impaired lymphatic drainage of growing solid tumors.
The rate at which drug entrapped in extravasated liposomes becomes bioavailable
is dependent on the rate of drug leakage from the liposomes. One method that has

been proposed to increase the amount of bioavailable drug in tumors is to
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selectively target the liposomes to cancer cells. If liposomes are targeted with an
internalizing antibody or ligand that binds to a cell surface receptor expressed on
the cancer cells, the whole drug package will be internalized and more drug will
accumulate inside the tumor cells. This is postulated to lead to an increase in
therapeutic activity.

Numerous cancers uniquely express or overexpress cell surface receptors
(146). In particular, 25-30% of human breast cancers overexpress the cell surface
receptor HER2/neu. Overexpression of this receptor is characteristic of an
aggressive form of breast cancer that has a very poor prognosis (147, 148). In
1998, a monoclonal antibody (mAb), Herceptin® (anti-HER2/neu) was clinically
approved for treatment of breast cancers that have high levels of overexpression of
the HER2/neu receptor. It has recently been shown in a clinical trial that adjuvant
treatment with Herceptin® plus chemotherapy in operable disease improved
therapeutic outcomes compared to chemotherapy treatment alone (149).

In mice, treatment with DXR-loaded liposomes targeted to the HER2/neu
receptor resulted in improved therapeutic efficacy in HER2/neu overexpressing
murine models of breast cancer compared to non-targeted liposomal therapy (80,
81, 150). Investigators speculated that the improved therapeutic efficacy seen in
mice was due to an increase in the amount of drug being delivered to tumor cells.
However, total DXR levels were similar in tumors for either targeted or non-
targeted liposomes (81). Despite similar total drug levels in tumor, tumor

distribution was markedly different between the two formulations. Using colloidal
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gold-labeled liposomes, non-targeted liposomes were found to be associated more
with the stroma of the tumors, while targeted liposomes were inside tumor cells.
This led to the conclusion that the improved therapeutic activity seen with
targeted-liposomes was due to more DXR being delivered inside tumor cells.

Recently, a single-chain fragment of the variable region (scFv) targeted to
the HER2/neu receptor has been developed. This scFv, named F5, was selected
by phage display and is characterized by its high binding to the HER2/neu
receptor and its ability to trigger receptor-mediated endocytosis (78, 83). Since
internalization of the drug-package appears to be essential for increasing the
therapeutic activity of targeted liposomal therapy, this will theoretically increase
the drug payload delivered inside tumor cells (122). Treating tumor-bearing mice
with liposomes targeted via F5 resulted in improved therapeutic activity in a
HER2/neu overexpressing BT-474 xenograft breast cancer model (> 10°
copies/cells) compared to non-targeted liposomes (83). As a result of the
promising preclinical data, F5-targeted liposomes are scheduled to enter clinical
trials (78, 151).

In our laboratory, we have developed a method to quantify bioavailable
DXR by measuring the amount of DXR bound to DNA in the nucleus of cancer
cells (140). This appears to be an appropriate technique for measuring
bioavailable drug in tumor cells since a significant portion of free DXR will
distribute to the nucleus (123, 124, 152). Quantitation of bioavailable drug in

tumor cells for drug delivered via F5-targeted liposomes or non-targeted

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

liposomes will help determine if the increased in therapeutic activity seen with F5-
targeted liposomes is due to an increase in the payload of bioavailable drug that
reaches the interior of the target cancer cells.

Cell association and cytotoxicity were determined using anti-HER2/neu and
non-targeted liposomes to ensure that the mAb bound to BT-474 ATCC cells and
that the cells are sensitive to DXR. Levels of DXR in total tumor and tumor
nuclei were determined in mice subcutaneously injected with the tumorigenic
subclone, BT-474 M3C5. When tumor xenografts were established (200-300
mm?), mice were injected i.v. with free DXR, Doxil®, or F5-targeted Doxil®.
Total tumor DXR and nuclear levels of DXR were determined as a function of
time post-injection. |

3.3 Materials and Methods

3.3.1. Chemicals and reagents

Doxorubicin hydrochloride (DXR), hydrogenated soy phosphatidylcholine
(HSPC), Doxil® (PEGylated liposomal DXR (PLD), also called Stealth®
liposomal DXR and Caelyx®), anti-HER2/neu scFv (F5)-targeted liposomal
doxorubicin, and methoxypolyethyleneglycol (M; 2000)-
distearoylphosphatidylethanolamine (mPEG,000-DSPE) were provided by ALZA
Corporation (Mountain View, CA). Cholesterol (CHOL) was from Avanti Polar
Lipids (Alabaster, AL). Maleimide-derivatized PEG;0-DSPE (Mal-PEG-DSPE)
was custom synthesized by Nektar Therapeutics, Inc. (Huntsville, AL). DMEM,

RPMI 1640 media, fetal bovine serum (FBS), and
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penicillin/streptomycin/glutamine were from Invitrogen (Burlington, ON,
Canada). Bio-Rad Protein Assay Reagent was purchased from Bio-Rad
Laboratories (Mississauga, Ontario, Canada). 2-iminothiolane (Traut’s Reagent)
and 3-(4,5-dimethylthiazol-2-1y)-2,5-diphenyltetrazolium bromide (MTT) and
insulin were obtained from Sigma Chemical Co. (St. Louis, MO). The humanized
Gy mAb, Anti-HER2/neu (Herceptin®), was purchased from Roche-Applied
Sciences. Nuclepore polycarbonate membranes (pore sizes, 0.4, 0.2, 0.1, and 0.08
um) were purchased from Northern Lipids (Vancouver, British Columbia,
Canada). Sephadex G-50, Sepharose CL-4B and Aqueous Counting Scintillant
(ACS) were purchased from Amersham Biosciences (Baie d’Urfe, Quebec,
Canada). Dextrose United States Pharmacopeia (USP) (D5W), 5% w/v in water
was from Baxter Corp. (Mississauga, ON). Chol-[1,2->H-(N)Jhexadecyl ether
(PH]CHE, 1.48-2.22 TBg/mmol) and '*’I-Nal (185 MBq) were from PerkinElmer
Life Sciences (Woodbridge, ON). Estrogen tablets (0.72 mg) were from
Innovative Research of America (Sarasota, Florida, Unites States of America).

All other chemicals were of the highest grade possible.

3.3.2. Animals, cell line, and tumor implantation

Female NCr nude mice (4-5 weeks) were purchased from Taconic. Mice
were housed under viral and antigen free conditions and had access to food and
water ad libitum. All animal protocols were approved by the Health Sciences

Animal Policy and Welfare Committee, University of Alberta, and animals were
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treated in accordance with the Guide to the Care and Use of Experimental Animals
set forth by the Canadian Council on Animal Care.

The BT-474 cell line used for cell association and cytotoxicity studies was
obtained from ATCC. The cell line was maintained in Dulbecco’s modified
essential medium (DMEM) supplemented with 10% FBS, penicillin G (100
units/ml), streptomycin sulphate (100 pg/ml) and L-glutamine (0.292 mg/ml) in a
humidified 37 °C incubator with a 5% CO; atmosphere. The BT-474 M3C5
human breast cancer cell line was obtained from ALZA Corporation. This cell
line was used for all in vivo experiments since it was selected by in vivo passage
for its increased tumorigenicity compared to the parent cell line. The cell line was
maintained in RPMI 1640 supplemented with 10% FBS, L-glutamine (0.292
mg/mL), and insulin (0.01 mg/ml) at 37°C in a humidified incubator with a 5%

CO, atmosphere (114). Celis were kept in the exponential phase of cell growth.

3.3.3. Preparation of liposomes

Doxil® and F5-targeted liposomes were used as obtained from ALZA
Corporation. To remove any DXR that may have leaked from the liposomes
during storage, liposome formulations were chromatographed on a Sephadex G-50
column equilibrated with pyrogen-free HEPES-buffered saline (HBS). Non-
targeted liposomes for cell association experiments were composed of HSPC:
CHOL:mPEG;(00-DSPE at a 2:1:0.1 molar ratio. Anti-HER2/neu-targeted
liposomes for cell association and cytotoxicity experiments were composed of

HSPC:CHOL:MmPEG2000-DSPE:Mal-PEG;000-DSPE at a 2:1:0.08:0.02 molar ratio
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(SIL[anti-HER2/neu)). [’H]CHE was added to liposomes as a non-exchangeable,
non-metabolized lipid tracer. For cytotoxicity experiments, DXR was remote-
loaded into liposomes using the ammonium sulphate gradient method previously
described (51). The resulting liposomes contained 0.2:1 (w/w) drug/phospholipid
ratios, and the diameter of liposomes was consistently in the range of 100 + 20
nm, as determined by dynamic laser light scattering (Brookhaven BI-90 particle
sizer, Brookhaven Instruments, Holtsville, NY). DXR concentrations were
determined in methanol extracts of DXR-loaded liposomes from the absorption of
the drug at 480 nm compared to a standard curve; phospholipid concentrations

were determined from the specific activity of [’H]CHE on a Beckman LS-6800

scintillation counter.

3.3.4 Preparation of Immunoliposomes

Aliquots of the anti-HER2/neu mAb were labeled with '°T using Iodobeads®
purchased from Pierce Biotechnology Inc (Rockford, Illinois). Anti-HER2/neu
was coupled to the terminus of Mal-PEG-DSPE in preformed liposomes using the
coupling method previously described (80). A trace amount of '*’I-labeled
antibody was added to the unlabeled antibody prior to thiolation; antibody (10
mg/ml) was thiolated with Traut’s reagent at a ratio of Traut’s:IgG of 20:1
(mol/mol) in degassed HBS (pH 8.0) for 1 h. Unreacted Traut’s reagent was
subsequently removed by chromatography of the thiolation mixture through a
Sephadex G-50 column equilibrated with degassed HBS (pH 7.4). The individual

thiolated antibody was immediately added to liposomes and coupled overnight at
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room temperature with continuous stirring. Unconjugated antibody was removed
by chromatography on a Sepharose CL-4B column in HBS (pH 7.4).

The concentration of antibody coupled to liposomes was determined from
the specific activity of the radioactive tracer ("I ) and the amount of '*°I

associated with the liposomes

3.3.5. In vitro immunoliposomes binding and uptake

Binding experiments were performed at both 37°C and 4°C (permissive and
non-permissive for internalization, respectively) as previously described (84).
Briefly, non-targeted liposomes (SL) or SIL[anti-HER2/neu], were prepared with
74 kBq of [*H]CHE label per pmol of PL. Liposomes were incubated with 1 x 10°
BT-474 ATCC cells, harvested in the exponential growth phase, at various
phospholipid concentrations for 1 h at either 37°C or 4°C. Cells were washed to
remove unbound liposomes, and the amount of [’H]CHE was determined by
scintillation counting in a Beckman LS-6800 scintillation counter. Cell
association (pmol PL/ 10° cells) was calculated from the specific activity of the

liposomes. Specific binding was determined by subtracting non-specific binding

of SL from the total binding of SIL.

3.3.6. In vitro cytotoxicity studies

Cytotoxicity of free DXR, free anti-HER2/neu, non-targeted liposomes
(DXR-SL) or targeted liposomes (DXR-SIL[anti-HER2/neu]) was determined in

the BT-474 ATCC cell line using the MTT dye reduction assay (153). Briefly, 4.0
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x 10° cells/well were plated in 96-well plates and left to adhere overnight. The
next day, cells were washed and incubated at 37°C for 1 h with the different DXR
formulations in non-supplemented media. The cells were then washed and
incubated for an additional 95 h before cell viability was assessed. Results are
expressed as ICsy, which was obtained graphically using Graphpad Prism version

4.0 (GraphPad Software, Inc., San Diego CA).

3.3.7. In vivo tumor bioavailability experiments

NCr nude mice were subcutaneously (s.c.) implanted with a 60 day slow-
release estrogen tablet (0.72 mg) in their right rear flank. The next day, 23 x 10°
BT-474 M3CS5 cells were implanted s.c. in the shoulder of the mice. When tumors
reached a predetermined size (200-300 mm3), the mice were given intravenous
(i.v.) injections via the tail vein (200 uL) with 9 mg/kg of DXR either as free
DXR, Doxil®, or F5-targeted liposomes. Control mice were injected with 200 uL
sterile saline. Mice (3 per time point) were euthanized, and tumors were excised
at various time points up to 7 d after injection. Total DXR in BT-474 M3C5
tumors was determined via an acidified isopropanol extraction method (140).
Nuclear DXR was determined by isolating tumor cell nuclei from total tumor
homogenates by differential centrifugation through a 1.3 M sucrose gradient at
1000 x g for 10 min and DXR was then extracted as previously described (140).
The percent bioavailability of DXR in tumor tissue was determined from the AUC

of nuclear drug relative to the AUC of drug in whole tumors over the time course

of the experiment.
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3.3.8. Statistics

The pharmacokinetic parameters, tumor AUCy.24 1 (free DXR) or tumor
AUC 74 (liposomal DXR), maximum drug concentration (Cpax), and time to
maximum concentration (T ) were calculated for total and nuclear DXR using
WinNonlin 4.1 software (Pharsight Corporation, Mountain View, CA). Statistical
differences between groups were determined by analysis of variance (ANOVA)
with a Tukey-Kramer post-test using GraphPad InStat Version 3.0 (GraphPad
Software, Inc., San Diego, CA).

3.4 Results and Discussion

The HER2/neu receptor is overexpressed on many breast cancer cells and is
a slowly internalizing receptor (154). We performed cell association experiments
to determine if liposomes that are targeted with the commercially available
antibody, anti-HER2/neu (Herceptin®), would bind to cells that overexpress
HER2/neu to a greater extent than non-targeted liposome.

Cell association of SIL[anti-HER2/neu] and SL at both 4 °C and 37 °C was
compared (Fig. 3.1). SIL[anti-HER2/neu] bound to BT-474 ATCC cells to a
greater extent than SL at both 4 °C and 37 °C (P<0.001), but no difference was
observed in cell binding of SIL[anti-HER2/neu] at 4 °C compared to 37 °C. These
results are consistent with previous results from Kirpotin et a/, where liposomes
targeted with a Fab’ fragment made from a humanized recombinant mAb against
HER2/neu also showed no difference in the levels of targeted liposomes

associated with BT-474 cells after a 2 h incubation at either 4 °C and 37 °C (80).
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Upon further investigation these investigators concluded that >90% of the
liposomes were internalized at 37 °C. That suggests that HER2/neu is slow to

recycle back to the cell surface.
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Figure 3.1. Cell association of liposomes with BT-474 ATCC cells as a
function of lipid concentration and temperature. (A) SIL[anti-HER2/neu],
70.4 pg mAb/umol PL; (m) SL. Liposomes were labeled with [3H]CHE and were
composed of either HSPC:CHOL:mPEG:Mal-PEG (2:1:0.08:0.02) for
immunoliposomes or HSPC:CHOL:mPEG (2:1:0.1) for non-targeted liposomes.
Liposomes were incubated with 1.0 x 106 BT-474 ATCC cells for 1 h in FACS
tubes, after which the cells were washed with cold PBS to remove the unbound
liposomes. Data are expressed as pmoles PL/1.0 x 106 cells. Each point is an
average of 3 replicates + S.D. (A), 4 °C; (B), 37 °C.
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The in vitro cytotoxicity results for DXR-SL, DXR-SIL[anti-HER2/neu],
free DXR and free anti-HER2/neu are presented in Figure 3.2. The ICsy against
the BT-474 ATCC cell line for free DXR, SIL[anti-HER2/neu] and SL were 13.8,
65.4 and 793 ng/ml, respectively. The free antibody had no cytotoxicity, which
was expected in an in vitro setting since it has been shown that the free antibody
requires the presence of cytokines to exert cytotoxic effects (155). It was expected
that the targeted liposomal formulation would be more cytotoxic than the non-
targeted liposomal formulation in vitro since the liposome composition is one with
very slow rates of drug leakage. Since drug has to be released from liposomes to
have an effect, non-targeted liposomes will have very little cytotoxicity during the
1 h drug incubation period. In contrast, the targeted liposomes will bind to the
target cells and the subsequent internalization of the liposome drug package by the
cells will allow a large drug payload to be delivered internally into the cells.
Intracellular release of this large payload from the lysosomal apparatus over the
subsequent 96 h incubation time will lead to increased levels of cytotoxicity

relative to non-targeted liposomes.
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Figure 3.2. Cytotoxicity of various DXR-containing formulations against BT-
474 ATCC cells. BT-474 ATCC cells (4.0 x 10* cells/well) were plated in 96-
well plates and permitted to adhere overnight. The following day cells were
incubated for 1 h in DMEM without fetal bovine serum (FBS) with increasing
concentrations of (A), free DXR; (B), DXR-SL; (C), DXR-SIL[anti-HER2/neu],
74 pg Ab/ umol PL; and (D), free anti-HER2/neu, at antibody concentrations
comparable to amount of coupled antibody. Cells were then washed 3 x with
DMEM, and incubated with fresh medium containing FBS for a further 95 h, and

aMTT a

ssay was performed.
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Figure 3.3A and 3.3B show levels of total tumor DXR and DXR levels in
nuclei after mice were injected with either 9 mg/kg F5-Doxil® or Doxil®,
respectively. Mice receiving F5-Doxil® had significantly higher accumulations of
total DXR (1.8-fold higher) in tumors over 7 d than mice receiving Doxil® (p <
0.01). Total tumor DXR levels for both formulations appeared to reach Cy,,x 24 h
after injection. Nuclear levels of DXR reached C,,x 24 h after injection with
Doxil® but seem to be sustained over 168 h after injection with F5-Doxil®,
although inter-animal variability makes this difficult to estimate. The percent of
bioavailable DXR in tumors of mice that received Doxil® was 46%, which is
similar to results obtained recently in a murine 4T1 breast cancer model (Chapter
2), although total and nuclear tumor uptake into this model was considerably

lower than in the 4T1 model (140).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

111
104 B
5 L ™
] (=]
E £
= =3
ol el
o)) o
: :
a o
8 g
g g
o 1 L) L) T LA L) L] 0 1 L L) ¥ L] L) 1
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time (h) Time (h)
1
104 ©
5 9
E 8
e 7
o 6
E 5
S 4
o 3
g 2 Ammm e Yy
1
0

L} L] L} L L) L L 1 L L ¥ L}
0 2 4 6 8 1012 14 16 18 20 22 24
Time (h)

Figure 3.3. DXR concentrations in BT-474 M3CS5 tumors in mice receiving
F5-Doxil®, Doxil®, or free DXR . Female NCr nude mice were subcutaneoulsy
implanted with BT-474 mammary carcinoma and were injected with F5-Doxil®,
Doxil®, or free DXR at a DXR dose of 9 mg/kg when tumor volumes reached 200-
300 mm’. Total (solid line) and nuclear (dashed line) DXR levels were
determined following acidified isopropanol extraction. Data represent mean + SD

of triplicate aliquots from 3 mice per time point. (A), F5-Doxil®; (B), Doxil®; (C),
free DXR.
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Nuclear accumulation of DXR in mice administered F5-Doxil®, appeared to
be relatively constant over the 7 d that it was followed. Previously, our laboratory
has shown that liposomes, when internalized in vitro by tumor cells, are delivered
to the endocytotic pathway. Intracellular release of DXR and nuclear
accumulation is a slow process (71), taking several days. Therefore, it is not
surprising that tumor nuclear accumulation occurred up to 7 d after injection. As
expected, total tumor DXR levels were higher than nuclear levels of DXR when
F5-targeted liposomes were administered to mice (p < 0.001). In this experiment,
only 26% of the drug delivered to tumors with the F5-Doxil® formulation was
bioavailable.

The amount of total tumor and nuclear accumulation of free DXR was
measured up to 24 h after injection (Figure 3.3C). Total tumor Cy.x was reached
30 min after injection of 9 mg/kg free DXR. In this animal model of breast cancer
the Crax levels for free DXR and Doxil® were not significantly different (p>0.1).
In the 4T1 model (Chapter 2) the Cy,x of total DXR in tumors was 4-fold higher
for 9 mg/kg of Doxil® compared to a similar dose of free DXR(140). In addition,
there was significantly less total tumor accumulation and nuclear accumulation of
DXR over 7 d in the BT-474 tumors compared to the 4T1 tumors. In the 4T1
model, total tumor Cp,ay for Doxil® was ~4 times higher than Cp,x for free DXR,
and maximum tumor concentrations for Doxil® were 7-fold lower in the BT474
model than in the 4T1 model at the same DXR dose. One important difference

between the two models is the extent of vascularization of the tumor. The 4T1
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model is a well vascularized, whereas the BT-474 appears to be poorly
vascularized — this may account for the poor uptake of DXR into the BT-474
tumor.

In previous experiments in BT-474 tumor bearing mice, by Nielson et al., 3
weekly 1.v. injections of 5 mg/kg of F5-Doxil® resulted in significantly improved
tumor regression after 3 doses over mice receiving Doxil® (p=0.001) (83). In the
current study, there was no statistical difference in tumor volumes (p> 0.1)
between Doxil® and F5-Doxil® at 7 d post-injection after a single injection of
each, and there was no statistical difference in bioavailable amounts of drug in the
tumors (p> 0.1). Hence, the measurement of the amount of bioavailable drug in
BT-474 tumors should be extended in this model to include multiple injections.
Further experiments should also include combining measurements of bioavailable
drug levels in tumors with apoptotic assays. With multiple injections of a targeted
liposomal formulation not only may the amount of bioavailable drug in tumors be
different than after injections with an non-targeted formulation, but targeting
liposomes might alter the intracellular trafficking of the drug. This could result in
an increase in cytotoxic effects by mechanisms that take place in sites other than
the nucleus (i.e., mitochondria).

The ability to accurately quantitate bioavailable DXR in tumors and its
relation to therapeutic activity will be a valuable tool in attempts to optimize
liposomal formulations of anticancer drugs. Currently our lab and others are

working on targeted triggered release liposomes (102, 156, 157). Triggered
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release liposomes are designed to release their contents in response to an external
stimulus, such as a temperature or pH change. pH-sensitive liposomes, for
example, are formed from the non-bilayer phospholipid
dioleoylphosphatidylethanolamine, which is stabilized in the bilayer state with
PEG covalently attached to a lipid anchor via a pH-sensitive linker. The pH-
sensitive liposomes are targeted to cells via an antibody or ligand against an
internalizing receptor and once the liposomes are internalized into the lysosomal
apparatus of the target cells, the enzyme rich, acidic environment will cleave the
pH-sensitive linker and the liposomes will destabilize, releasing their drug.
Triggered release formulations, such as pH-sensitive liposomes, should help to
overcome the problem of slow release of entrapped drugs from liposomes after
their receptor-mediated internalization and lead to enhanced therapeutic activity.
In summary, methods for quantitating the amount of bioavailable drug
delivered to tumor cells or other target cell populations will aid in the development
of improved liposomal formulations. It has been over 10 years since the last
liposomal formulation was approved for clinical use, and the preclinical
development of new improved liposomal formulations has been extensive. The
ability to correlate therapeutic efficacy with a concrete measurement of cytotoxic

drug in tumors may further help liposomal formulations be candidates for future

clinical applications.
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Table 3.1. Comparison of tumor pharmacokinetics of liposomal formulations of DXR. Tumor levels of total DXR and
nuclear DXR were determined in mice bearing subcutaneously implanted BT-474 M3C5 mammary tumors, following
administration of 9 mg/kg DXR as free DXR, Doxil® or F5-Doxil®. Area under the time versus concentration curves are
AUC,. 74 for liposomal DXR formulations and AUCy.4 1, for free DXR. All parameters were determined using WinNonLin
software.

Formulation Doxil® F5-Doxil® Free DXR
Total Nuclear Total Nuclear Total Nuclear

AUC (peq h/g tumor) 512 234 938 241 55 41

% Bioavailable 46% 26% 74%

Cmax (neq DXR/g tumor) 4.1 2.4 8.7 2.2 3.1 1.8
Tinax (hr) 24 24 24 168 0.5 24
tis (hr) 189 ND 106 ND 75 ND
MRT (hr) 80 ND 73 ND 12 ND
Clearance (g/hr/kg) 7.7 ND 6.1 ND 30.3 ND

ND = no value determinable by the PK program
AUC = area under the curve, Cy,,x = maximum drug concentration, MRT = mean residence time, t;, = half-life, Tmax = time to
maximum drug concentration, peq = pequivalents
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CHAPTER 4'
Liposomes targeted via two different antibodies: Assay, B-cell binding and
cytotoxicity
Laginha, K., Mumbengegwi, D., and Allen T. M. Biochim. Biophys. Acta, /711: 25-32,

2005

T All experimental work completed in this Chapter was performed by K. Laginha, except that D.
Mumbengegwi helped with one of the binding studies.
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4.1. Abstract

The selective toxicity of anticancer drugs can be improved with the use of
antibody-targeted liposomes. We hypothesize that liposomes targeted via
antibodies against two or more receptor populations will increase the apparent
receptor density on the target cells, resulting in improved therapeutic effects. A
fluorescent assay was developed, using the fluorophores Alexa Fluor® 350 and
532 to label monoclonal antibodies (mAb), and used to quantitate two different
mAb populations coupled to the same liposome surface to within = 10% of the
values obtained with radiolabeled antibody (‘*°I) tracers. The binding and uptake
of targeted liposomes by B lymphoma (Namalwa) cells was examined for either
individual populations of anti-CD19-targeted or anti-CD20-targeted liposomes,
mixed populations (1:1) of anti-CD19-targeted liposomes plus anti-CD20-targeted
liposomes, and dual-targeted liposomes, i.e., equal amount of both anti-CD19 and
anti-CD20 on the same liposomes. At similar antibody densities, binding and
uptake of the dual-targeted liposomes was greater than that of either individually
targeted liposomes alone, and showed additivity. At the same total lipid and
antibody densities, 1:1 mixtures of individually targeted liposomes gave similar
results to dual-targeted liposomes. Cytotoxicity was also additive, with DXR-
loaded dual-targeted liposomes having approximately double the cytotoxicity of

1:1 mixtures of individually targeted liposomes.
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4.2. Introduction

The lack of selectivity of anticancer drugs such as doxorubicin (DXR) leads
to dose-limiting toxicities in vivo. Liposomal drug delivery systems have
improved the selective toxicity of DXR by altering the pharmacokinetics and
biodistribution of the drug. Associating drugs with liposomes enhances their
localization to solid tumours through a passive targeting mechanism, which takes
advantage of the enhanced vascular permeability and impaired lymphatic drainage
in growing tumors; this phenomenon has been termed the enhanced permeability
and retention (EPR) effect (35, 125). Several liposomal anticancer formulations
have received clinical approval and many more are currently in clinical trials
(158).

Currently, there is considerable interest in the use of ligand-targeted
therapeutics, e.g., immunoliposomes, to increase the selectivity toxicity of
anticancer drugs (59, 159). Immunoliposomes have monoclonal antibodies or
antibody fragments coupled to their surface, which causes the liposomes to bind
selectively to antigens or receptors that are either uniquely expressed or over-
expressed on cancer cells, leading to increased drug delivery to the target cells (65,
73, 84, 135, 160-162). Cell surface antigen density has been shown to be an
important factor in the efficacy of immunoliposomal therapy (135). The higher
the antigen density, the greater the therapeutic effect of anti-HER2-targeted
liposomal DXR (135). Since, in a clinical setting, it is not possible to alter antigen

densities, we hypothesized that the antigen density can be artificially increased by
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targeting to two or more antigen populations on target cells. This increase in the
apparent antigen density will, we hypothesize, result in the delivery of more drug
to the target cells, resulting in increased therapeutic effects. We further
hypothesize that immunoliposomal drugs, targeted with two or more populations
of antibodies on the liposomal surface, may be useful in delivering drug to a
higher percentage of cells in tumor cell populations that have a heterogeneous
expression of cell surface antigens. As well, activation of two or more cell surface
antigens may lead to synergistic cytotoxic responses by engaging two or more
mechanisms of cell kill. We have begun to test these hypotheses in the human B-
cell lymphoma cell line, Namalwa, which expresses numerous cell surface
antigens, such as CD19, CD20 and CD22.

In this paper, we have devised a fluorescent assay to quantitate two or more
antibodies coupled to liposomal surfaces. This was necessary since it was difficult
to find two or more non-overlapping radioactive tracers that could be easily and
economically used for quantitation of multiple antibodies. In addition, the use of
fluorescent tracers is safer than using radioactivity. Two different fluorophores
with non-overlapping spectra, Alexa Fluor® 350 and Alexa Fluor® 532 were
coupled to anti-CD19 and anti-CD20, respectively, to be used as tracers to
quantitate anti-CD19 and/or anti-CD20 coupled to immunoliposomes.
Subsequently, the binding and uptake of the various immunoliposomal
populations was studied using the Namalwa cell line, and the cytotoxicity of

DXR-loaded immunoliposomes was examined in the same cell line.
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4.3. Methods and materials

4.3.1. Materials

Hydrogenated soy phosphatidylcholine (HSPC), and, methoxy poly(ethylene
glycol) (M; 2000) covalently linked to distearoylphosphatidylethanoloamine
(mPEG3000-DSPE) were generous gifts of ALZA Pharmaceuticals, Inc. (Mountain
View, CA). Cholesterol (CHOL) was purchased from Avanti Polar Lipids
(Alabaster, AL). Maleimide-derivatized PEG;¢00-DSPE (Mal-PEG-DSPE) was
custom synthesized by Nektar Therapeutics, Inc. (Huntsville, AL). Chol-[1,2-3 H-
(N)]hexadecyl ether ([*HJCHE, 1.48-2.22 TBg/mmol), and '*’I-Nal (185 MBq)
were purchased from PerkinElmer Life Sciences (Woodbridge, Ontario, Canada).
Bio-Rad Protein Assay Reagent was purchased from Bio-Rad Laboratories
(Mississauga, Ontario, Canada). Alexa Fluor® 350 carboxylic acid succinimidyl
ester and Alexa Fluor® 532 carboxylic acid succinimidyl ester were purchased
from Molecular Probes (Eugene, OR). 2-iminothiolane (Traut’s Reagent),
polyclonal sheep IgG, and 3-(4,5-dimethyltiazol-2-1y)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma Chemical Co. (St. Louis, MO). Anti-
CD20 (Rituxan) was purchased from University of Alberta Hospital Pharmacy
(Edmonton, Alberta, Canada). Nuclepore polycarbonate membranes (pore sizes,
0.4,0.2, 0.1, and 0.08 um) were purchased from Northern Lipids (Vancouver,
British Columbia, Canada). Sephadex G-50, Sepharose CL-4B and Aqueous
Counting Scintillant (ACS) were purchased from Amersham Biosciences (Baie

d’Urfe, Quebec, Canada). RPMI 1640, penicillin-streptomycin, and fetal bovine
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serum were obtained from Invitrogen (Burlington, Ontario, Canada). All other

chemicals were of the highest grade possible.

4.3.2. Antibodies and cell line

The murine IgG;, monoclonal anti-CD19 antibody (mAb) was produced
from the FMC63 murine hybridoma (from Dr. H. Zola, Children’s Health
Research Institute, Adelaide, Australia) and purified as previously described (94).
A chimeric IgG1 monoclonal antibody, Rituxan, was used for anti-CD20. The
human Burkitt’s lymphoma cell line Namalwa (ATCC CRL 1432) was cultured in
suspension in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum,
penicillin G (100 units/ml), streptomycin sulphate (100 pg/ml) and L-glutamine
(0.292 mg/ml) in a humidified 37 °C incubator with a 5% CO, atmosphere. Cell
surface expression of CD19 and CD20 by Namalwa cells was determined, as
previously described, using single-color flow cytometry (122). Briefly, the
Namalwa cells (1 x 106) were stained with primary mAb (anti-CD19 or anti-
CD20) followed by a secondary anti-mouse-FITC IgG. Cell-associated
fluorescence was analyzed on a Becton Dickinson FACScan using Lysis II

software (Becton Dickinson, San Jose, CA) (122)

4.3.3. Preparation of liposomes

Non-targeted PEGylated (Stealth®) liposomes (SL) for binding studies, or to
be loaded with DXR for cytotoxicity studies, were composed of

HSPC:CHOL:PEG-DSPE at a molar ratio of 2:1:0.10. PEGylated (Stealth)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

immunoliposomes (SIL) were composed of HSPC:CHOL:PEG-DSPE:Mal-PEG-
DSPE at a molar ratio of 2:1:0.08:0.02. The non-exchangeable, non-metabolized
lipid tracer [’H]CHE was added as a tracer to quantitate phospholipids. A lipid
mixture of chloroform stocks was prepared and dried to form a thin film using a
rotovaporator; then placed in a vacuum overnight. The lipid films were hydrated
at a concentration of 10-30 mM phospholipid (PL) in HEPES-buffered saline
(HBS, 25mM HEPES, 140 mM NaCl, pH 7.4). Hydrated liposomes were
extruded sequentially at 65 °C through a series of polycarbonate filters with pore
sizes ranging from 0.4 pm down to 0.08 pm. Liposome diameters were
determined to be 100+ 20 nm using a Brookhaven BI-90 particle sizer
(Brookhaven Instruments, Holtsville, NY). Alternatively DXR was loaded into

liposomes using an ammonium sulphate gradient (51).

4.3.4. Preparation and assay of immunoliposomes

Aliquots of antibodies were labeled with either Alexa Fluor® 350 carboxylic
acid succinimidyl ester or Alexa Fluor® 532 carboxylic acid succinimidyl ester
according to the manufacturers’ instructions. Other aliquots were labeled with 121
using Iodobeads purchased from Pierce Biotechnology Inc (Rockford, Illinois).
Sheep IgG (used as an inexpensive antibody for developing methods), anti-CD19
(internalizing mAb) or anti-CD20 (non-internalizing mAb) were coupled to the
terminus of Mal-PEG-DSPE using the coupling method previously described (80).
Trace amounts of antibodies, labeled with either of the Alexa Fluor® dyes or with

1251, were added to the unlabeled antibodies prior to thiolation. Antibodies (10
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mg/ml) were thiolated with Traut’s reagent at a ratio of Traut’s:IgG of 20:1
(mol/mol) in degassed HBS (pH 8.0) for 1 h; unreacted Traut’s reagent was
removed by chromatography on a Sephadex G-50 column with degassed HBS (pH
7.4). Individual thiolated antibodies or a 1:1 mixture of thiolated antibodies were
immediately added to liposomes at an antibody:phospholipid molar ratio of 1000:1
and incubated overnight at room temperature with continuous stirring.
Unconjugated antibody was removed by chromatography on a Sepharose CL-4B
column in HBS (pH 7.4).

The concentrations of individual antibodies, labeled with '*°[, were
determined from the specific activity of the radioactive tracer, following coupling
to liposomes. Concentrations of individual antibodies, or mixtures of antibodies,
labeled with either of the Alexa Fluor® tracers, were determined from their
fluorescence yields compared to a standard curve. Non-labeled liposomes, at a
comparable lipid concentration, were added to the standards to control for
liposome light scattering in samples.

In order to determine if measurement artifacts might occur due to overlaps in
their fluorescent spectra, fluorescence resonance energy transfer between
antibodies labeled with Alexa Fluor® 350 (Aex: 346 nm, Aep: 442 nm) and Alexa
Fluor® 532 (hex: 530 nm, Aem: 554 nm) was determined. Standard curves were
prepared with sheep IgG (10 mg/ml) labeled with either Alexa Fluor® 350 or
Alexa Fluor® 532 or combinations of the two fluors. There were no statistical

differences between the standard curves, indicating a lack of interference between
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the two fluors. Because fluorescence quenching depends on of the distance (R%
between the two fluors, the possibility of fluorescence self-quenching between
fluor-labeled sheep IgG was examined as a function of antibody density.
Fluorescence emissions were measured on a SLM-AMINCO 8100 Series 2
Spectrometer (Spectronic Instruments Inc., Rochester NY) at densities of 50, 100,
and 150 pg sheep IgG/umol PL before and after the addition of 10 % (v/v) Triton

X-100 to solublize the liposomes. The results indicated no self-quenching of

either fluor in this density range.

4.3.5. In vitro immunoliposomes binding and uptake

Binding experiments were performed at both 37°C and 4°C (permissive and
non-permissive for internalization, respectively) as previously described (84).
Briefly, non-targeted liposomes (SL) or targeted liposomes (SIL{anti-CD19],
SIL[anti-CD20], SIL[anti-CD19] + SIL[anti-CD20], or SIL[anti-CD19 + anti-
CD20]) were prepared with 74 kBq of [°'H]CHE label per pmol of PL. Liposomes
were incubated with 1 x 10° Namalwa cells in the exponential growth phase at
different phospholipid concentrations for 1 h at either 37°C or 4°C. Cells were
then washed to remove unbound liposomes, and the amount of [°"H]CHE was
determined by scintillation counting in a Beckman LS-6800 scintillation counter.
Cell association (pmol PL/10° cells) was calculated from the specific activity of
the liposomes. Specific binding was determined by subtracting non-specific

binding of SL from the total binding of SIL.
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4.3.6. In vitro cytotoxicity studies

Cytotoxicity of DXR-loaded liposomes, either non-targeted (DXR-SL) or
targeted (DXR-SIL[anti-CD19], DXR-SIL[anti-CD20], DXR-SIL[anti-CD19] +
DXR-SIL[anti-CD20] or DXR-SIL[anti-CD19 + anti-CD20]), was determined for
Namalwa cells using the MTT dye reduction assay (153). Briefly, 5.0 x 10°
cells/well were plated in 96-well plates and incubated at 37°C for 1 h with DXR-
loaded liposome formulations. The cells were then washed and incubated for an
additional 48 h before cell viability was assessed. Results are expressed as ICsy,
which was obtained graphically using Graphpad Prism version 3.0 (GraphPad

Software, Inc., San Diego CA).

4.3.7. Statistical analysis

Statistical comparisons were performed using analysis of the variance
(ANOVA) with a Tukey-Kramer post-test with Graph Pad Instat Version 3.01 for
Windows 95/NT (GraphPad Software, Inc., San Diego CA).

4.4. Results

Alexa Fluor® 350 and Alexa Fluor® 532 have non-overlapping excitation
and emission spectra and do not undergo fluorescence resonance energy transfer
(1.e., distance-dependent interaction between the electronic excited states of two
dye molecules, in which excitation is transferred from a donor molecule to an
acceptor molecule without the emission of a photon) (163). Standard curves,
prepared with sheep IgG labeled with either fluor alone, or with 1:1 mixtures of

sheep IgG labeled with either fluor, gave curves that were not statistically different
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(p > 0.1), confirming that no fluorescence interference occurred between these dye
pairs. Nor did either of the Alexa Fluor® dyes self-quench (i.e., fluorescence
emission from one molecule absorbed by an adjacent molecule of the same fluor)
when labeled antibodies were coupled to liposomes within the range of antibody
densities normally employed. Fluorescence emission signals of coupled
antibodies were measured before and after the addition of the detergent Triton X-
100, which solubilized the liposomes and dispersed the label. Antibody densities
from 50-150 pg Ab / umol PL resulted in fluorescence signals that were the same
before and after the addition of Triton X-100 (p > 0.1), confirming that self-

quenching was not a problem in this density range.

4.4.1. Fluorescence assay for quantifying coupled antibodies

Levels of sheep IgG coupled to liposomes were determined with sheep IgG
that was labeled with Alexa Fluor® 350, Alexa Fluor® 532, or 1251 The results
were very similar (73.3+1.2,73.0+2.6 or 66.3 + 1.2 pg Ab/umol PL,
respectively). As well, anti-CD20 and anti-CD19 were labelled with Alexa Fluor
350 and Alexa Fluor 532, respectively, and both populations of antibodies were
coupled to liposomes at a 1:1 ratio in the presence of a trace amount of '*’I-labeled
anti-CD20. The results showed that equal amounts of each antibody bound to the
liposomes; the values for anti-CD20 and anti-CD19 from fluorescent analysis
were 48.5 £ 6.5 and 51.5 + 6.6 pg Ab/pmol PL, respectively. This is comparable
to the value for anti-CD20 of 45.9 £ 2.2 pg Ab / umol PL obtained in the same

liposomes using a radiolabeled marker.
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4.4.2. Binding and uptake of immunoliposomes

The ["H]-CHE counts associated with Namalwa cells at 4°C measure binding
of antibody-targeted liposomes to cell surface antigens, and at 37°C the counts
measure a combination of binding and receptor-mediated internalization of
SIL[anti-CD19]. SIL[anti-CD20] are not internalized (122), so the counts for this
antibody, measure surface binding at both temperatures. Binding and uptake of
SIL[anti-CD19], SIL[anti-CD20], SIL[anti-CD19] + SIL[anti-CD20], or SIL[anti-
CD19 + anti-CD20] were compared. Several factors need to be considered in
designing these experiments; these include the concentration of lipid in each
liposome population, the antibody density for each liposome population, the total

liposome concentration and the total antibody concentration (Fig. 4.1).
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Figure 4.1. Single-targeted immunoliposomes, dual-targeted
immunoliposomes and combination of single-targeted immunoliposomes
binding to Namalwa cells. 1. SIL[anti-CD19]. 2. SIL[anti-CD20] 3. 50:50
mixtures of SIL[anti-CD19] and SIL[anti-CD20]. In the example, the individual
antibody concentrations are the same as in 1 and 2, but the liposome concentration
is double that in either 1 or 2. 4. 50:50 mixtures of SIL[anti-CD19] and SIL[anti-
CD20], with the same antibody concentration, antibody density and liposome
concentration as in 1 and 2. 5. SIL[anti-CD19 + anti-CD20], in which the
individual antibody concentrations and the total liposome concentration are the
same as in 1 and 2, but the antibody density is double that in either 1 or 2. 6.
SIL[anti-CD19 + anti-CD20] at the same total antibody concentration and
antibody density for the individual antibodies as in 1 and 2, but the total lipid
concentration is double that of either 1 or 2. 7. Dual-targeted liposomes, with the

same antibody concentration, antibody density and liposome concentration as in 1
and 2.
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Specific cellular association was determined by subtracting the non-specific
absorption of SL from the binding/uptake of SIL. Binding experiments at 4°C
showed no significant difference between SIL[anti-CD19] and SIL[anti-CD20]
(Fig. 4.2A). At 37°C, SIL[anti-CD19] showed higher binding and uptake than
SIL[anti-CD20] (Fig 4.2B); this is most likely due to receptor-mediated
endocytosis and recycling of theCD19 antigen back to the cell surface where it
can participate in further binding and internalization (84). At both 4°C and 37°C,
mixtures of two separate populations of liposomes showed an additive effect (Fig.
4.1-4). Dual-targeted immunoliposomes with anti-CD19 and anti-CD20 densities
between 32-44 pg Ab/umol PL each (total antibody density of approximately
double the individual populations, as in Fig. 4.1-5), were subadditive (Fig.
4.2A,B). Another set of binding and uptake experiments was performed using
SIL[anti-CD19 + anti-CD20] having total antibody and liposome concentrations
that were equivalent to those that would occur when individuals populations of
SIL[anti-CD19] and SIL[anti-CD20] were combined (Fig. 4.1-7). In these
experiments there was no statistical differences between binding and uptake of
SIL[anti-CD19] + SIL[anti-CD20] versus that of SIL[anti-CD19 + anti-CD20]

(Fig. 4.3).
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Figure 4.2. Specific cell association of immunoliposomes with Namalwa cells
as a function of lipid concentration and temperature. (A) 4°C; (B) 37°C. (A)
SIL[anti-CD19], 41 pg/umol PL; (m) SIL[anti-CD20], 45 pg/umol PL; (V) 50:50
mixtures of SIL[anti-CD19] + SIL[anti-CD20]; (¢) SIL[anti-CD19 + anti-CD20],
44 pg anti-CD19/umol PL and 32 pg anti-CD20/pmol PL (total antibody density
of approximately double that of the individual immunoliposome populations as in
Fig. 4.1-5), compared at the same total liposome concentrations; (*) represents the
theoretical line for additive effects at the same total liposome concentration (Fig.
4.1-4). Liposomes were labeled with [3H]CHE and were composed of
HSPC:CHOL:mPEG-DSPE:Mal-PEG-DSPE (2:1:0.06:0.02). They were
incubated with 1 x 106 Namalwa cells for 1 h, after which the cells were washed
with cold PBS to remove the unbound liposomes. Data are expressed as pmoles

PL/106 cells. Each point is an average of 3 replicates £ S.D from one
representative experiment.
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Figure 4.3. Specific cell association of immunoliposomes with Namalwa cells
as a function of lipid concentration and temperature. (A) 4°C; (B) 37°C. (m)
SIL[anti-CD19] + SIL[anti-CD20], 61 pg anti-CD19/pmol PL and 48 pg anti-
CD20/umol PL; (A) SIL[anti-CD19+ anti-CD20], 38 ug anti-CD19/umol PL and

30 pg anti-CD20/umol PL (Fig. 4.1-7). The experimental protocol was as in Fig.
4.2 caption.
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4.4.3. In vitro cytotoxicity

‘The in vitro 1Csg values for DXR-SL, DXR-SIL[anti-CD19], DXR-SIL[anti-
CD20], DXR-SIL[anti-CD19] + DXR-SIL[anti-CD20], and DXR-SIL[anti-CD19
+ anti-CD20] are presented in Table 4.1. All DXR-loaded targeted
immunoliposomes were significantly more cytotoxic to Namalwa cells than DXR-
SL, for a 1 h incubation time. DXR-SIL[anti-CD19 + anti-CD20] had ICss that

were approximately half those of the individual liposome populations.
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Table 4.1. Cytotoxicity of liposomal doxorubicin formulations against
Namalwa cells. Namalwa cells (5 x 10* cells/well) were plated in 96-well plates
and incubated with increasing concentrations of liposomal DXR, and various
targeted-liposomal formulations for 1 h. Cells were then washed 3 times with PBS
and incubated with fresh medium for a further 47 h, and a MTT assay was
performed. Antibody concentrations of anti-CD19 and anti-CD20 on liposomes
were as follows: DXR-SIL[anti-CD19], 60-65 mg mAb/mmol PL; DXR-SIL[anti-
CD20], 39-51 mg mAb/mmol PL; DXR-SIL[anti-CD19], 56 mg mAb/mmol PL +
DXR-SIL[anti-CD20], 55 mg mAb/mmol PL; DXR-SIL[anti-CD19 + anti-CD20],
25-30 mg anti-CD19/mmol PL and 24-26 mg anti-CD20 /mmol PL (Fig. 4.1-7).

Formulation ICsp, 1hr (uM DXR)
DXR-SL 30.5
DXR-SIL[anti-CD19] 5.2,3.0
DXR-SIL[anti-CD20] 1.9,5.5
DXR-SIL[[anti-CD19] + [anti-CD20] 2.3
DXR-SIL[anti-CD19 + anti-CD20] 2.0,2.0
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4.5. Discussion

In this paper, we developed a fluorescence assay to quantify different
populations of antibodies coupled to the same population of liposomes. The
ability to assess antibody densities on liposomes by fluorescence has advantages
over radioactive labels and it also allows one to distinguish and quantify two or
more antibodies on the liposomal surface. The fluorescence labels, Alexa Fluor®
350 (Aex: 346 nm, Aeny: 442 nm) and Alexa Fluor® 532 (Aex: 530 nm, Aem: 554 nm),
were carefully chosen to have non-overlapping fluorescence spectra. As well,
their spectra do not overlap with the excitation and emission wavelengths of the
drug DXR (Aex: 470 nm, Aery: 590 nm), which was used in cytotoxicity studies

The ability to quantitate two different antibodies coupled to the same
liposomes enabled us to test the hypothesis that dual-targeting of liposomes would
increase the binding, uptake and cytotoxicity of immunoliposomes compared to
single-targeted immunoliposomes due to an increased apparent receptor density.
Binding and uptake experiments showed that when dual-coupled liposomes
(SIL[anti-CD19 + anti-CD20]) were targeted at the same total antibody and lipid
concentrations as two individual sets of single-targeted immunoliposomes, either
(SIL[anti-CD19] or SIL[anti-CD20]), an additive response was obtained, which
was similar in magnitude to that obtained with a 1:1 mixture of SIL[anti-CD19] +
SIL[anti-CD20]. The total antibody concentration of anti-CD19 and anti-CD20 on
dual-targeted liposomes was, in this instance, designed to be equivalent to that on

a single antibody-targeted immunoliposome. In other words, the density of each
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antibody was half that of the antibody density on individual sets of single
antibody-targeted immunoliposomes (Fig. 4.1-7 vs. 4.1-1 or 4.1-2).

When we investigated dual-targeted immunoliposomes with antibody
densities for anti-CD19 and anti-CD20 that were the same as that on single
antibody-targeted immunoliposomes (i.e., double the antibody density on
individual populations of single-targeted liposomes, as in Fig. 4.1-5), an additive
response was expected. However, we obtained sub-additive binding and uptake.
At high antibody densities, there may be steric hindrance of binding. These
experiments show the importance of considering the antibody and liposome
concentrations when interpreting the experimental results.

In vitro cytotoxicity studies revealed that DXR-SIL[anti-CD19] or DXR-
SIL[anti-CD20] have similar cytotoxic profiles after a 1 h incubation. However,
the cytotoxicities for each are likely due to different mechanisms of action. The
cytotoxicity of DXR-SIL[anti-CD20], directed against a non-internalizing antigen,
1s most likely due to DXR being released from liposomes bound to the cell surface
and uptake of the free drug into the target cell. In vivo, drug released from these
liposomes would be redistributed away from the target cells, but in cell culture, the
drug will be rapidly taken up into the cells. CD19 is an internalizing receptor, by
contrast, and the cytotoxicity of DXR-SIL[anti-CD19] is most likely attributable
to receptor-mediated endocytosis of the liposomes followed by slow breakdown of
the liposomes in the lysosomal apparatus and subsequent intracellular trafficking

of the released drug. In vivo, we have demonstrated this mechanism leads to
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improved therapeutic effects over those seen for a non-internalizing antibody, but
in vitro the cytotoxicity is equivalent (122). Dual-targeted liposomes were slightly
more cytotoxic in vitro than single-targeted liposomes.

Recently, the therapeutic effects of liposomal vincristine (VCR) or DXR,
targeted with either anti-CD19 or anti-CD20 or 1:1 mixtures of each, were
investigated in severe combined immunodefficient (SCID) mice injected with
Namalwa cells (73). Results showed that 1:1 mixtures of two separate populations
of liposomes loaded with DXR, i.e., DXR-SIL[anti-CD19] and DXR-SIL[anti-
CD20], had no enhanced therapeutic effect over DXR-SIL[anti-CD19] on its own.
However, 1:1 mixtures of VCR-SIL[anti-CD19] and VCR-SIL[aCD20] had a
higher cure rate in mice then either set of targeted immunoliposomes alone. In
these experiments, the therapeutic effect of neither DXR-SIL[anti-CD19 + anti-
CD20] or VCR-SIL[anti-CD19 + anti-CD20] was examined, due to difficulties in
measuring the concentrations of each antibody population in dual-targeted
liposomes.

With the development of a fluorescent assay to quantitate two or more
populations of antibodies on liposomes, further experiments can now be carried
out. It is now possible to determine whether having two separate populations of
antibodies coupled to a single population of liposomes is more advantageous than
(or equivalent to) mixtures of two separate populations of liposomes, each coupled
to a different antibody. This will enable us to test the hypothesis that the

interaction of two different antibodies on the same liposome with two different
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antigen sites in close proximity on the same cell may lead to synergistic
cytotoxicity, by simultaneously engaging two or more additive or synergistic
mechanisms of cell kill. In an in vivo setting, dual-targeted liposomes may also
behave in a manner similar to bispecific antibodies with one antibody binding to
target cells while unattached antibodies recruit effector cells or molecules that can
effectively kill the tumor cells. Steric hindrance is also likely to be less of a factor
for dual-targeted liposomes in vivo as the greater apparent receptor density may
increase association of liposomes with cells through increased avidity in a non-
static environment. In an in vivo setting, there may be added benefits of targeting
two antigens by the same liposome that are impossible to predict with in vitro
studies.

Survival studies comparing the therapeutic efficacy of dual-targeted
immunoliposomes to single-targeted liposomes or mixtures of single-targeted
liposomes are warranted. As well, survival studies, similar to those performed
previously (73), could be performed with dual-targeted immunoliposomes loaded
with different cytotoxic drugs. If the advantages of dual-targeted liposomes over
single-targeted liposomes are slight, then consideration also has to be given to
issues surrounding the manufacturing and regulatory approval of one versus the
other. From the manufacturing point of view, the preparation of dual-targeted
liposomes is no more complex than manufacturing single-targeted liposomes.
From the therapeutic perspective, one gains the possibility of synergistic

interactions with the appropriate choice of dual-targeted liposomes, but one loses
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the simplicity of being able to mix and match a combination of various (approved)
populations of single-targeted liposomes to suit individual patient disease profiles
(93). Further experiments will be necessary to determine if there are substantial

advantages of one approach over the other.
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CHAPTER 5

Summarizing discussion
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The aim of the research described in this thesis was to develop and evaluate
methodologies that may lead to improvements in the design and formulation of
liposomal drugs. Three areas were explored: 1) Development of a method to
quantitate the amount of total and bioavailable DXR from liposomal DXR in
murine breast cancer tumors and correlation of the results with therapeutic activity
of liposomal DXR against murine breast cancer. 2) Use of the methodology
developed in 1) to compare the amount of total and bioavailable DXR from non-
targeted and anti-HER2/neu-targeted liposomal DXR in xenograft models of
HER2/neu overexpressing breast cancer. 3) Development and evaluation of
methodologies to increase the apparent antigen density of target cells by attaching
different antibodies to individual liposomes. As part of this latter project, methods
for measuring the levels of more than one type of antibody attached to the same
liposome were also developed.

In the liposome field, it is widely appreciated that direct measurement of the
amount of biologically active drug at the site of drug action would be an asset in
assisting with the design of improved liposomal drug therapies. For conventional
chemotherapy, the issue of bioavailability is less problematic since the drug does
not have to escape from a carrier to be bioavailable. Since drug carriers alter the
pharmacokinetics and biodistribution of their entrapped drugs, they are considered
by the FDA to be new drugs. During the clinical development process for new

drugs, the FDA requires that pharmacokinetics and bioavailability be evaluated,
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and an assay that can directly measure drug bioavailability would be
advantageous.

In Chapter 2 and 2A we examined the difference in levels of bioavailable
DXR in tumors when tumor-bearing mice were treated with either the clinically
approved liposomal DXR formulation, Doxil®, a leaky liposomal formulation of
DXR composed of DOPC:CHOL:mPEG-DSPE, or free DXR. It is intuitive that
altering the rate of drug release from liposomes might have an effect on
therapeutic activity, depending on the properties of the encapsulated drug. Doxil®
has a very slow rate of drug leakage in vivo with a t;; of 315 h. When DXR-
loaded liposomes extravasate into the tumor interstitial space, cytotoxic effects of
DXR are determined by the amount of drug that is released from the carrier. We
found that with a leakier liposomal formulation, less total drug and less
bioavailable drug was in the tumors compared to Doxil®. This resulted in only a
slight delay in tumor growth compared to free DXR, whereas Doxil® substantially
delayed tumor growth compared to free DXR in the 4T1 murine mammary
carcinoma model. The amount of biologically active DXR delivered by the leaky
liposomal formulation was sub-optimal.

When Doxil® was administered to mice at a dose of 9 mg /kg there was 45-
fold higher nuclear levels of drug in tumors compared to tumors from mice that
received the same dose of free DXR. With such a large increase in DXR in the
nucleus of tumor cells, you would expect to achieve close to curative therapy in

animals that received Doxil®. In the tumor growth delay experiments from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

Chapter 2A, mice that received 9 mg/kg of Doxil® did exhibit the greatest degree
of tumor growth delay, but the degree of increase in therapeutic effect was less
than might be expected from the 45-fold increase in nuclear DXR. Therefore,
other factors in addition to levels of nuclear DXR must play a role in the
therapeutic results.

In our experiments, perhaps not surprisingly, the therapeutic effect was also
correlated with total drug delivered to tumors. From the data it is possible to
calculate the amount of liposomal (non-released) drug plus released (non-nuclear)
drug from the data for total drug and nuclear drug. For example, if you take the
AUC .74 results obtained for nuclear levels of DXR in tumors after liposomal drug
delivery in Table 2.1 and subtract that amount from total drug delivered to tumors,
you get an amount of drug that is representative of drug remaining in the
liposomes plus drug that is released from the liposomes but not in the nucleus of
tumor cells. These values are presented in Table 5.1. Since DXR has cytotoxic
actions in subcellular organelles other than the nucleus, it is important to consider
these values in evaluating therapeutic activity. In Table 5.1, values obtained for
total tumor drug minus nuclear drug would also give us the same rank order of
tumor growth delay that we get when comparing the different nuclear levels of
drug for the 9 mg/kg dosages of Doxil®, DOPC-PLD and free DXR. It would be

interesting to see if this insight could extend to the model presented in Chapter 3.
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Table 5.1. Comparison between liposomal formulations of total liposomal
DXR and released, non-nuclear DXR. Nuclear levels of DXR calculated from
the area under the time concentration versus concentration curves (AUCy.; 4) in
4T1 tumors from Table 2.1 were subtracted from total tumor DXR AUC.7 4 levels.
This is representative of liposomal drug in tumors and bioavailable drug that is not
in the nucleus of tumor cells over the 7 d or 24 h time course of the experiment.

AUC (peq-h/g-tumor)
Formulation Total DXR | Nuclear DXR Total — nuclear DXR
Free DXR, 9 mg/kg 45.8 433 2.5
Doxil®, 9 mg/kg 3988 1970 2018
Doxil®, 16 mg/kg 5918 2444 3474
DOPC-PLD, 9 mg/kg 641 172 469
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In future studies, it may also be beneficial to combine measurements of
bioavailable drug in tumors with apoptotic assays. One of the main mechanisms
of action of chemotherapeutic drugs is by inducing apoptosis. Quantitating levels
bioavailable drug in tumors and correlating this with measurements of apoptosis,
e.g. caspase levels, may provide additional insights into designing drug delivery
formulations with appropriate release rates and drug dosing regimens. For
example, in the studies presented in Table 2.1 and Table 5.1, when 16 mg/kg of
Doxil® was administered to mice, total tumor DXR and nuclear DXR where
higher than in mice that were administered 9 mg/kg of Doxil®. According to the
therapeutic study done in Chapter 2A, administering 16 mg/kg of Doxil® to 4T1
tumor-bearing mice did not result in the greatest tumor growth delay. Indeed, the
mice in this group had to be euthanized due to severe toxic side-effects. If the
extent of apoptosis was quantified in these experiments, we may have seen no
increase in cytotoxic effects in tumors between the two different DXR dosages,
even though substantially more drug was in the tumors when a higher dose of
Doxil® was administered to mice.

Clearly overdosing with chemotherapy agents and drug delivery systems for
these agents must be avoided, in order to avoid dose-limiting toxicities. In
contrast, if the dose of drug is too low, there may be no therapeutic effects. The
combination of apoptosis and bioavailability assays may give more insight into

optimal dosing regimens.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



107

In Chapter 3, when F5-Doxil® was administered to mice bearing the BT-474
xenograft breast cancer model, there was a 2.5-fold increase in total tumor DXR,
but similar nuclear levels of DXR in tumors (Table 5.2) compared to mice that
received 9 mg/kg of Doxil®. This model is less sensitive to DXR than the 4T1
murine breast cancer model and administration of a single dose of DXR did not
lead to statistical difference in tumor volumes over the the 7 d time course of the
experiment. The F5 scFv targeting moiety was selected for its ability to trigger a
high rate of receptor-mediated endocytosis. Hence the intracellular distribution of
DXR will be different for the targeted and non-targeted liposomal formulations.
For non-targeted formulations, release of drug in the vicinity of tumor cells or
tumor-associated cells, such as endothelial cells or macrophages will lead to rapid,
non-selective, DXR uptake and rapid trafficking to cellular nuclei. For targeted
formulations, the drug package is internalized into the lysosomal pathway and
release of the drug from liposomes sequestered in endosomes or lysosomes must
occur before the drug can traffic to other intracellular organelles that are the site of
drug action. There is evidence that the process of release of DXR from
endosomes or lysosomes is a slow process (71), taking several days. Hence, it is
not surprising that nuclear uptake of DXR from targeted liposomes is not higher
than for non-targeted liposomes over the 7d time course of this experiment. A
therapeutic study in the BT-474 model using a single dose of either the targeted or
the non-targeted formulation would tells us if the 2.5-fold increase in total drug in

the tumor would result in increased anti-tumor activity.
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Therefore, the value presented in Table 5.2 for F5-Doxil®, which includes
liposomal drug plus free drug that is not in the nucleus of tumor cells may have a
greater impact on therapeutic activity if it represents actual drug within tumor
cells, opposed to drug from Doxil® that is most likely in the interstitial space of
tumors. In addition, further studies involving measuring the amount of total drug
and bioavailable drug in tumors after treatment with the two different liposomal
DXR formulations are warranted because another group has shown that F5-Doxil®
in multiple dosages is more therapeutically effective than Doxil® in this breast
cancer model (83). Quantifying total drug delivered to tumors, drug that is in the
nucleus of tumor cells, therapeutic activity and tumor distribution of the liposomes
may give additional insight into the therapeutic activity of F5-Doxil® in HER2/neu

overexpressing breast cancer models.
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DXR and released, non-nuclear, DXR. Nuclear levels of DXR, calculated from

the area under the time concentration versus concentration curves (AUCy.74) in

BT-474 M3C5 tumors from Table 3.1 were subtracted from total tumor DXR
AUC 4 levels. This is representative of liposomal drug in tumors and

bioavailable drug that is not in the nucleus of tumor cells over the 7 d or 24 h time
course of the experiment.

AUC (peq-h/g-tumor)
Formulation Total DXR | Nuclear DXR Total - nuclear DXR
Free DXR, 9 mg/kg 55 41 14
Doxil®, 9 mg/kg 512 234 278
F5-Doxil®, 9 mg/kg 938 241 697
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Doxorubicin had ideal properties for the development of an assay for
bioavailable drug in tumors. Its innate fluorescent properties made measurement
of drug levels simple (164). Further its strong binding to DNA resulted in our
being able to use tumor cell nuclei as a sink for determining bioavailable drug.
Hence, the bioavailability assay can easily be used by other researchers. Although
this assay was a good indicator for the therapeutic activity in the studies we
presented, further refinement is needed for a more accurate assessment of
bioavailable drug that includes both drug in the nucleus, and drug in other
intracellular organelles. Even through isolated nuclei result in a purer preparation
than other intracellular organelles, never-the-less, contamination of the nuclear
preparation with other organelles such as mitochondria, lysosomes, and plasma
membrane still occurred. We made the reasonable assumption that most or all of
the DXR would eventually end up in the nuclei, where strong DNA binding would
create a sink for the drug, but we recognized that DXR has cytotoxic actions in
other organelles. Other researchers have shown that only about 65-74% of free
DXR exposed to cells will traffic to the nucleus (152). Our measurements of total
minus nuclear drug may provide a measurement for drug that has affects in other
intracellular organelles.

In addition, DXR may accumulate in some of the cancer cells beyond levels
that are necessary for triggering apoptosis or for other types of cytotoxicity, or the
drug may accumulate in other types of cells such as tumor macrophages. This

may also account for therapeutic effects being not as great as the increase in
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nuclear levels of drug would suggest. This is also related to the focal
accumulation of liposomal drugs in tumors, compared to the more uniform
exposure of tumor cells to free drug. The distribution of liposomal drugs is non-
uniform, with cells in some parts of the tumor appearing to be exposed to high
levels of drug, but other cells appearing to receiving little or no drug (37, 165,
166). Even though the total nuclear levels of drug are 45-fold, this is averaged
over tumor cells that receive little or no drug and cells that receive excess drug.
Tumor cells that are not exposed to apoptotic levels of drug will continue to
contribute to the increase in tumor volume.

In discussing our results it is also helpful to consider concepts of exponential
growth and log-kill kinetics (167). It has been shown, in Chinese hamster ovary
cells, that greater than 60% of free DXR 1is intercalated into DNA within 20 min of
drug exposure in an in vitro setting, but cytotoxicity levels continued in an
exponential fashion well after maximum intracellular levels were reached (168).
Malignant cells undergo exponential growth, where the number of cells double
over a fixed unit of time. Chemotherapeutic drugs kill malignant cells in a log
fashion, in that treatment will reduce the number of exponentially growing
malignant cells by a log amount. This concept of log-kill kinetics is why most
chemotherapy treatments are given in repeated cycles. The more times malignant
cells are exposed to cytotoxic drugs, the greater the decrease in cell number,
hopefully leading to total cancer remission. This concept can be extended to the

studies presented in Chapter 2 of this thesis. We had substantially more total and
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bioavailable drug in 4T1 tumors when 9 mg/kg of Doxil® was administered to
tumor-bearing mice compared to 9 mg/kg of free DXR, which led to a substantial
delay in tumor growth for the liposomal drug. We may not have seen cures in
these mice because, with a single dose, the degree of log cell kill was low,
resulting in only a delay of exponential cell growth. This combined with focal
distribution of the drugs may explain why the tumor growth delay was not related
to the fold-increased in nuclear levels of DXR. Measurements of total tumor and
bioavailable drug in this study and the study presented in Chapter 3 with the BT-
474 xenograft breast cancer model would be interesting to compare with those for
mice received multiple doses of the different treatments.

Recently, a method has been devised using micellar electrokinetic capillary
chromatography with laser-induced fluorescence detection to measure the amount
of DXR in single nuclei without contamination of the sample with other organelles
(152). Although our method can be used to obtain a first approximation of the
relationship between therapeutic activity and total tumor and bioavailable drug in
tumors, a more accurate measurement may be useful when trying to develop a
liposomal formulation for clinical trials. This assay could also be extended to
examine the amount of DXR in other intracellular organelles in tumor cells since
DXR has cytotoxic effects in organelles other than the nucleus. Measurements of
nucleic drug and drug in different intracellular organelles would give a more

accurate assessment of bioavailable drug in tumors.
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In Chapter 4, we reported a method for increasing the apparent antigen
density on target cells and developed an assay that could accurately quantitate the
amount of two different antibodies coupled to the surface of liposomes. In vitro
results showed that liposomes targeted with both anti-CD19 and anti-CD20 had
additive cell binding to the Namalwa cell line. Although this work was never
continued in vivo, it would be interesting to see the results from such an
experiment. In an in vivo environment, not only could more bioavailable drug be
delivered to cancerous B-cells, but cell binding of the two different antibodies
coupled to the same liposome may result in synergistic cell signaling effects,
leading to greater cell kill.

From a clinical perspective, coupling antibodies to drug-loaded liposomes is
a promising strategy to increase the therapeutic activity of mAb therapy alone.
Doxil® has been shown to have increased anti-tumor effects and/or decreased side-
effects compared to free DXR in several solid tumors due to its ability to passively
target these tumors via the EPR effect. Coupling antibodies to the surface of
liposomal anticancer drugs may selectively target the liposomes to cancer cells
and promote their internalization, resulting in an even larger drug payload being
delivered to the cells. The therapeutic benefit has been clearly demonstrated in
mice using a combination treatment with separate populations of anti-CD19
liposomal VCR and anti-CD20 targeted liposomal VCR in an animal model of B-
cell lymphoma. Further studies should be designed in various animal models of

cancer 1n order to examine combinations of different antibody-targeted liposomes,
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containing the same or different drugs, or even liposomes targeted with two
different antibodies present on the same liposomal membrane (73). With the
success of single antibody-targeted liposomes in various cancer models, the
development of the fluorescence assay to quantitate two different antibodies on the
surface of liposomes lends itself well to future studies examining the effects of
combinations of targeted liposomes or dual-targeted liposomes in different cancer
models.

From a commercial aspect, it would be relatively simple to produce targeted-
liposomes on a large scale. A method devised in the Allen laboratory called post-
insertion, lends itself well to this type of application (93, 94). This method utilizes
antibodies that are coupled to PEG-DSPE micelles which can transfer in a time-
and temperature-dependent manner into the bilayer of preformed drug-loaded
liposomes. This method is currently being optimized in the large-scale production
of F5-Doxil® (78). With the therapeutic benefits of targeted liposomes having
been demonstrated in animal models of B-cell lymphoma and HER2/neu breast
cancer, and with the approval of free mAbs for treatment of these diseases
(Rituxan® and Herceptin®, respectively), clinical testing of targeted-liposomes
may be a realistic goal. Combination therapy is been a mainstay in cancer
chemotherapy for over 20 years and since many cancers overexpress more than
one cell surface receptor, e.g. B-cell lymphoma and CD19, CD20, CD22,
combinations of different drug-loaded liposomes targeted with the same or

different antibodies or even two antibodies on the same liposome may be a
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possibility (169). With the ability to easily couple antibodies to preformed drug-
loaded liposomes personalized treatment depending on the receptor expression on
the specific cancer may be a future goal (93).

In summary, a potentially useful assay was developed to quantitate the
amount of bioavailable drug in tumor cells after liposomal DXR delivery. We
were able to show in the 4T1 mammary carcinoma model that measurement of the
amount of total and bioavailable drug was a good approximation of therapeutic
activity. Bioavailability studies were also done in the BT-474 breast cancer
model, although therapeutic activity in this model was beyond the scope of this
thesis. In addition to the bioavailability assay, we developed an assay that can
accurately quantitate the amount of two different antibodies coupled to the surface
of liposomes. This assay, will be useful in further studies investigating the
therapeutic benefit of targeting liposomes with two different antibodies, and, since
it relies on a fluorescence assay, will likely be safer than the radioisotope assays
that are commonly used. We feel that both assays developed in this thesis work

will aid future research in the liposome field.
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