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ABSTRACT

Cancer chemotherapy is limited by the poor selective toxicity of anticancer drugs.
Selective targeting of antibody-targeted liposomal anticancer drugs to surface antigens on
malignant cells is a recognized strategy for increasing the therapeutic effectiveness of
chemotherapeutic drugs. Research in this thesis is aimed at studying factors that will
help in optimization of antibody-targeted liposomal formulations of anticancer drugs for
use in the treatment of B-cell malignancies. Liposomal doxorubicin (DXR) or liposomal
vincristine (VCR) were targeted to human B-lymphoma (Namalwa) cells via whole
monoclonal antibodies (mAbs) or their Fab’ fragments (Fab’) against the internalizing
CD19 or CD22 epitopes or the non-internalizing CD20 epitope.

All targeted liposomal formulations (immunoliposomes) of DXR or VCR had
increased association with, and cytotoxicity against, Namalwa cells relative to non-
targeted liposomes. The therapeutic effectiveness of immunoliposomal DXR was
improved by using Fab’ fragments vs. whole mAbs or by targeting to CD19
(internalizing) vs. CD20 (non-internalizing). Targeting immunoliposomal DXR to CD22
was less effective than targeting to CD19. Immunoliposomal VCR was equally effective
whether targeted to either CD19 or CD20, via either whole mAbs or Fab’.
Immunoliposomal VCR was superior to immunoliposomal DXR, independent of the
target epitope. Targeting immunoliposomal VCR, but not immunoliposomal DXR, to
two epitopes (CD19 and CD20) further improved the therapeutic results. Untargeted
liposomal formulations of DXR had synergistic cytotoxic effects with anti-CD19 and

untargeted liposomal formulations of VCR had synergistic cytotoxic responses with anti-

CD19 or anti-CD20.
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Therapeutic responses seem to be related to a number of factors including
internalization of the immunoliposomes, their rate of clearance, drug release rates,
density of target epitopes and the properties of the encapsulated drug. For DXR-
containing immunoliposomes therapeutic effectiveness was increased by substituting
Fab’ for whole mAbs, which decreased the clearance rate of the immunoliposomes and
allowed more time for the immunoliposomes to bind to the target cells. For these
formulations, increasing intracellular drug concentrations by targeting to internalizing
epitopes also increased the therapeutic effectiveness. For the high potency, schedule-
dependent drug, VCR, where the cytotoxic action of the drug may synergize with
signaling antibodies such as anti-CD19 and anti-CD20, therapeutic responses were high
and independent of internalization. Combination therapy with immunoliposomal VCR
directed against B-cell epitopes is a logical choice for clinical development as a therapy

for B-cell malignancies.
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hodgkin’s lymphoma

hydrogenated soy phosphatidylcholine

Stealth® immunoliposomes composed of
HSPC:Chol:mPEG:Mal PEG at a 2:1:0.08:0.02 molar
ratio

HSPC-SIL targeted via aCD19

HSPC-SIL targeted via aCD20

HSPC-SIL targeted via Fab’CD19

HSPC-SIL targeted via aNS

HSPC-SIL targeted via Fab’NS

Stealth® liposomes composed of HSPC:Chol:mPEG at
a 2:1:0.10 molar ratio

hydrazide-derivatized poly(etylenglycol) covalently

linked to distearoylphosphatidylethanolamine
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dissociation constant
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long-term survivors

ligand-targeted therapeutics
ligand-targeted liposomes

large unilamellar vesicles
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mPEG methoxypolyethylene glycol (MW 2000), covalently
linked via a carbamate bond to

distearoylphosphatidylethanolamine

MPS mononuclear phagocyte system

MRT mean residence time

MTD | maximum tolerated dose

MTT 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide

MUV multilamellar vesicles

MW molecular weight

NHL non-hodgkin’s lymphoma

nm nanometers

P | probability

pKa acidobasic constant

PBS phosphate buffered saline, pH 7.4

PDP pyridyldithioproprionate

PEG polyethylene glycol

Pgp p-glycoprotein

PL phospholipid

pmoles picomoles

Rh-PE rhodamine dihexadecanoyl phosphatidylethanolamine

scFv single chain antibody fragments

SCID severe compromised immunodeficient
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SM:Chol:mPEG:Mal PEG, at a 55:40:4:1 molar ratio
SM-SIL targeted via aCD19
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SM-SIL targeted via Fab’CD19

SM-SIL targeted via aNS
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Stealth® liposomes, composed of SM:Chol:PEG at a
55:40:5 molar ratio
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CHAPTER 1
INTRODUCTION, HYPOTHESIS AND OBJECTIVES

Some sections from the introduction have been published in
Prog. Lipid Res., 42(5): 439-462, 2003
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1.1 Introduction

Anticancer drug therapy is fraught with systemic toxicities resulting from

cytotoxicity to normal cells. Cancer cells share many common features with the

. normal host cells from which they originate, so finding unique targets against which
anticancer drugs can be selectively directed is difficult. Anticancer drugs have
marginal selectivity for malignant cells because they target the reproductive apparatus
in cells having high proliferation rates. However, drugs having this mechanism of
action result in high toxicities against rapidly dividing normal cells, for example, hair
follicles, germ cells and hematopoeitic cells, leading to dose-limiting side effects such
as bone marrow depression, mucositis, stomatitis, nausea, alopecia and adverse
reproductive effects. The side effects associated with chemotherapy limit the acute
dose or cumulative doses that can be administered to patients, whiclh can lead to
relapse of the tumor and often the development of drug-resistance.

The medical community has sought alternative therapies that improve
selective toxicities against cancer cells. An approach that has been extensively
researched is the targeted delivery of anticancer drugs to tumor cells mediated via
monoclonal antibodies (mAb) or other ligands. In this regard, a number of ligand-
targeted therapeutics (LTTs) e.g., immunotoxins, immunoconjugates,
radioimmunotherapy and immunoliposomes have been developed (1-3). The premise
behind all these approaches is that antibody (Ab)- or ligand-mediated selective

targeting of anticancer therapeutics against antigens or receptors, which are either

uniquely expressed or overexpressed on the cancer cells, will increase therapeutic
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effectiveness and/or decrease toxicity of the anticancer therapeutics.
Immunoliposomes represent a successful integration of drug delivery systems
(liposomes) and biological therapeutics (mAbs or their fragments) (see section 1.6).
However, despite extensive research done in this field over the last couple of decades,
to date no immunoliposomal formulation has received clinical approval. Many
questions remain regarding the optimization of targeted liposomal formulations and
the applications of immunoliposomes. The goal of this thesis was to conduct basic
_research with the aim of optimizing immunoliposomal anticancer drugs for the
treatment of B-cell malignancies. This research also has implications in the treatment
of other malignancies with appropriate targeted liposomal systems.
1.2 Liposomal drug delivery systems
1.2.1 Classical liposomes

Most anticancer drugs, following intravenous (i.v.) administration, have large
volumes of distribution (V) resulting from their rapid uptake into all the tissues of
the body (4). One successful approach has been to use drug carriers such as
liposomes to alter the pharmacokinetics and biodistribution of anticancer drugs. In
general, liposome encapsulation of drugs results in (sometimes dramatic) reductions
in their V4 and significant increases in drug accumulation in solid tumors.

Liposomes (phospholipid bilayer vesicles) are the most advanced of the
particulate drug carriers and are now considered to be a mainstream drug delivery
technology. Classical liposomes, first descriﬁed by Bangham et al., (5) are made up

of amphiphilic phospholipids and cholesterol, which, upon hydration, self-associate to
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form bilayers surrounding an aqueous interior (Figure 1.1A). The non-polar
hydrocarbon chains of amphiphilic phospholipids, below a characteristic temperature
(phase transition temperature, Tc), exist in a rigid gel state with restricted mobility.
Above this temperature, due to thermal excitation, the chains are converted into a
disordered liquid like state. Hydration of amphiphilic phospholipids hydrates the
polar head groups and reorganizes the phospholipids into bilayer structures
(liposomes) with the hydrophilic head groups facing the aqueous medium, and the
hydrophobic acyl chains forming the interior of the bilayer. In 1971, the first study
describing liposomes as carriers of enzymes or drugs was published (6).
1.2.2 Sterically stabilized (Stealth®) liposomes

One of the major drawbacks of classical liposomes was their rapid clearance
from blood, due to adsorption of plasma proteins (opsonins) to the ‘naked’
phospholipid membrane, triggering recognition and uptake of the liposomes by the
receptors present in the mononuclear phagocytic system (MPS). A major advance in
the field of liposomes came with the development of sterically stabilized (Stealth®)
liposomes, which utilize a surface coating of hydrophilic carbohydrates or polymers,
usually a lipid derivative of polyethylene glycol (PEG), to help evade MPS
recognition (7-9) (Figure 1.1B). PEG attracts a water layer to the liposome surface,
thus providing hydrophilic repulsion to opsonin adsorption. The inclusion of PEG or
other hydrophilic polymers extends the half-life of liposomes from less than a few

minutes (classical liposomes) to several hours (Stealth® liposomes) and changes the
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pharmacokinetics of the liposomes from dose-dependent, saturable pharmacokinetics
to dose-independent pharmacokinetics (10, 11).

Both classical and Stealth® liposomes rely on “passive’ targeting to increase
the localization of anticancer drugs to solid tumors. Solid tumors have discontinuous
endothelial lining and leaky vasculature due to tumor angiogenesis (12, 13). The size
of fenestrations in tumor capillaries can be up to around 780 nm. Liposomes in the
size range of approximately 50-200 nm can extravasate through these fenestrations
and localize in the tumor interstitium (14-16). The vascular endothelium of most
normal tissues has tight junctions, which prevent leakage of liposomes into these
tissues. In addition, solid tumors have elevated interstitial pressure and impaired
lymphatics that hinder the diffusion Qf colloidal particles such as liposomes from the
tumor (17). Once inside the tumor interstitium, cytotoxic drugs are released from the
liposomes in a sustained manner, killing the neighboring cells. Passive targeting can
increase liposomal drug concentrations in solid tumors several-fold relative to those
obtained with free drugs (18). Liposomal formulations of the anthracycline
anticancer drugs doxorubicin (Doxil®/Caelyx® and Myocet®) and daunorubicin
(Daunosome®) have received clinical approval. In addition, many other liposomal

anticancer drugs are in clinical trials trials (19-21).
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C. Stealth® Inmunoliposome

Figure 1.1 Three generations of liposomes.

The naked phospholipid bilayer of classical liposomes (A) attracts plasma proteins
(opsonins) to its surface, which promotes recognition of the liposomes by the
receptors present in MPS and leads to their fast clearance from the circulation.
Stealth® liposomes (B) are sterically stabilized with a coating of surface-grafted
hydrophilic polymer (PEG), which provides hydrophilic repulsion to opsonin
adsorption, thus increasing the circulation times of the liposomes. Stealth®
immunoliposomes (C), i.e., Ab-targeted liposomes, are made by coupling mAbs or
Fab’fragments to the PEG-terminus of Stealth® liposomes. (From T.M. Allen)
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1.2.3 Ligand-targeted liposomes
In attempts to increase the specificity of interaction of liposomal drugs with

target cells and to increase the amount of drug delivered to these cells, recent efforts
in the liposome field have focussed on the development of ligand-targeted liposomes
(LTLs). These liposomes utilize targeting moieties, coupled to the liposome surface,
to deliver selectively the drug-liposome package to the desired site of action (Figure
1.1C). This process is sometimes called active targeting. Targeting moieties may

| include mAbs, or fragments thereof, and small molecular weight, naturally occurring
or synthetic ligands such as peptides, carbohydrates, glycoproteins, or receptor
ligands, 1.e., essentially any molecule that selectively recognizes and binds to target
antigens or receptors that are over-expressed or selectively expressed on cancer cells.
To date, liposomes coupled to Abs or Ab fragments, folate or transferrin have been

| the most extensively researched LTLs (22-32). LTLs formed by coupling whole Ab
molecues or their Fab’ fragments to the liposomes, termed immunoliposomes were
evaluated in this thesis. Most of the principles of immunoliposomes apply to LTLs
targeted via other ligands and hence these terms have been used interchangeably in
this thesis.
1.3 Methods of liposome preparation

Various methods have been proposed to prepare liposomes. These include

hydration of dried lipid films with an aqueous solution (thin film hydration) (5, 33),
reverse phase evaporation (34), freeze-thaw (35), detergent dialysis (36) and solvent

injection (37). Thin film hydration was employed in this thesis. In this method, a
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mixture of lipids is first dissolved in a suitable organic solvent, which is then
evaporated using a rotoevaporator to form a thin film on the inside of a glass vessel.
Hydration of the dried lipid film, with occasional vortexing, yields liposomes having
multiple lamellac (MLVs) (33, 38). MLVs are not preferred as they are heterogenous
in size (39) and have low levels of aqueous encapsulation (40) (Figure 1.2).

Many methods exist for fragmenting MLVs into either large or small
unilamaeller vesicles (LUVs or SUVs respectively). These include ultrasonication
(41), homogenization (42), passage through french press cells (43) and extrusion
through membranes with define pore sizes (39, 44). In this thesis, MLVs were
extruded through polycarbonate membranes under pressure (< 400 psi) to make
LUVs in the size range of 100-130 nm.

1.4 Loading of drugs into liposomes

A variety of drugs having different physicochemical properties can be
associated with liposomes. Hydrophilic drugs having low octanol:water partition
coefficients (e.g., ara-C) can be entrapped in the aqueous interior of the liposomes
(45). Hydrophilic drugs have low release rates from liposomes due to their low
membrane permeability, which can limit the amount of bioavailable drug at the tumor
site (46). Hydrophobic drugs having high octanol:water partition coefficients (e.g.,
taxanes) can be associated with the bilayer (45). Although this association can be
efficient, hydrophobic drugs can easily redistribute to lipoproteins or other biological

membranes (46, 47) and so are readily lost from liposomes in vivo. Highly
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sSuv LUV MLV
(small unilamellar vesicles) (large unilamellar vesicles) (multilameller vesicles)

25-60 nm 60-300 nm 300->2000 nm

Figure 1.2 Liposome classification.

Liposomes are classified according to their size and the number of bilayers, into small
unilamellar (SUVs), large unilamellar (LUVs) or multilamellar vesicles (MLVs).
Adapted from (48).
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hydrophilic or hydrophobic drugs are generally ‘passively loaded’ in liposomes at the
time of hydration or liposome formation (47, 49). Amphipathic drugs with
intermediate solubility can also be suitable for association with liposomal carriers.
Amphipathic drugs that are weak bases or weak acids can be efficiently loaded into
preformed liposomes using ‘remote loading’ methods like the ammonium sulfate
method for doxorubicin (DXR) (50) or the pH gradient method for vincristine (VCR)
(51). The acidobasic constant (pKa) of DXR is 8.5. The pKa, of vincristine is 5.2
and pKa, is 7.4. In these methods, a chemical or pH gradient (inside acidic) is
established across the liposome bilayers. Drug molecules exist in equilibrium
between a neutral and an ionized form outside the liposomes. Only drug molecules in
the uncharged state can cross the lipid bilayer; they are then are protonated within the
liposome interior and retained inside the liposome in the charged state (50, 52-56). In
the case of DXR, a gel-like precipitate is formed in the presence of sulphate ions (50,
57) (Figure 1.3). Using remote loading techniques, encapsulation efficiencies of
>95% can be achieved for both DXR and VCR and they both can be loaded at high
drug:lipid ratios.
1.5 Techniques for coupling ligands to liposomes

A variety of techniques for coupling targeting ligands to liposomes have been
described (58-60) (reviewed in (61, 62)). In general, coupling methods for the
formation of LTLs should be simple, fast, efficient, and reproducible, yielding stable,
non-toxic bonds. The biological properties of the ligands, e.g., target recognition and

binding efficiency, should not be substantially altered. The LTLs should have
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External medium

Liposome

2NH
’ aqueous phase

2DXR-NH,CI

)

2DXR-NH,* + 2CF

!

2DXR-NH, + 2H*

(NH,),SO,

3

2NH, + 2H* < 2NH,*+ SO,

(DXR-NH,),S0, <= 2DXR-NH,
el-like precipitate

Figure 1.3 Remote loading of DXR into liposomes using an ammonium suphate
gradient across the liposomal bilayer.

Uncharged DXR crosses the lipid bilayer, where it is protonated and reacts with SO,*
anions to form a gel-like precipitate, (DXR-NH3),SO4. This causes the further
dissociation of (NH4)2SO4 into NH," and SO42' and, causes the further dissociation of
NH," into H" and NH; (ammonia). Ammonia efflux from the liposomes is the
driving force for the influx of DXR; it produces a transmembrane H' gradient ([H']
internal > [H"]external). This procedure permits encapsulation efficiencies of 95-
100%. Adapted from (50).
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stabilities and circulation half-lives long enough to allow them to reach and interact
with the target cells. Further, the coupling reaction should not impact negatively on
drug loading efficiency and drug release rates.
1.5.1 Coupling strategies

Whole Abs were amongst the first ligands to be coupled to classical
liposomes, but they proved to be largely ineffective therapeutically due to their rapid
elimination from the circulation by cells of the MPS (63-65). Development of
Stealth® technology renewed interest in the advancement of immunoliposomes as
carriers of therapeutics. Initially, Abs were coupled to phospholipid headgroups, e.g.,
phosphatidylethanolamine, at the surface of Stealth® liposomes, but the steric barrier
imparted by the PEG polymer resulted in low coupling efficiencies and interfered
with binding of the LTLs to their targets, particularly when higher concentrations of
PEG with high molecular weights were present (66, 67). To avoid this, Abs were
coupled to the PEG terminus. This strategy avoids masking of the Abs by the PEG
layer, and provides perfect access of the Ab molecules to their target cells (59, 68-
70). Several end-functionalized derivatives of PEG have been synthesized for
coupling Abs to the PEG terminus. Some commonly used PEG derivatives include
pyridyldithiopropionoylamino (PDP)-PEG (71) hydrazide (Hz)-PEG (72) and
maleimide (Mal)-PEG (60). A description of these coupling reactions in given in
Figure 1.4.

In this thesis, whole mAbs or Fab’ fragments were coupled to the PEG

terminus of Stealth® liposomes using the Mal-PEG method. In this method, whole
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A. PDP-PEG-PE Method

mAb-NH, + | N- 0'@'(0"'2)3—@_‘“23 S- S—(CH2)3-C -NH-[(CH,),0], —C-NH-DSPE-Liposome

PDP-PEG-DSPE
SMBP DTT >

o 0
mAb NH"C CH ﬁ) f
-NH-C-(CHy) | + HS-(CH,),-C-NH-[(CH,),0},-C-NH-DSPE-Liposome

MPB-mAb Thiolated PEG-DSPE

mAb-NH-C- (CH2)3—©—N>

Immunoliposomes

S- (CH2)3-C -NH-[{(CH,),0],-C-NH-DSPE-Liposome

B. HZ-PEG-PE Method

] I |
Ab-CHO + NHZNH-é—CHz—NH-C-O-[(CHZ)O]n- -NH-DSPE-liposome

oxidized antibody Hz-PEG-PE liposomes

Ab-CH=N-NH-C-CH,-NH-C-O-[(CH,)0],-C-NH-DSPE-Liposome

Immunoliposomes
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C.Mal-PEG-PE Method

maleimide-PEG-DSPE

g I |
Q‘@'(CH 2)2——C —NH —{(CH;,),0], —C—NH—DS PE
(] )

Ab-SH

o
/EZ\I—@—(CHZ)Z——E —NH—[(CH),0], —NH—DS PE
o

Ab-coupled maleimide-PEG-DSPE

Ab—S

Figure 1.4 Methods for coupling antibodies to liposomes.

The PDP-PEG and Mal-PEG methods rely on the formation of thioether bonds
between the liposome and Ab molecules. In Hz-PEG method, hydrazone linkage is
formed between the liposome and Ab molecules. The abbreviations are as follows:
SMBP, succinimidyl-4-(p-maleimidophenyl)butyrate; PDP, N-
pyridyldithioproprionate; DSPE, distearoyl phosphatidylethanolamine; DTT,
dithiolthreitol; MBP, N-maleimidophenylbutyrate; Hz, Hydrazide; Mal, Maleimide;
PEG, polyethylene glycol. Adapted from (59, 73)
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Ab molecules are thiolated using 2-iminothiolane (Traut’s reagent), which converts
the amine groups of the lysine residues into free sulthydryl (-SH) group. The
thiolated Ab molecules are then reacted with maleimide groups on the PEG-termini to
form stable thioether bonds. A disadvantage with this method is that the free thiol
groups may react amongst themselves to produce disulphide bonds leading to cross-
linking of Ab molecules or immunoliposomes, further promoting their aggregation
and faster clearance from the circulation. However, the presence of PEG serves to
inhibit aggregation to a large extent. In addition, the random introduction of thiol
groups in the Ab molecule may interfere with the biological properties of the
molecule leading to interference with the binding of the Ab to its receptor, receptor
activation and/or endocytosis. When thioether bonds are formed between liposomes
and whole Abs having multiple thiolation sites, random orientation of the Ab
molecules on the liposome surface results and the Fc region of a portion of the Abs
may be available to bind to Fc receptors, increasing clearance of the
immunoliposomes (74) (Figure 1.5). Using the Mal-PEG method, Ab fragments
(Fab’) can also be coupled to liposomes through thiol groups generated by cleavage
of the disulphide bridge of the hinge region of F(ab’), (60) (Figure 1.5).
Alternatively, single chain antibody fragments (scFv) with terminal cysteine groups
could be coupled to liposomes via the Mal-PEG method (28). Coupling Ab
fragments to liposomes avoids problems associated with potential thiolation of the

antigen recognition site (75, 76). In addition, Fab’ and scFv fragments lack the Fc
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A. Mal-PEG coupling  B. Mal-PEG coupling C. Hz-PEG coupling

(Whole mAb) (Fab’fragments) {Whole mAbD)
SH
> /LSH \\—SH \ /
SH H CHO
SH
y
1. A

Figure 1.5 Coupling methods influence the orientation of Ab molecules on the
liposome surface.

Coupling of whole mAbs through thiol groups formed from lysines, in the Mal-PEG
method, result in random orientation of the Ab molecules on the liposomes (A).
Coupling of Fab’ fragments through thiol groups in the hinge region, released on
cleavage of F(ab’),, result in a defined orientation of the molecules, leaving the
antigen binding sites accessible for target binding (B). In the Hz-PEG method, whole
Ab molecules are coupled through carbohydrate groups present in the Fc-region of
the Ab, again leaving the antigen binding sites accessible and preventing the binding
of liposomes to the Fc receptors (C).
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domain, so they should be cleare(i less rapidly from circulation. In the Hz-PEG
method, carbohydrates in the Fc-region of whole Abs are oxidized to form reactive
aldehydes, which form hydrazone linkages with the hydrazide groups on the PEG-
terminus (59, 77). Both of the above coupling strategies avoid recognition of the
immunoliposomes by the Fc-receptors of the macrophages and favors orientation of
the Ab molecules so that their antigen-binding domains are exposed to the target
epitopes (Figure 1.5).

The PDP-PEG method also relies on the formation of thioether bonds between
proteins and liposomes (59, 61). In this method, a maleimide group is incorporated
onto the Ab molecules via reaction with succinimidyl-4-(p-maleimidophenyl)butyrate
(SMPB) and the Abs are then incubated with thiolated PDP-PEG. The methods
described above, although effective, require a separate step of Ab modification prior
to attachment to liposomes. Torchilin ez al. have recently described a new method,
which allows a single step binding of ligands containing amino groups (e.g., mAbs) to
the PEG-terminus of the liposomes using a amphiphilic PEG derivative, p-
nitrophenylcarbonyl-PEG-PE (pNP-PEG-PE) (78). pNP-PEG-PE incorporates into
liposomes via its phospholipid residues, and binds amino groups via its water-
exposed pNP group, forming a stable, non-toxic urethane (carbamate) bond. The
method permits the binding of several dozen protein molecules per liposome, with
retention of their specific activities. Bendas et al. have also introduced a new
methodology for attaching Abs, without prior derivatization, on the PEG-terminus of

liposomes. Anti E-selectin mAbs are coupled, in mild basic conditions, to a new
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PEG-PE derivative that is endgroup-functionalized with cyanuric chloride (79).
Cyanuric chloride links Abs via nucleophilic substitution at basic pH.
1.5.2 Post-insertion approach

In a different approach, Stealth® liposomes can be converted into LTLs by a
versatile ‘post-insertion technique’ (80). Ligands are coupled to end-functionalized
groups in PEG micelles and the ligand-PEG conjugates are then transferred in a
simple incubation step from the micelles into the outer monolayer of pre-formed,
drug-loaded liposomes. This method allows a combinatorial approach to the design of
targeted liposomes that minimizes manufacturing complexities, allowing a variety of
ligands to be inserted into a variety of pre-formed liposomes containing a variety of
drugs. This allows the LTLs to be tailored to the patient’s disease profile without the
need for separate manufacturing procedures for each ligand and drug combination.
Also, since the conditions for the insertion of the ligand are now decoupled from the
conditions for the preparation of and loading of drug into liposomes, conditions can
be optimized for both drug loading and ligand insertion. Targeted liposomes
prepared using the post-insertion approach have been shown to have in vitro drug
leakage rates, cell association, cytotoxicity profiles and therapeutic responses that are
comparable to liposomes made by conventional coupling procedures like the Mal-
PEG coupling method (74, 81, 82). In this thesis, in some experiments, Abs were

coupled to the PEG terminus of liposomes using the post-insertion approach.
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1.6 Advantages of ligand-targeted Stealth® liposomes

LTLs combine the advantages of a colloidal drug delivery system (liposomes)
with the specificity of targeting ligands. Advantages of LTLs include the following.
Relatively few ligand molecules per liposome (10-20) are required to selectively
deliver high payloads of drugs to target cells via the mechanism of receptor-mediated
internalization. Unlike other delivery systems such as drug-immunoconjugates or
immunotoxins, which deliver few molecules of drug or toxin (<10), per Ab molecule,
LTLs can be exploited to deliver thousands of molecules of drug using few tens of
molecules of Abs or ligands on the liposome surface (83-86). In addition, the
presentation of multiple targeting molecules on the surface of individual liposomes
can restore multivalent binding of monovalent Ab fragments, and hence increase their
binding avidity for the target antigens. This can eliminate the need for extensive re-
engineering of, e.g., scFv fragments, to increase their valency.

Another advantage of immunoliposomes lies in the potential for additivity or
synergy between the signaling mAbs present at liposome surface and liposomal drug,
¢ntrapped in the liposome interior. In animal xenograft studies of human cancers,
therapeutic Abs showed additive, or even synergistic activities when used in
combination with chemotherapeutic drugs (87-90). The response rate (complete and
partial) in low-grade lymphoma to anti-CD20 mAb (Rituxan®) alone was 48% (91);
however, when Rituxan® was combined with a combination of cyclophosphamide,
hydroxydaunomycin, VCR (Oncovin®) and prednisone (CHOP regimen), response

rates of over 90% were documented (92). Anti-HER2 mAb (Herceptin®) was
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demonstrated to have synergistic effects when used in combination with cisplatin and
carboplatin, and additive effects with cyclophosphamide, paclitaxel and DXR. On the
downside, it has also been shown that Ab-drug combinations can exacerbate toxicities
for, e.g., cardiac toxicity with a combination of free DXR and anti-HER2 (89).
Another advantage of immunoliposomal anticancer drugs is the amelioration of
toxicities associated with the administration of free drugs, given either alone or in
combination with therapeutic Abs.

Liposomes can be targeted using mAbs having unique signaling properties,
such as inhibition of DNA repair (93), induction of cell cycle arrest (94), blockade of
P-glycoprotein (Pgp) (95) or induction of apoptosis (96). This can lead to anticancer
effects that may synergize with the cytotoxic effects of the liposomal anticancer drugs
(87-89).

There are other advantages to the use of targeted liposomes. Liposomes are
generally made from naturally-occurring phospholipids and hence unlike other
colloidal drug delivery systems, liposomes have a high degree of biocompatiblity.
They can also protect drugs from premature degradation by enzymes present in blood
and can be used as a non-toxic excipient for the solublization of hydrophobic drugs.
Furthermore, liposomes can be formulated in ways that improve drug
pharmacokinetics and drug biodistribution to target tissues by either passive or active
targeting as described above.

Despite several advantages, LTLs are complex delivery systems. | Sections 1.7

to 1.10 outlines the principles to be considered for designing effective LTLs.
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1.7 Choice of target receptor
1.7.1 Receptor expression

The target receptor or antigen for LTLs should either be selectively expressed
or over-expressed on malignant cells compared to normal cells. Since few tumor
antigens exist with exclusive specificty, researchers have mainly targeted antigens or
receptors that are over-expressed on tumor cells relative to normal cells.

Evidence is emerging that receptor density is an important determinant of
therapeutic response. In a recent study, it was demonstrated that a receptor density of
at least10®> ErbB2 receptors per cell was required before improved therapeutic
response of anti-ErbB2-targeted liposomal DXR was observed relative to non-
targeted liposomal DXR in a metastatic model of breast cancer (28). In a B-cell
lymphoma (Namalwa) model (used in this thesis), improved therapeutics could be
demonstrated when target cells had receptor densities (CD19) in the range of 10%-10°
(24).

Target cells should demonstrate minimal heterogeneity in their antigen or
receptor expression. Tumor cells are notorious for having heterogenous expression of
tumor antigens. This heterogeneity is a result of genetic instability of cells in the
necrotic region of tumor tissue, and of the expression of the antigen in different
glycosylation patterns within tumor tissue (97). In addition, certain tumor-specific
antigens have been observed to disappear from the surface of tumor cells in the
presence of Abs and reappear when Abs are no longer present-(98). In heterogenous

tumor cell populations, cells that lack the target receptor or antigen may escape the
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cytotoxic effects of the LTLs and subsequent re-growth of these cells will lead to
disease relapse or emergence of resistant cell populations. However, some antigen-
negative cells may be killed via the so-called ‘bystander effect’, i.e., by drug released
from the LTLs in the vicinity of the as targeting agents, which are capable of
recognizing a large percentage of the cells in antigen-negative cells. A possible
approach to overcoming the heterogeneity of tumor cells would be to have a
‘cocktail’ of ligands as targeting agents, which are capable of recognizing a large
percentage of cells in heterogenous populations. This approach would also increase
the number of cell surface epitopes available for interaction with the LTLs,
hypothetically leading to increased drug delivery to the target cells. A study has
demonstrated that the use of a cocktail of CD19, CD22 and CD38 immunotoxins is
curative in B-cell lymphoma in severe combined immunodeficient (SCID) mice (99).

The antigen or receptor should not be shed during treatment. Considerable
sloughing of target antigen into blood occurs with some types of tumors, e.g., the
sloughing of MUC-1 antigen from breast cancer cells (100). Shed antigens,
circulating in the blood, can compete with tumor cell-bound antigens for binding of
LTLs (101). This can also lead to aggregation of LTLs in the bloodstream, leading to
potential problems like vascular occlusion. Injection of free Ab or ligand prior to
injecting the targeted liposomes could help in clearing shed antigens from the blood.
1.7.2 Internalization

The ability of target cells to intemaliie LTLs is an important selection

criterion in choosing a targeting ligand. If the ligand triggers receptor-mediated
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internalization of the entire liposome-drug package into the cell interior, then
arguably more drug will be delivered to the target cells (Figure 1.6). This mechanism
should work well for drugs such as DXR, VCR or methotrexate that escape
degradation by lysosomal enzymes and low pH (102). However, for drugs such as
cytosine arabinoside (ara-C) that are acid labile and/or don’t survive lysosomal
degradation, liposomal targeting to internalizing epitopes will be less efficacious. If
non-internalizing ligands are used, liposome contents will be released over time at or
near the cell surface, and a portion of the released drug will enter the cell by passive
diffusion or other normal transport mechanisms (Figure 1.6). Although increased
concentrations of drug may be achieved at the cell surface by this mechanism, it can
be argued that, in the dynamic in vivo environment (e.g., plasma or lymph), the rate of
diffusion and redistribution of the released drug away from the cell may exceed the
rate at which the drug enters the cell, particularly for drugs such as DXR, which have
a large V4. Targeting to non-internalizing epitopes might be efficacious in solid
tumors through the bystander effect, in which cells lacking the target epitope can be
killed by drug released at the surface of neighbouring cells having bound liposomes
(103). The impact on the bystander effect of LTLs targeted to internalizing receptors
1s unknoWn, but one could predict that it would decrease if the cells ingested
significant proportion of the LTLs before drug could be released. LTLs directed
against internalizing receptors have demonstrated increased therapeutic activity in

some tumor models (24, 27, 28, 86). In other tumor models, LTLs did not improve
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A. Non-internalizing epitope B. Internalizing epitope

Extracellular drug release and rapid Receptor-mediated endocytosis and
distribution intracellular drug release

Figure 1.6 Mechanisms of action of Stealth® immunoliposomes.
Immunoliposomes can bind to non-internalizing epitopes on cell surface and release
the drug extracellularly. Alternatively, they can bind to internalizing epitopes; the
drug-liposomes package can be taken inside the cell by receptor-mediated
endocytosis and drug can be released intracellularly. (From T.M. Allen)
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therapeutic responses over non-targeted liposomes, which was hypothesized to be
due to the lack of internalization of the LTLs into the cells (104, 105). Internalization
of LTLs has been verified by direct electron microscopic analysis and confocal
microscopy (106-108).

Internalization of Abs or other ligands into the target cells is also required for
other LTTs, such as immunotoxins and Ab-drug conjugates. Internalization of LTTs
depends on various factors such as type of receptor or epitope, antigen/receptor
density, Ab valency, and rate of internalization and re-expression of the target epitope
(109). Hence it is desirable to develop rapid and efficient methods to screen Abs or
other ligands for internalization. Direct selection of Abs or their fragments
demonstrating efficient internalization is now possible by panning on target cells
using Ab phage display libraries (110). LTLs selected by this methodology, coupled
to scFv fragments that bind to ErbB2 (HER2/neu), demonstrated efficient
internalization by ErbB2-expressing tumor cells. ScFv-targeted liposomes containing
DXR had significant antitumor activity in mouse xenografts having high tumor cell
receptor density compared to non-targeted liposomes containing DXR or free DXR

(111).
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1.8 Choice of targeting ligand
1.8.1 Whole antibody versus antibody fragments versus non-antibody ligands
An advantage of using whole mAbs or divalent (or multivalent) engineered
Ab fragments as liposomal targeting agents, is their higher binding avidity due to the
presence of two (or more) binding domains on the same molecule (Figure 1.7).
Whole mAbs, due to the presence of an Fc domain, can trigger complement-mediated
cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC)
leading to apoptosis and cell kill. This may help in achieving additive or synergistic
responses between signaling Abs and the liposomal drug. Also, whole Ab molecules
may have some stability advantages over Ab fragments. However, on the down side,
Fc-mediated mechanisms are also responsible for initiating immunogenic responses
and for rapid clearance of immunoliposomes from the circulation. To this end, the
use of Fab’ fragments to target LTLs has been shown to reduce immunogenicity of
the immunoliposomes as well as increase their circulation times (112). The use of Ab
fragments may also be helpful in reducing the uptake of immunoliposomes by tumor-
associated macrophages, thus providing better penetration of the immunoliposomes
into solid tumors. Smaller Ab fragments usually have the advantage of faster
localization to disease sites and better penetration of tumor tissue (113). Although Ab
avidity is lost with the use of smaller fragments (Fab’ or scFv), due to the loss of
multivalent binding, coupling of Ab fragments to the liposomes is expected to restore
mﬁltivalency and avidity to the system. Due to their ease of production (e.g., from

Escherichia coli fermentation) and decreased immunogenicity, scFv fragments might
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Figure 1.7 Antibody fragmentation.

Whole mAb (IgG) can be enzymatically cleaved at the hinge region, to release a
F(ab’); molecule. The disulphide bridges of F(ab’), can be reduced to form two Fab’
molecules, releasing -SH groups. Fab’ molecules can be coupled to liposomes via
thioether bonds formed between maleimide groups on liposomes and -SH groups of
Fab’.
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be more advantageous than Fab’ fragments as targeting agents. Naturally occurring
ligands to cell-surface receptors (such as folate, transferrin, growth factors) have
lower molecular weights than Abs, are less immunogenic, more cost-effective and
easy to handle and store. Receptors for these ligands are often over-expressed on
tumor cells, which provide the basis for selective drug delivery (reviewed in (86, 114-
116)). However, receptor expression is generally not specific for tumor cells and
normal cells might suffer toxicities (86). In many cases, the receptors for these
ligands have ‘demonstrated receptor-mediated internalization of LTLs (reviewed in
(86)).
1.8.2 Immunogenicity and new developments in Ab engineering

Development of hybridoma technology, for production of mAbs of murine
origin, fostered an interest in LTTs (117). It has long been recognized that
introduction of mouse mAbs into humans evokes HAMA (human anti-mouse
antibody) responses, which are mediated in part by Fc receptor-mediated mechanisms
>(85, 118, 119). In the case of LTLs targeted via murine mAbs, this can result in
hypersensitivity reactions and removal of the LTLs from the circulation due to their
recognition and uptake by Fc receptors in the MPS (63, 120-122). The decrease in
circulation t,;; compromises targeting to disease cells and, hence, therapeutic
responses. This is especially limiting when multiple treatments are desired. Harding
et al. showed that, although repeated i.v. administration of free chimerized murine
mADb into rats did not trigger an immune response, a single injection of chimeric Ab-

targeted Stealth® liposomes did. Subsequent injections of the LTLs resulted in their
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rapid clearance, which was accompanied by a significant increase in Ab-specific
antisera in the animal plasma. Interestingly, the antiserum was primarily detected
against the Fc portion of the Ab and hence the authors proposed the use of small Ab
fragments (Fab’fragments) as targeting moieties for liposomes (122).

In attempts to reduce the immunogenicity of murine mAbs, genetic
engineering has been used to generate chimeric (where the constant region is human)
(123) or humanized mAbs (where only the complementary determininant region
(CDR) in the variable region is murine) (124). Since the constant region of the Ab
molecule contain most of the antigenic sites, humanized or chimeric Abs are less
immunogenic. Of the approximately 200 mAbs currently undergoing clinical trials
and of the several with clinical approval for the treatment of cancer, transplant
rejection, rheumatoid arthritis and Crohn’s disease, most are humanized or chimeric.
More recent developments in Ab technology include techniques for the production of
fully human Abs or Ab fragments using phage display libraries and transgenic mice
(125, 126) but whether anti-idiotype (85,. 127) responses (directed to the mAb binding
site) will be seen after repeated doses is unknown (128).

Another approach to reducing the immunogenicity of the murine Abs is to use
Ab fragments like Fab’ or scFv, which lack the constant region mainly responsible for
generating immunogenic responses. Researchers are now focusing on the use of

these Ab fragments or genetically engineered Abs as targeting moieties for liposomes

(27,28, 32, 129).
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The immunogenicity associated with Ab-targeted liposomes could also be
avoided by using natural ligands such as vitamins and hormones as targeting moieties
against receptors over-expressed on cancer cells. Not enough data are available at
this point to comment on the potential immunogenicity of liposomes targeted by these
types of ligands.

1.8.3 Pharmacokinetics of ligand-targeted liposomes

Liposomal encapsulation of anticancer drugs can result in substantial changes
in the pharmacokinetics and biodistribution of the drug. The drug assumes the
pharmacokinetics of the carrier, until it is released from the liposome. Care should be
taken in the development of LTL formulations to ensure that the targeting moiety
does not seriously compromise the pharmacokinetics of the liposome. As discussed
in Sections 1.5 and 1.8.1, the choice of coupling method and the choice of ligand will
both influence the rate of clearance of LTLs, particularly when Abs containing Fc
domains are involved. For example, Fab’-coupled liposomes had a 6-fold increase in
circulation half-lives compared to whole mAb-goupled liposomes, even though the
density of Fab’molecules was approximately 10-fold higher than that of whole mAbs
on the surface of liposomes (112). Liposomes coupled to Fab’ fragments at the PEG-
terminus had a log-linear pharmacokinetic profile very similar to non-targeted PEG-
liposomes. In contrast, whole mAb-coupled liposomes had biphasic clearance from
the circulation, which is characteristic of rapid clearance by the MPS, and a late phase

of slow clearance (32, 129).
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Previous results from our laboratory have shown that the circulation half-life
of anti-CD19-targeted liposomes is shorter in tumor-bearing mice compared to naive
mice (24, 74). In the Namalwa cell murine xenograft model, the cancer cells
sequester in the bone marrow and spleen, sites that are readily accessible to
immunoliposomes administered by the i.v. route. This likely accounts for the more
rapid removal of the immunoliposomes from circulation. Koning et al. have also
observed an increased clearance of immunoliposomes from the circulation in tumor-
bearing mice, compared to healthy animals (130).

1.8.4 Ligand density and binding affinity

The issue of what is the optimal ligand density on the surface of liposomes
remains to be resolved. High Ab densities on the surface of immunoliposomes may
be desirable for Ab fragments, as it will lead to better binding avidity of the
immunoliposomes for the target antigen. In addition, high Ab density will decrease
the intermolecular distances between Ab molecules on the surface of liposomes and
this may help in initiating signal transduction mechanisms. However, high density of
whole mAbs will compromise the pharmacokinetics of the immunoliposomes and
give rise to potential immunogenicity concerns, as discussed above.

The issue of binding affinity also remains to be resolved. Although it has been
suggested that ligands having high binding éfﬁnities are desirable, low affinity
ligands might prove to be better ligands as they may allow liposomes to penetrate

further into the tumor interior, decreasing the ‘binding site barrier’ (131).
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1.9 Choice of drug
1.9.1 Drug release rates and the concept of bioavailability

While internalization of liposomes by receptor-mediated endocytosis increases
the amount of liposomal drug delivered into the target cell, it is not necessarily
rapidly bioavailable, even though this would be highly desirable. Methods that
facilitate intracellular release of liposomal drugs are being developed. For example,
pH-sensitive lipids like dioleoylphosphatidylethanolamine (DOPE) assume the
hexagonal phase at physiological pH and temperature, but they can be stabilized in
the bilayer phase by other lipids including thiolytically cleavable polyethyleneglycol-
lipid derivatives or pH-sensitive peptides or fusion proteins (132-134). Liposomes
made of pH sensitive lipids can be formulated so they revert to hexagonal phase on
exposure to low pH, enzymes or glutatione in the endosomal compartment, rapidly
releasing their contents (triggered release) (135). pH-Titratable polymers have also
been used to destabilize membranes following change of the polymer conformation at
low pH (136-138).
1.9.2 Mechanism of action of drug

Cancer cells are not normally synchronized with respect to the cell cycle.

Depending on the mechanism of action of the drug, either faster or slower release
rates of the drug might be desirable. For example, one could argue theoretically that
exposure of cancer cells to cell-cycle dependent drugs (e.g., VCR) needs to be
sustained over long periods of time to allow cells to cycle through the cell phase

where they are susceptible to drug effects. Conversely, rapid exposure of the target
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cells to high levels of cell cycle independent drugs (e.g., DXR) would, one could
argue, result in greater cytotoxicity than slow, sustained release of these drugs.
1.10 Extravascular vs. vascular targets

Targets within the vasculature or readily accessible from the vasculature
should bind LTLs more readily than targets buried deep within tissues. A number of
physical barriers are present that prevent or delay delivery of therapeutic agents to
tissues, e.g. blood brain barrier, basement membranes or tight junctions. Solid tumors
have a heterogenous blood supply, and high interstitial pressures exist within tumor
tissue, especially in necrotic zones, which limit the diffusion of drugs, and especially
colloidal particles (e.g liposomes), to poorly perfused areas (139). The ‘binding site
barrier’ hypothesis suggests that Abs (or LTLs) bind to the first target cells they
encounter, which retards their diffusion through the tumors and limits their
therapeutic effects (131). Further, some studies have reported that immunoliposomes
containing exposed Fc regions of the Ab are taken up by tumor-associated
macrophages, which limits their direct interactions with the target tumor cells (84,
140, 141). Some studies employing mAbs for therapy or imaging have reported an
uneven distribution of Ab molecules in the tumor cells (98). Despite these
limitations, successful targeting to some animal models of solid tumors has been
demonstrated (27, 28).

In our laboratory, the models for which the best in vivo results for
immunoliposomal DXR were obtained are those in which the cancer cells are readily

accessible from the vasculature, i.e., hematological malignancies such as B-cell
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lymphoma and multiple myeloma (24, 142), or in pscudometastafic models of solid
tumors in which the cells were administered i.v., and the mice were treated when the
tumors were just beginning to be established (83, 143). When established solid
tumors were treated in the models employed in our laboratory, although both targeteci
and non-targeted liposomal DXR gave improved results over free (non-encapsulated)
drug, the targeted liposomes were not significantly better than the non-targeted
liposomes (143, 144).

Negative therapeutic results in treating solid tumors were also experienced by
dthers (105, 145). Although anti-HER2 Fab’ LTLs show improved efficacy
compared to non-targeted liposomes against HER2-overexpressing breast cancer cells
having high (but not intermediate or low) antigen density, the levels of LTLs and
non-targeted liposomes that localized to the tumors were similar (28, 84). The
explanation for the improved results may lie in the high level of antigen expression of
the target cells and the rapid internalization of the targeted liposomal drugs (28). This
conclusion is also borne out by the results of tumor biodistribution experiments done
in our laboratory and by others, which have demonstrated that levels of liposomes in
developed tumors are not increased by Ab targeting (144, 146, 147).

1.11 Therapeutic applications of ligand-targeted liposomes
1.11.1 Antibodies or antibody fragments as targeting moieties

Some promising uses of Ab-targeted liposomes include the following: anti-

HER2/Neu-targeted liposomes against mammary carcinoma cells (28, 84, 146, 148);

anti-CD19-targeted liposomes against malignant B cells, (24, 108, 142); anti-GD,-
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targeted liposomes to target neuroblastoma or melanoma (32, 149); and anti-p;
integrin-targeted liposomes in metastatic lung tumors (27).(Tablel.1)

In an early study in our laboratory, a murine model of squamous lung
carcinoma was treated with DXR-loaded liposomes targeted via a mAb against a
carbohydrate on the surface of the cells. Treatment of mice with these DXR-loaded
LTLs resulted in a significant decrease in the number and size of tumors and

 significant increases in survival times relative to free DXR or non-targeted liposomes
containing DXR, with some long-term survivors (83). Treatment of more advanced
tumors was unsuccessful, probably due either to receptor down-regulation and/or lack
of penetration of the L TLs into larger tumors (83, 150).

The therapeutic effectiveness of anti-CD19-targeted immunoliposomes in a
murine model of human B-cell lymphoma (Namalwa) (24), was also demonstrated.
In vivo survival studies performed in SCID mice xenografts of the Namalwa cell line
demonstrated significantly increased life spans for mice treated with anti-CD19-
targeted liposomes loaded with DXR, compared to mice treated with DXR-loaded

* non-targeted Stealth® liposomes or free DXR (24). Treatment of mice was initiated
24 h after i.v. injection of the cells, at which time the target cells had populated the
bone marrow, suggesting that some extravasation of the LTLs can occur.

Anti-CD19 is also expressed, although to a much lower extent, on the surface
of peripheral blood mononuclear cells from patients with multiple myeloma. Anti-
CD19-targeted liposomes were shown to bind selectively to B-cells in mixed B-cell

and T-cell populations, and were shown to have higher cytotoxicities against multiple
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myeloma patient B-cells compared to non-targeted liposomes, as determined by both
decreases in cell proliferation and increased apoptosis (142). A possible therapeutic
niche for these LTLs might be the elimination of residual circulating malignant B-
cells (the hypothesized mechanism by which multiple myeloma relapse occurs) after
bone marrow ablation (151-155).

Park et al. have described results in breast cancer for DXR-loaded liposomes
coupled to either recombinant human anti-HER2-Fab’ or anti-HER2 scFv C6.5 (28).
HER?2 is a receptor tyrosine kinase, a product of the HER2 (c-erbB2) proto-oncogene,
which has been shown to play an important role in the development and progression .
of breast and other cancers. Subcutaneous implants of several different HER2-
overexpressing highly tumorigenic cell lines with different antigen densities were
treated with 1.v. injections of DXR-loaded anti-HER2 LTLs. DXR-loaded
immunoliposomes were superior to DXR-loaded non-targeted liposomes, free DXR
or free Ab or Ab fragments. Careful controls demonstrated that the effect was due to
the specific targeting of the immunoliposomes, and not due to effects of the targeting
agent or free drug alone. In the same murine model, gold-loaded non-targeted
liposomes were localized in the extracellular areas of tumor stroma and tissue
macrophages, while anti-HER2-targeted liposomes were found within tumor cells
(107). The authors therefore concluded that the therapeutic advantage associated with
DXR-loaded anti-HER2-targeted liposomes was due to specific intracellular drug
delivery to the target cells. The authors discuss the potential for anti-HER2-targeted

liposomes in delivering effective antitumor therapy in breast cancer while avoiding
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the dose-limiting cardiotoxicity of DXR. DXR-loaded anti-HER2-targeted liposomes
are currently undergoing scale-up for clinical studies.

Pastorino et al. treated nude mice, inoculated i.v. with human neuroblastoma
cells HTLA-230, with DXR-loaded liposomes targeted with anti-GD; Fab’ fragments
and obtained complete inhibition of tumor growth (32). Neither free Fab’ fragments,
free DXR, empty liposomes conjugated to Fab’ fragments, or non-targeted DXR-
loaded liposomes had any effect on prolonging the survival times of the tumor-
bearing mice. Long-term survival rates approaching 100% were obtained for
different doses and dosing schedules of the drug-loaded immunoliposomes.
Histological evaluation of the main organs demonstrated that the immunoliposomes
selectively inhibited neuroblastoma growth in all the examined organs. This is
another example of the successful treatment of a human tumor xenograft in which the
tumor is small and relatively undeveloped, allowing the immunoliposomes ready
access to the tumor cells.

Another study evaluated the therapeutic effectiveness of DXR-loaded
liposomes, targeted via Fab’ fragments of anti-f; integrins, in a metastatic human
lung tumor xenograft mouse model (27). Treatment of mice with these DXR-loaded
liposomes resulted in a significant suppression of tumor growth compared to control
formulations, as well as prevention of the metastasis of tumor cells to liver and
adrenal gland, although no cures were observed. The authors suggest a possible

therapeutic niche for these immunoliposomes in the treatment of metastases after
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Table 1.1 Selected list of ligand-targeted liposomes that have received evaluation
in vitro or in vivo for delivery of anticancer drugs.

Targeting agent Cell surface target | Model Reference

Antibody, antiCD19 CD19 human-B-cell (24)
lymphoma (Namalwa)

Antibody, antiCD19 CD19 human multiple (142)

myeloma, ARH77

Antibody, recombinant | HER2 HER2-overexpressing | (28)
human anti-HER2-Fab’ human breast cancer

or scFv C6.5

Antibody, human anti- | Human CEA-positive human | (157)

CEA 21B2 and human | carcinoembryonic gastric cancer, MKN-

anti-CEA 21B2 Fab’ antigen, CEA 45

Antibody, MRK 16 P-glycoprotein " human myelogenous | (158)

leukemia, K562

Antibody, anti-f; — B1 integrins human non-small cell | (27)
integrin Fab’ lung carcinoma

| Antibody, CC52 CCs31 rat colon carcinoma (159)
Antibody, anti-GD; and | GD, human melanoma or | (32), (151)
anti-GD, Fab’ neuroblastoma
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38C13

Antibody, anti-idiotype murine B-cell (156)
mADb, S5A8 lymphoma
Antibody, human anti- | E-Selectins activated human (160)
E-Selectin endothelial cells
Antibody, anti- carbohydrate, B16BL6 mouse (161)
ganglioside Gyv3 (DH2) | ganglioside (Gma); melanama and HRT-
or anti-Le* (SH1) Lewis X (Le") 18 human colorectal
adenocarcinoma
Peptide, antagonist G Vasopressin human small cell lung | (144)
cancer, H69
Peptide, vasoactive VIP receptors rat breast cancer (162)
intestinal peptide
Peptide, Po-protein intercellular human M21 and A- (163)
adhesion molecule-1 | 375 melanoma
(ICAM-1)
Synthetic peptide, matrix U937 leukemia and (164)
cyclic peptide inhibitor | metalloproteinases/ | HT1080 sarcoma
CTTHWG-FTLC gelatinases (MMP-2
(CTD) and MMP-9)
Angiogenic homing integrin, GPIIb-Illa | Meth-A sarcoma (147)-

peptide, APRPG
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Vitamin, folate folate receptor M109-R mouse 25)
carcinoma tumor

Vitamin, folate folate receptor KB cells, human (22, 165)
nasopharyngeal cell-
line

Vitamin, folate folate receptor murine acute (29)
myelogenous
leukemia

Vitamin, Folate folate receptor chinese hamster ovary | (166)
and KG-1 human
acute myelogenous
leukemia cells

Transferrin transferrin receptor | murine colon 26 and (167)
B16 melanoma

Transferrin transferrin receptor | MKN45P human (30)
gastric tumor

Transferrin transferrin receptor | C6 glioma (168)

Carbohydrate, CD44 B16F10 murine (169)

hyaluronic acid melanoma
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surgical removal of the primary tumor. Although members of 3; integrin family have
upregulated expression in a number of cancers, they have a wide distribution in
normal cells and hence additional studies are required to assess the utility of using
anti-P,; integrins as targeting moieties for immunoliposomes.

Tseng et al. used a different approach by targeting DXR-containing liposomes
via an anti-idiotype Ab to 38C13 murine B-cell lymphoma cells. These
immunoliposomes were shown to bind specifically to, and internalize into 38C13
cells. Further, DXR-loaded immunoliposomes were more effective at prolonging the
survival of tumor-bearing mice than non-targeted liposomal DXR or free DXR(156).

Nam et al. showed that DXR-loaded liposomes conjugated to mAbs against
tumor-associated carbohydrate antigens (ganglioside Gys) were able to reduce in vivo
tumor growth and metastasis of B16BL6 mouse melanoma cells to a significantly
greater extent than free DXR or DXR entrapped in either classical or Stealth®
liposomes. In biodistribution experiments, immunoliposomes exhibited higher
accumulation in tumor tissues than control liposomal formulations (161).

1.11.2 Peptides and other receptor ligands as targeting moieti¢s

Peptide-targeting of liposomes to disease sites has become possible because of
our increased understanding of the discrete peptide sequences of proteins involved in
cell-cell and effector-cell interactions. In addition, differential expression of
receptors for vitamins, growth factors and other ligands ‘occu_rs frequently between
normal and diseased cells. Hence, ligands that bind to these receptors can be used to

target liposomes to diseased cells that over-express the receptors (22, 23, 25, 30, 133,
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165, 168, 170-173). The main problems with this approach are the expression of
many of these receptors on normal tissues, and the occurrence of circulating ligands
in the blood that may compete with binding of the LTLs. Table 1.1 gives the list of
ligands that have received evaluation as liposomal targeting moieties for the delivery
of anticancer drugs.
1.12 The Model System

Lymphomas are tumors derived from the lymphatic system. They have
traditionally been classified as either non-Hodgkin’s lymhoma (NHL) or Hodgkin’s
lymhoma (HL) based primarily on histological differences. NHLs are classified into
indolent (low-grade) and aggressive (intermediate, high grade) disease. At the
molecular level, the genetic lesions responsible for causing NHLs include the
activation of oncogenes by chromosomal translocations, as well as inactivation of
tumor suppressor genes by chromosomal deletions and mutations (174). Some of the
most common translocations include t(8;14) (q24:32); t(14:18) (q32:21); t(11:14)
(q13:32) which can activate protooncogenes like c-MYC, BCL-2 or PAX-5 . Further
deletions and mutations of p53 and other unidentified tumor suppressor genes have
been demonstrated. In addition, viral infection has been linked with particular
subtypes, e.g., Epstein-Barr virus (EBV) with Burkitt’s lymhoma (174, 175).

Approximately 85% of all NHLs arise from the cells of the B-lineage. B-
lymphocytes are the effector cells of humoral or Ab-mediated immunity. B-cells are
generated from bone marrow stem cells that first differentiate into progenitor B-cell

(pro B-cells) and then sequentially into pre-B-cells and mature B-cells (98). Mature
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but naive B-cells migrate to secondary lymphoid tissues, where upon encounter with
antigen they can become plasma cells, responsible for producing Abs (98). The
various stages of B-lymphocyte life cycle may be differentiated by expression of cell
surface markers (cluster designation, CD antigens) and by the status of
immunoglobulin gene rearrangements. Malignant clones can be derived from any of
these developmental stages. New lymphoma classifications are now being proposed,
which are expressed in terms of the developmental stage from which the malignant
clone appears to derive. These include classifications like Revised European-
American Lymphoma (REAL) (176) and World Health Organization (WHO)
nomenclature guides (177).
1.12.1 Cell surface antigens: CD19, CD20 and CD22

A CD19%/CD22"/CD20" human B-cell lymphoma (Namalwa cell line) that
grows readily in SCID mice was used as the model in this thesis. CD19, a 95 kDa B
lineage-specific membrane glycoprotein is expressed on all B-cells from early stages
until their terminal differentiation into plasma cells, when it is lost (178, 179). The
receptors are absent on hematopoietic stem cells in the bone marrow (180), which
allows targeting to the malignant B-cells, leaving the progenitor population intact. In
addition, CD19 receptors have been documented to undergo receptor-mediated
endocytosis upon Ab binding, which makes this antigen a particularly appealing
target (24, 181). CD19 is expressed on greater than 90% of B-cell lymphomas, and
malignant B-cells form clonal populatioﬁs with a very high percentage of the cells

expressing this target antigen.
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CD19 is a critical signal transduction molecule that regulates B-lymphocyte
development, activation and differentiation. On the surface of B-cells, CD19 forms a
protein complex with CD21 (complement receptor type 2), CD81 (TAPA-1; a target
for antiproliferation Ab), Leu-13 and other unidentified proteins (96, 182). Its
function intersects with multiple signaling pathways crucial for modulating intrinsic
and antigen-induced signals. Engagement of CD19 by mAbs leads to tyrosine
phosphorylation of cytoplasmic and cell surface proteins including CD19, activation
of phospholipase C (PLC), inositol phospholipid turnover, intracellular Ca**
mobilization, stimulation of serine specific protein kinases including protein kinase C,
and activation of nuclear factor kB (178, 183). Anti-CD19 has been shown to induce
cell cycle arrest (94) and inhibit the function of the Pgp pump (95). Recently a study
demonstrated that homodimers of anti-CD19 can signal G¢/G; arrest (184).

CD20, a 33-37 kDa membrane phosphoprotein, is expressed on more than
90% of B-cell lymphomas (1, 185-187). It is expressed on B-cell precursors and
mature B-cells, but is lost following differentiation to plasma cells. Stem cells (B-cell
progenitors) in bone marrow lack the CD20 antigen, allowing healthy B-cells to
regenerate after treatment with anti-CD20 mAbs, and return to normal levels within
several months. CD20 is not modulated or shed upon ligation (186, 188, 189). It
does not internalize (188) or internalizes very slowly (190) upon Ab binding. The
precise function of CD20 is unknown, but it appears to play a role in the early steps of

B-cell activation, proliferation and differentiation (191, 192). It also plays a role in
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the activation of protein tyrosine kinases (193) and may function as a Ca** channel
(189, 194).

A chimeric mouse-human anti-CD20 Ab, rituximab (Rituxan™, Genentech,
Inc.), was approved by the Food and Drug Administration (FDA) in 1997 for the
treatment of relapsed or refractory, CD20-positive, B-cell, low-grade or follicular
NHL (195). Rituximab consists of the heavy and light chain variable regions from
the murine IgG, anti-CD20 mAb, and the constant region from human IgG; anti-
CD20 mAb. It mediates CDC in the presence of human complement (186, 187), and
ADCC with human effector cells (186, 196, 197). In addition, it has been shown to
induce apoptosis (196, 198) and to sensitize chemoresistant human lymphoma cell
lines (88, 199).

CD22 is a 135 kDa B-cell restricted siaologlycoprotein expressed in the
cytoplasm of early pre-B-cells and on the surface of mature B-cells (200-202). It is
lost prior to differentiation to plasma cells (203). Though the precise function of
CD22 is unclear, it is suggested to regulate B-cell responses by recruiting key
signaling molecules to the antigen receptor complex (204, 205). Though CD22 is not
normally shed from the cell surface, it is rapidly internalized after binding with its
natural ligands or Abs (206, 207), and this makes it an excellent target for LTTs such
as immunotoxins, Ab-drug conjugates and immunoliposomes. Clinical trials with a
humanized anti-CD22 IgG; Ab (Epratuzumab, Amgen Inc. and Immunomedics Inc.)

in patients with NHL are ongoing (208). In the clinic, anti-CD22 is also being

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



47

evaluated as radioimmunoconjugate or immunotoxins (anti-CD22 Abs conjugated to
ricin A toxin or pseudomonas endotoxin) (209-213).
1.12.2 Drugs: Doxorubicin and Vincristine

Current chemotherapeutic protocols for B-cell lymphomas consist of a
combination of anticancer drugs including cyclophosphamide, DXR, VCR,
bleomycin, dexamethasone and prednisone. The most commonly used protocol is the
CHOP regimen consisting of cyclophosphamide (C), adriamycin/DXR (H), VCR (O)
and prednisone (P). In this thesis, immunoliposomal formulations of two anticancer
drugs, DXR and VCR, which work via different mechanisms of action, have different
drug-related properties, and have different leakage rates from liposomes, were
evaluated for the treatment of B-cell malignancies.

VCR, a vinca alkaloid, is a dimeric alkaloid isolated from the periwinkle plant
Catharanthus rosea. 1t is composed of a dihydroindole nucleus (vindoline), which is
linked by a carbon-carbon bond to an indole nucleus (catharanthine). VCR has a
formyl group attached to the nitrogen of the vindoline nucleus (Figure 1.8A).
Vincristine is effective against a wide variety of neoplasms including NHL, HL, acute
lymphoblastic leukemia, rhabomyosarcoma, breast cancer, small cell lung cancer,
neuroblastoma and Wilm’s tumor . VCR is a cell cycle specific agent, which exerts
its antitumour activity by binding to the o and 3 subunits of tubulin, producing
interference in microtubule assembly in S phase. The depolymerized tubulin proteins
prevent mitotic spindle assembly and cell division is halted in the metaphase stage of

mitosis (214-216). Other effects noted at very high concentrations are decreased
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Figure 1.8 Structural formulae of (A) Vincristine and (B) Doxorubicin
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protein and RNA synthesis, altered lipid synthesis, and blocked uptake of glutamic
acid. Peripheral neurotoxicity is the dose-limiting toxicity of VCR (216-219) and its
severity is related to both the total dose and the duration of treatment (220). Other
infrequently occurring side effects include constipation, abdominal cramps, nausea,
vomiting, mucositis, diarrhea, paralytic ileus, intestinal necrosis and bladder atony
(220). Severe myelosuppression is rare but may occur with VCR overdosage (221).
Alopecia and rashes are frequently reported (220). The plasma pharmacokinetics of
free VCR fits into a three-compartment model, which includes a large volume of
distribution (Vy), high clearance (CL) and long terminal t;5 (222). After i.v.
administration, the free drug is rapidly redistributed to body tissues with a t;, o of
less than 5 min. The t;,f ranges from 50-155 minutes and t;» from 23-85 hours
(216, 222-225).

In vitro data indicate that the duration of VCR exposure is an important
determinant for cytotoxicity (226) and this provides the basic rationale for
encapsulating VCR into liposomes. In clinical trials, patients refractory to bolus VCR
therapy exhibited increased response rates when VCR was administered as a 5-day
infusion (257, 258).

DXR, a cell cycle independent drug, belongs to the anthracycline antibiotics
class of chemotherapeutics and is amongst the most widely used anticancer drugs in
the clinic. It is known to be particularly active against hematopoietic malignancies
including HL and NHL and a number of solid tumors (227). DXR acts by multiple

mechanisms. DXR consists of a tetracycline ring, the aglycone. One ring of this is a
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quinone and is water insoluble. The molecule also contains a hydrophilic amino
sugar moiety (Figure 1.8B). It is belived that, inside the liposomes, DXR is
precipitated due to the stacking of the tetracycline rings. DXR is known to inhibit
topoisomerase II, resulting in DNA strand breaks. In addition, it can inhibit DNA and
RNA‘polymerase, which in turn inhibits DNA synthesis. It can cause oxidative DNA
damage by the production of free radicals, as well increase ceramide levels, leading to
apoptosis (227, 228).

Myelosuppression, predominantly neutropenia and leucopenia, is the dose-
limiting toxicity of DXR; in addition to this, mucositis, nausea, vomiting and alopecia
are frequent, whereas hepatopathy, characterised by elevated bilirubin concentrations,
occurs Iess frequently (227, 229). Cardiétoxicity is the major adverse effect of DXR
with cumulative doses that exceed approximately 500 mg/m?; it is often irreversible
and may lead to clinical congestive heart failure (227, 229). DXR has a
triexponential clearance from the circulation (t;; a=10min; t;, B=1-3 h; t;, x=30-50
h). The pharmacokinetics is dominated by tissue binding (V=365 L) (227).

Stealth® formulations of DXR have already reached the clinic (Doxil® /
Caelyx®) and a conventional (non-PEGylated) liposomal formulation of VCR (Onco-
TCS®) is undergoing clinical trails.

1.13 Hypothesis and Objectives

Anticancer chemotherapy is compromised by dose-limiting side effects due to

the distribution of anticancer drugs indiscriminately to malignant and normal cells of

the body. Ab-mediated targeting of liposomal anticancer drugs to antigens expressed
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on the surface of malignant cells is postulated to be an attractive strategy for
alleviating some of the side effects and increasing the therapeutic effectiveness of
anticancer drugs. The overall hypothesis of this thesis was that the selective targeting
of liposomal DXR or liposomal VCR to B-cell surface epitopes will improve the
therapeutic effectiveness of these drugs and hence will be an attractive strategy for
treating B-cell malignancies. A murine xenograft model of a B-cell malignancy
(Namalwa) was used, as our previous experience leads us to believe that
immunoliposomes will probably perform best against targets in the vasculature, or
readily accessible from the vasculature (see section 1.10). The objective of this thesis
was to perform basic research to optimize immunoliposomal formulations of the
anticancer drugs, DXR or VCR, for the treatment of B-cell malignancies. Through
these studies, we aimed to identify factors that will help design effective
immunoliposomal drugs for treating cancer.

The specific objectives were to:

1) Compare whole mAbs with Fab’ fragments in order to determine which of the
two has more desirable properties as a targeting agent.

2) Compare immunoliposomal formulations of anticancer drugs working via
different mechanisms of action, and having different drug-related properties
and different leakage rates from the liposomes, i.e., DXR and VCR.

3) Compare immunoliposomal therapeutics targeted against internalizing
epitopes (CD19, CD22) with those targeted against non-internalizing epitopes

(CD20).
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4) Evaluate combination regimens of immunoliposomal DXR or VCR directed
against multiple epitopes (CD19, CD22 and CD20).

In chapter 2, liposomes containing either DXR or VCR, and coupled to either
whole mADb or Fab’ fragments of anti-CD19 were developed and evaluated in vitro
and in vivo in a xenograft model of human B-cell lymphoma (Namalwa). Here, we
aimed to compare targeted, sustained release formulations of VCR vs. DXR, in the
same model. Also, compared were whole mAb and its Fab’ fragments as targeting
moieties. The hypothesis was that liposomes targeted via Fab’ fragments will
demonstrate longer circulation times as compared to immunoliposomes targeted via
whole Abs due to the absence of Fc receptor-mediated mechanisms of liposome
clearance into immune cells. The longer circulation times would allow more time for
the immunoliposomes to bind to the target cells, which would help in increasing the
therapeutic effectiveness of immunolisposomal drugs. The chapter presents data on
cell association, cytotoxicities, drug release rates, pharmacokinetics, and therapeutics
comparing several different formulations of both DXR and VCR. Also described
here is a method to prepare Fab’ fragments from IgG,, mAbs such as anti-CD19,
employed in these studies.

It has long been hypothesized that immunoliposomes targeted against
internalizing epitopes will be more effective than those targeted against non-
internalizing epitopes, but direct experimental proof was missing. In chapter 3, this
hypothesis was verified experimentally by using two separate populations of

liposomal DXR, each targeted with a mAb against a different epitope, either
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internalizing or non-internalizing, that are both expressed on the surface of the
Namalwa cells. Using a xenograft model, immunoliposomal DXR targeted against
CD19, an internalizing epitope, was compared with immunoliposomal DXR targeted
against CD20, a non-internalizing epitope. The chapter also presents data on cell
binding, confocal microscopy and cytotoxicity experiments comparing the different
liposome formulations.

In chapters 4 and 4A, combination regimens of immunoliposomal DXR or
immunoliposomal VCR targeted to multiple epitopes (CD19, CD22 or CD20) were
evaluated. The hypothesis was that targeting of immunoliposomal anticancer drugs
against multiple epitopes would be a more effective strategy for treating B-cell
malignancies than targeting against a single epitope. In vitro cell association and in
vivo survival experiments were done to evaluate if targeting of liposomal anticancer
drugs to multiple epitopes (CD19, CD22 or CD20) will increase the therapeutic
effectiveness of immunoliposomal anticancer drugs compared to targeting to a single
epitope.

Chapter 5 summarizes the findings of this thesis. Conclusions are drawn and
speculations and ideas for future directions of this work, and that of the

immunoliposomal field in general, are presented.
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CHAPTER 2
Improved therapeutic responses in xenograft models of human
B-lymphoma for long-circuiating vincristine-loaded liposomes targeted via
anti-CD19 IgG,, or Fab’ fragments compared to those loaded with doxorubicin.

(manuscript in preparation for submission to Clinical Cancer Research)
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2.1 ABSTRACT

Antibody (Ab)-mediated targeting of liposomal anticancer drugs to antigens
expressed on malignant B-cells has been shown to be an effective strategy for treating
B-cell malignancies. We have compared long-circulating (Stealth®)
immunoliposome (SIL) formulations containing anticancer drugs having different
mechanisms of action, drug-related properties and drug release rates from liposomes.
We evaluated the specific binding and cytotoxicity of anti-CD19-targeted SIL
containing vincristine (VCR) versus doxorubicin (DXR) in vitro and the
pharmacokinetics and therapeutic responses of these formulations in vivo in xenograft
models of human B-cell lymphoma (Namalwa cell line). Also, SIL formulations of
VCR or DXR targeted via the whole monoclonal antibody (mAb), anti-CD19
(SIL[aCD19]) were compared to those targeted via its Fab’ fragments
(SIL[Fab’CD19}).

Both SIL[aCD19] and SIL[Fab’CD19] demonstrated higher cell association
with, and cytotoxicity against, Namalwa cells than non-targeted Stealth® liposomes
(SL). In naive BALB/c mice, coupling of Fab’ fragments to the liposomes increased
the circulation times of both DXR- and VCR-containing liposomes relative to whole
mAb. VCR had faster leakage rates from the liposomes than DXR, both in vitro and
in vivo. The rate of removal of liposomal lipid from circulation was similar for DXR-
containing and VCR-containing liposomes. In therapeutic experiments,
administration of single i.v. doses of either anti-CD19-targeted liposomal VCR or

DXR significantly increased the survival times of mice compared to drug-loaded non-
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targeted liposomes or free drugs. Treatment with VCR-loaded SIL resulted in
significant increases in life spans compared to DXR-loaded SIL. Mice treated with
DXR-loaded SIL[Fab’CD19] had significantly longer survival times than those
treated with DXR-loaded SIL[aCD19], but no significant difference was found in the
survival times of mice treated with VCR-loaded SIL[a.CD19] versus VCR-loaded
SIL[Fab’CD19]. These results are the first demonstration of the improved therapeutic
responses of targeted, sustained release formulations of the cell-cycle dependent drug,
VCR in the treatment of B-cell malignancies. In addition, we describe here for the
first time superior therapeutics of liposomal DXR targeted with Fab’ fragments over
those targeted with whole mAbs.
2.2 INTRODUCTION

Anticancer chemotherapy is compromised by dose-limiting side effects as a
consequence of the distribution of anticancer drugs to normal cells and tissues as well
as to malignant ones. Trapping cytotoxic drugs in liposomes (phospholipid bilayer
vesicles) can reduce their side effects as well as improve their therapeutic responses
by enhancing their localization to tissues with increased vascular permeability, e.g.
solid tumors undergoing angiogenesis (8, 230). This approach, referred to as passive
targeting, has resulted in several liposomal anticancer drugs that have received
clinical approval and many more that are in clinical trials.

There is currently increased interest in the use of ligand-mediated or ‘active’
targeting as a strategy for increasing the therapeutic effectiveness of antineoplastic

drugs. To form targeted liposomes, mAbs, peptides or growth factors that bind
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selectively to tumor-associated antigens or receptors are coupled to the liposome
surface (2, 22-25, 27-29, 84, 112, 149, 231, 232). Abs that are capable of inducing
efficient receptor-mediated internalization of immunoliposomes can result in
significant increases in the amount of drug delivered to the target cells and hence
therapeutic responses, relative to free drugs, non-internalizing Abs or non-targeted
liposomes (108, 233, 234). In addition, many mAbs have unique signaling properties,
such as inhibition of DNA repair (93), blockade of P-glycoprotein (95) or induction
of apoptosis (96), that lead to anticancer effects that may synergize with the cytotoxic
effects of liposomal anticancer drugs (87-89).

Despite the observation that immunoliposomes improve the therapeutic
effectiveness of anticancer drugs, some further development is required prior to
clinical testing. Many of the coupling techniques currently used for the preparation of
immunoliposomes rely on thiolation of amino residues on whole IgG Ab molecules
(59). Such modifications can alter the biological activity of the Ab molecule, e.g., by
randomly thiolating the active site, leading to interference with the binding of the Ab
to its receptor, receptor activation and/or endocytosis.

The immunogenicity of therapeutic agents that are based on murine mAbs has
been a major barrier to successful therapy in humans since they evoke human anti-
mouse Abs (HAMA), mediated in part by the Fc-region of the molecule (85, 118,
119, 235). This can result in hypersensitivity reactions and, in the case of
immunoliposomes, enhanced removal of the immunoliposomes by the cells of the

mononuclear phagocyte system (MPS) via Fc receptors on macrophages (63, 120,
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122). Since the extent of uptake of liposomes by target tissues is directly related to
their residence time in the circulation, any decrease in the circulation half-lives of
liposomes due to non-specific uptake mechanisms will compromise their selective
uptake by the target tissues (236). Further, some studies have reported that targeted
liposomes containing exposed Fc regions of the Ab are taken up by tumor-associated
macrophages, which limits their direct interactions with the target tumor cells (84,
140, 141).

Ab fragments that contain the relevant antigen binding site, e.g., Fab’ or scFv
fragments, are attractive alternatives to whole Abs as liposomal targeting agents.
Fab’ fragments can be coupled to liposomes through the thiol groups of the hinge
region, avoiding perturbation of the antigen recognition site and introduction of
random amino-acid modifications to the Ab (75, 76). Removal of the Fc domain
helps liposomes evade uptake by the Fc-receptors on macrophages and should reduce
immunogenicity of the immunoliposomes. It will also increase their circulation time
and, therefore, the degree of tumor localization of the immunoliposomes (32, 112).
Although binding avidity is lost with the use of univalent Fab’ and scFv fragments,
coupling of these fragments to liposomes will restore multivalency and binding
avidity.

The vinca alkaloid, vincristine (VCR), is used in the treatment of lymphomas.
It is a cell-cycle dependent drug that arrests cell mitosis during metaphase by
preventing tubulin polymerization as well as by inducing depolymerization.

However, dose-limiting toxicities such as peripheral neuropathy associated with VCR
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therapy can compromise both the therapeutic outcome and patient quality of life. In
vitro studies have demonstrated a positive relationship between the therapeutic
effectiveness of VCR and the length of exposure of tumor cells to the drug (51). A
classical (non-PEGylated) liposomal formulation of VCR is currently in clinical trials
(237, 238). The use of an Ab-targeted, long-circulating liposomal formulation of
VCR should increase the amount of drug delivered to the target cells and increase the
duration of exposure of the target cells to the drug, both of which should result in an
improved therapeutic response. The exposure of sensitive tissues to the drug will be
decreased, leading to reduced side effects.

The ability of liposome-encapsulated DXR to decrease the side effects of the
drug and to increase its therapeutic effectiveness is well established in the clinic (239-
241). The utility of liposomal DXR targeted via whole murine anti-CD19 Abs has
been previously described in our laboratory in SCID mouse models of human B-
lymphoma and multiple myeloma (24, 142). A comparison of Fab’-targeted
liposomal DXR with whole mAb-targeted liposomal DXR would allow us to test the
hypothesis that Fab’-targeted liposomes will have therapeutic advantages, in part due
to their pharmacokinetic advantages.

In this study, we evaluated the binding, cytotoxicity, pharmacokinetics and
therapeutic outcome for anti-CD19-targeted liposomal formulations of two different
cytotoxic drugs, vincristine (VCR) and doxorubicin (DXR) that act via different
mechanisms of action, have different drug-related properties and different drug

release rates from liposomes. We compared the therapeutic responses, in a SCID

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



60

mouse model of human B-cell lymphoma, of liposomal drugs targeted with whole
mADb or Fab’ molecules with results obtained for free drugs, non-targeted liposomes
and drug-free liposomes. A significant improvement in therapeutic response was
associated with drug-loaded Ab-targeted liposomes compared with other treatment
groups and with VCR-containing liposomes compared with those containing DXR.
2.3 MATERIALS AND METHODS
2.3.1 Materials

Egg sphingomyelin (SM) and cholesterol (Chol) were purchased from Avanti
Polar Lipids (Alabaster, AL). Methoxypolyethylene glycol (MW 2000), covalently
linked via a carbamate bond to distearoylphosphatidylethanolamine (mPEG) (242),
hydrogenated soy phosphatidylcholine (HSPC) and doxorubicin (DXR) were
generous gifts from ALZA Pharmaceuticals, Inc. (Mountain View, CA). Maleimide-
derivatized polyethylene glycol (MW 2000)-distearoylphosphatidylethanolamine
(Mal-PEG) was custom synthesized by Shearwater Polymers, Inc. (Huntsville, AL),
according to a previously described protocol (60). Nuclepore® polycarbonate
membranes (pore sizes: 0.2, 0.1, and 0.08 um) were purchased from Northern Lipids
(Vancouver, BC). Vincristine sulphate (1 mg/ml) for injection was purchased from
the pharmacy of the University of Alberta Hospital (Edmonton, AB). RPMI 1640
(without phenol red), penicillin-streptomycin and fetal bovine serum (FBS) were
purchased from Life Technologies (Burlingtdn, ON). 2-iminothiolane (Traut's
reagent), 2-mercaptoethylamine-HCl (2-MEA) and 3-[4,5-dimethylthiazole-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) were obtained from Sigma Chemical Co. (St.
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Louis, MO). Iodobeads, Protein A/G column, ImmunoPure® IgG Elution buffer,
Slide-A-Lyzer dialysis cassettes (MW cut-off of 10,000) and buoys were purchased
from Pierce (Rockford, IL). Lysyl endopeptidase enzyme was obtained from Wako
Chemicals Inc. (Richmond, VA). SDS-PAGE (sodium dodecyl sulphate-
polyacylamide gel electrophoresis) gels (4-20% acrylamide, Tris-HCI buffer system)
and BioRad Protein Assay Reagent were purchased from BioRad Laboratories

~ (Mississauga, ON). Sephadex G-25 and G-50, Sepharose CL-4B, aqueous counting
scintillant (ASC), [’H]-VCR (1.85 MBq) and ["*C]-DXR (185 KBq) were purchased
from Amersham Pharmacia Biotech (Baie d'Urfe, QC). ['*C]-VCR was a kind gift
from Inex Pharmaceuticals, Vancouver, BC. Cholesterol- [1,2->H-(N)]-hexadecyl
ether ([*H]-CHE), 1.48-2.22 TBq/mmol, Solvable™ and Ultima Gold™ were
purchased from Perkin-Elmer Biosciences (Boston, MA). Tyraminyinulin (TI) was
synthesized and '*°I-TI was prepared as described before (243). Centrisart
concentrators (MW cut-off of 100,000) were obtained from Sartorius, Goettingen,
Germany and Microcon YM-10 concentrators from Millipore Corp., Bedford, MA.
All other chemicals were of analytical grade purity or the highest available purity.
2.3.2 Mice

Six-to-eight week-old female BALB/c mice were obtained from the Health

Sciences Laboratory Animal Services (University of Alberta, Edmonton, AB) and
kept in standard housing. Female 6-8-week old CB17 severe compromised
immunodeficient (SCID) mice were purchased from Taconic Farms (Germantown.

NY) and housed in the virus antigen-free unit of the Health Sciences Laboratory
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Animal Services, University of Alberta. All experiments were approved by the
Health Sciences Animal Policy and Welfare Committee of the University of Alberta.
2.3.3 Tumour cell line

The human Burkitt's lymphoma cell line, Namalwa (ATCC CRL 1432) was
purchased from American Type Culture Collection, Rockville, MD and cultured in
suspension in a humidified 37 °C incubator with a 5% CO; atmosphere in RPMI 1640
media supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin G (50
units/ml), and streptomycin éulfate (50 pg/ml). For experiments, only cells in the
exponential phase of cell growth were used.
2.3.4 Preparation of liposomes

Non-targeted liposomes, to be loaded with VCR, were composed of
SM:Chol:mPEG at a 55:40:5 molar ratio (SM-SL) and were similar to previously
described VCR formulations, except that PEG was included (51). VCR was
encapsulated by a transmembrane pH gradient-dependent procedure as previously
described (54). In some cases, radiolabeled [°H]-VCR sulphate (5 puCi [3H]—VCR
sulphate per mg of unlabelled VCR) was added as a radioactive tracer. Targeted
liposomes (see below) were composed of SM:Chol:mPEG:Mal-PEG, at a 55:40:4:1
molar ratio (SM-SIL). The dried lipid film was hydrated in 300 mM citrate buffer
(pH 4.0) with occasional vortexing and heating at 65°C to give a concentration of 25-
30 mM phospholipid (PL). The liposomes were then sequentially extruded at 65°C _
(Lipex Biomembranes Extruder, Vancouver, BC, Canada) through a series of

polycarbonate membranes with pore sizes 0f 0.2, 0.1 and 0.08 pum to achieve a final
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size of 120-130 nm. The liposome particle size was analyzed using a Brookhaven
BI90 submicron particle sizer (Brookhaven Instruments Corporation, Holtsville, NY).
VCR entrapment was determined either by spectrophotometry (A=297 nm) in
ethanol:water (8:2 by volume) or from the specific activity counts of the [’H]-VCR
tracer (Beckman LS-6800 Scintillation Counter). PL concentration was determined
using the Barlett colorimetric assay (244) or from the specific activity of the [*H]-
CHE tracer. Loading efficiency was determined from the drug:lipid ratio before and
after encapsulation of the drug. Trapping efficiencies of 95% and greater could
routinely be achieved by this procedure. In some cases, the liposomes were
concentrated using Centrisart concentrators.

Non-targeted liposomes, to be loaded with DXR, were composed of
HSPC:Chol:mPEG at a 2:1:0.10 molar ratio (HSPC-SL) and targeted liposomes (see
below) were composed of HSPC:Chol:PEG:Mal-PEG at a 2:1:0.08:0.02 molar ratio
(HSPC-SIL). They were prepared by hydration of thin films, as described previously
and were extruded to a diameter of 110 to 120 nm (108). DXR was loaded into
liposomes using the ammonium sulfate loading method of Bolotin et al. (50).

Liposomes for the ir vitro binding experiments were radiolabeled with [*H]-
CHE, a non-metabolizable, non-exchangeable radioactive tracer for binding studies,
and were prepared by hydrating the lipid films in HEPES-buffered saline (HBS, 25
mM 4-(2-hydroxyethyl)-1-piperazine ethanesulphonic acid, 140 mM NacCl, pH 7.4)

followed by extrusion as described above. For pharmacokinetic experiments,
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liposomes were prepared in the presence of [3H]-CHE and then loaded with drug
spiked with either [14C]-VCR or [14C]-DXR.
2.3.5 Preparation of aCD19 antibody and Fab’ fragments

The murine monoclonal aCD19 Ab (IgG,,) was produced from the FMC63
murine hybridoma (from Dr. H. Zola, Children's Health Research Institute, Adelaide,
Australia (245) and purified as described previously (74). Radioiodinated (**1) mAbs
or Fab’ fragments were used to measure coupling efficiencies and to determine the
amount of mAb or Fab’ attached to the liposomes. Iodination was as described
previously (24). An isotype-matched (IgG,,) control Ab, aPK136 was produced from
the HB191 murine hybridoma (ATCC).

To prepare Fab’ fragments, mAb aCD19 was incubated with lysyl
endopeptidase at a molar ratio of 1:200 (enzyme:substrate) in HBS (pH 8.0) for 3 h at
37°C (246), after which the digest was chromatographed on an immobilized Protein
A/G column equilibrated with Tris buffer, pH 8.0 (0.1M Tris-HCI, 0.15M NaCl) to
adsorb any undigested IgG,, and the Fc segment of the Ab. The disulfide bridges of
F(ab’), thus obtained were reduced using 5 mM 2-MEA for 60 min at 37°C. The
sample was then eluted over a Sephadex G-25 column equilibrated with degassed
HBS (pH 7.4), to remove free 2-MEA. Fab’ fragments were maintained in an O,-free
environment. Protein concentrations were determined by the BioRad Protein Assay
and the preparation of F(ab’), and Fab’ fragments was confirmed by SDS-PAGE
analysis. Fab’ fragments of the isotype-matched control Ab (aPK136) were prepared

by the same protocol.
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2.3.6 Coupling of immunoliposomes

oCD19 or Fab’ fragments of aCD19 (Fab’ CD19) were coupled to the
terminus of the Mal-PEG coupling lipid included in SM-SIL or HSPC-SIL using the
coupling procedure previously described (60). Every effort was made to ensure that
oCD19 or Fab’CD19 coupled liposomes had comparable numbers of CD19 binding
sites on the immunoliposomes in each individual experiment, bearing in mind that
IgG,, has two binding sites and Fab’ has only one. For coupling of the whole Ab, to
give HSPC-SIL[aCD19] or SM-SIL[aCD19], the protocol was as previously
described . Briefly, mAb (10 mg/ml) was incubated with 2-iminothiolane in O,-free
HBS, pH 8.0, at a ratio of 20:1 mol/mol for 1 h at room temperature in order to
thiolate the amino groups. At the end of the incubation, the sample was
chromatographed on a Sephadex G-50 column, equilibrated with O,-free HBS (pH
7.4) and immediately incubated with liposomes in an O,-free environment overnight
with continuous stirring. For Fab’-coupled liposomes (HSPC-SIL[Fab’CD19] or SM-
SIL[Fab’CD19]), the Fab’ fragments were generated from F(ab’), immediately before
coupling; they were then incubated with HSPC-SIL or SM-SIL in an oxygen-free
environment overnight with continuous stirring. The SIL were separated from the
uncoupled mAb or Fab’ fragments over a Sephadex CL-4B column equilibrated with
HBS (pH 7.4). Coupling efficiency was determined from the ratio of nmol
protein/pmol PL, before and after coupling. Coupling of Fab” fragments was
assessed by adding a trace amount of ['*’I]-labeled F(ab’), at the time of cleavage

with 2-MEA. To assess coupling of whole Ab, a trace amount of ['*°I]-labeled
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aCD19 was added to the unlabeled Ab before thiolation. A coupling efficiency of
80-90% for aCD19 and of 50-70% for Fab’ fragments could routinely be achieved by
this procedure. aPK136, an isotype-matched, non-specific (NS) control Ab, or its
Fab’ fragments, were coupled to the liposomes in a similar fashion (SM—SIL[OLNS],
SM-SIL[{Fab’NS])).

In two therapeutic studies (Figures 2.8 and 2.9), aCD19 or Fab’CD19 were
conjugated to micelles composed of mPEG:Mal-PEG (4:1) and then incubated with
preformed SM:Chol (55:45) liposomes, from Inex Pharmaceuticals (Burnaby, BC,
Canada) at 65°C for 1 h according to the post-insertion method of Iden ez al. (74). In
all other studies in this thesis, immunoliposomes were made by conventional coupling
procedures, as described above.

2.3.7 Binding and uptake of immunoliposomes

In vitro cell association of immunoliposomes was determined at both 37°C
and 4°C (non-permissive for internalization) to discriminate between the processes of
cell binding and receptor-mediated internalization, as described previously (24).
Briefly, Namalwa cells were washed with warm phosphate-buffered saline, pH 7.4
(PBS) to remove the media and plated in 48-well plates (1 x 10° cells/well in a
volume of 0.2 ml). Liposomes (SM-SL, HSPC-SL, SM-SIL[aCD19], HSPC-
SIL[aCD19], SM-SIL[Fab’CD19] or HSPC-SIL[Fab’CD19]) were radiolabeled with
[*H]-CHE and incubated with 1 x 10° Namalwa cells in a humidified incubator
containing 5% CO; at PL concentrations ranging from 0.1 mM to 1.6 mM PL (in

triplicate) for 1 h at 37°C or 4°C. Cells were then washed twice with cold PBS to
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remove the unbound liposomes and the amount of [3H]CHE associated with cells
was determined. Uptake (pmoles PL uptake per 1 million Namalwa cells) was
calculated from the specific activity of the liposomes. Non-specific binding was
determined for the corresponding radiolabeled liposomes coupled to the isotype-
matched control Ab, aPK136. Specific binding was determined by subtracting non-
specific binding from the total binding. The maximum number of binding sites per
cell (Bmax) and the dissociation constant (K4) values were determined by non-linear
regression using GraphPad Prism software (San Deigo, CA).
2.3.8 In vitro cytotoxicity

The in vitro cytotoxicities of free VCR, free DXR and various liposomal
formulations of VCR or DXR were determined using the MTT tetrazolium dye
reduction assay as described previously (24). Briefly, 5 x 10" Namalwa cells were
plated in 96-well round-bottom plates and incubated with increasing concentrations of
free or liposomal drug formulations for 1 h or 24 h at 37 °C. At these time points, the
cells were gently washed twice with warm PBS to remove any non-associated free or
liposomal drug and further incubated for a total period of 48 h in media. At the end
of the incubation period, medium in the wells was replaced by tetrazolium dye and
further incubated for 4 h. The resulting formazan crystals were then dissolved using
dimethyl sulphoxide (DMSO) and the plates were read on a Titertek Multiscan Plus
MK II plate reader (Flow Laboratories, Mississauga, ON) at dual wavelengths of 570
and 650 nm. Results are expressed as the éoncentration required for 50% inhibition

of cell growth, ICso (nM for free or liposomal VCR and puM for free or liposomal
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DXR). ICs,was obtained graphically using SlideWrite software (Advanced Graphics
Software, Encinitas CA).
2.3.9 In vitro leakage

The leakage of VCR from the various liposomal formulations was determined
in 50% adult bovine serum (ABS). Liposomes loaded with radiolabeled VCR, were
diluted in ABS (1:1 by volume) loaded in a dialysis cassette (MW cut-off of 10,000)
and dialyzed against 50% ABS at 37°C. At different time points, aliquots were
counted for [°’H]-VCR. The final lipid concentration of all the formulations was 0.5
mM. Results are expressed as ty (time in which 50% of drug leaks out from
liposomes). Leakage of DXR has previously been determined in our laboratory to
have a t;; of the order of 90 h, when encapsulated in liposomes of the composition
used in our experiments (G. Charrois, manuscript in preparation).
2.3.10 Pharmacokinetics and biodistribution

The pharmacokinetics and biodistribution of various liposomal formulations
entrapping ['>’I]-TI was examined in naive BALB/c or SCID mice bearing 5 x 10°
Namalwa cells as described previously (24). ['*°I]-TI was used as an aqueous space
marker for intact liposomes. ['*’I)-TI resists metabolism and breakdown and is
rapidly cleared from body following its release from the liposomes (247). Briefly,
mice (3/group) were injected with liposomes radiolabelled with ['*’I]-TL At selected
time points, mice were euthanised by cervical dislocation. A blood sample was
obtained by cardiac puncture (0.1 Aml) and major organs (liver, spleen, lung, heart,

kidneys, thyroid) were dissected out. The blood and organs were counted for cpm of
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1251, Blood correction factors were applied to correct for liposomes present in the
blood volume of organs (248) and pharmacokinetic parameters were calculated using
a polyexponential curve stripping and the least square parameter estimation program
PK Analyst 1.0 (MicroMath, Salt Lake City, UT). Results are expressed as
percentage of counts remaining in blood and organs relative to the total counts in the
body at each time point.

Another series of pharmacokinetic and biodistribution experiments were
performed with liposomes which were prepared using [’H]-CHE as a lipid label, and
were loaded with ['*C]-VCR or ['*C]-DXR. These experiments traced liposomal
lipid as well as the drug. Naive BALB/c mice (3/time point) were injected with
liposomal formulations of the drugs at the same dose as that chosen for the
therapeutic studies (0.66 mg VCR/kg or 3 mg DXR/kg). At selected time points,
mice were euthanised by cervical dislocation. Whole blood was collected via cardiac
puncture with a heparinized syringe, and liver and spleen were dissected out. Tissues
were further processed using a method similar to those described before (249-251).
Plasma was isolated from whole blood by centrifugation at 3000 x g for 5 minutes.
Liver and spleen homogenates (10% w/v or 5% w/v respectively) were prepared in
water using a Polytron homogenizer (Brinkman Instruments, Mississauga, ON,
Canada). Next, 500 pl of Solvable™ was added to 200 ul of either tissue
homogenates or plasma. The solutions were then digested for 2 h at 60°C. After the

vials cooled to room temperature, 50 pl of 200 mM ethylenediaminetetraacetate

(EDTA) was added before overnight bleaching with 200 pl of hydrogen peroxide
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(30% v/v). Next day 100 pul of 1 N HCI was added before 5 ml of Ultima Gold™, and
the samples were counted in a Beckman LS 6500 liquid scintillation counter for [3H]

and [14C] counts. Blood correction factors were applied to correct for liposomes
present in the blood volume of organs (248). Results are expressed as percentage of
injected drug or phospholipid concentration present in blood or organs at each time
point.
2.3.11 In vivo survival experiments

SCID mice (5-7/group) were injected i.v. into the tail vein with 5 x 10°
Namalwa cells in 0.2 ml PBS. Tréatments with free or liposomal drugs were given
24 h later as single bolus i.v. doses of either 0.66 mg VCR/kg or 3 mg DXR/kg. VCR
dose approximated with the clinical human dose (2 mg/m?) and DXR dose is the
maximum tolerated dose (MTD) in SCID mice. In only one set of therapeutic
experiments animals were dosed at the MTD of VCR 1.e. 2 mg/kg. Mice were
monitored daily and euthanised when they developed hind leg paralysis.
2.3.12 Statistical analysis

Comparisons of the cellular binding and uptake, cytotoxicities and
pharmacokinetics were done using one-way analysis of variance with InStat software
(GraphPad software, Version 3.0, San Diego, CA). The Tukey post-test was used to
compare means. Differences were considered significant at a P value of less than
0.05. K4 and By values were calculated using GraphPad Prism software, San Diego,
CA). Survival studies were analyzed using Kaplan-Meier plots, using GraphPad

Prism software.
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2.4 RESULTS
2.4.1 Preparation of anti-CD19 Fab’ fragments

The purity of the Fab’ fragment was assessed by SDS-PAGE under non-
reducing conditions (Figure 2.1). The molecular weights of the F(ab’), and Fab’
fragments of «CD19 were approximately 110 and 55 kD respectively. Purity of the
protein was over 90% and the final recovery of Fab’ fragments was 50-60%.
2.4.2 In vitro cellular association of immunoliposomes

In vitro cell association studies were performed to determine the targeting
effectiveness of immunoliposomes to CD19" Namalwa cells. The term cell
association reflects a combination of three processes, a) specific binding of SIL to the
CD19 epitope at the cell surface, b) internalization of the SIL into the cell interior and
recycling of the epitope back to the cell surface with possible repetition of the
process, and ¢) non-specific binding or attachment of the SIL to the cell surface.
Cellular association of SM-SIL{a:CD19] or SM-SIL[Fab’CD19] to CD19" Namalwa
cells was higher than that of Ab-free controls (SM-SL) at all PL concentrations
(Figure 2.2A). At a PL concentration of 0.4 mM, the total cell association for SM-
SIL[aCD19] or SM-SIL[Fab’CD19] was around 3-fold higher than SM-SL (P<0.05).
In addition, cellular association of SM-SIL[aCD19] and SM-SIL[Fab’CD19] to cells

at 37°C was significantly higher than at 4°C (non- permissive for endocytosis),
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95 000D

42 500D

Figure 2.1 SDS-PAGE gel of aCD19 and its fragments under non-reducing
conditions

Lane 2: whole mAb, aCD19

Lane 3: F(ab’), fragment of anti-CD19 generated by digestion with lysyl
endopeptidase

Lanes 4: Fab’ fragments (Fab’CD19) generated by reduction of disulphide bridges of
F(ab’), fragment with p mercaptoethylamine
Lanes 1 and 5: Molecular weight markers
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suggesting a requirement for metabolic processes in the uptake of these
immunoliposomes (Figure 2.2A). SM-SIL[Fab’CD19] had a higher level of
association to the Namalwa cells than SM-SIL{aCD19], although the total number of
binding domains on the Fab'-coupled liposomes was actually lower than on the Ab-
coupled liposomes (Figure 2.2A). The B,y was found to be 910 £ 100 pmoles/10°
cells for SM-SIL{aCD19] and 1760 + 130 pmoles/ 10° cells for SM-SIL[{Fab’CD19]
(P<0.005). Also there was a significant difference in the K4 values

of SM-SIL[aCD19] (250 + 90 pM) and that of SM-SIL[Fab’CD19] (460 + 80 uM)
(P<0.05). Non-specific cellular association was determined by using radiolabeled
liposomes coupled to an isotype-matched control Ab (anti-PK136) or its Fab'
fragments. Non-specific association of anti-PK136-coupled liposomes with Namalwa
cells increased linearly with increasing PL concentration and was very similar to that
observed for the non-targeted liposomes, SM-SL (Figure 2.2B). Specific cell
association was determined by subtracting non-specific association from the total cell

association (Figure 2.2C).
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Figure 2.2 In vitro cellular association of liposomes to Namalwa cells.
Liposomes were labeled with [’H]-CHE and incubated with 1 million Namalwa cells
after which the cells were washed with cold PBS to remove the unbound liposomes.
The concentration of mAb on SIL[aCD19] was 0.53-0.66 nmol binding domains of
aCD19/umol PL, while the concentration of Fab’ fragments on SIL{Fab’CD19] was
0.36-0.45 nmol binding domains of Fab’/umol PL. Data are expressed as pmoles PL
/ 1 million cells. Each point is an average of 3 replicates + S.D., from one
representative experiment. Panels A and B represents data from two separate
experiments. Panel C is the specific binding of immunoliposomes calculated from
the experiment reported in Panel B. (A) Total cellular association of liposomes with
cells as a function of concentration at 37°C (closed symbols) or 4°C (open symbols).
SM-S1(@,0); SM-SIL[aCD19] (A,A); SM-SIL[Fab’CD19] (l,0J). (B) Total
cellular association of liposomes with cells at 37°C compared to control liposomes
targeted with isotype-matched control mAb anti-PK136 (aNS). SM-SL (@); SM-
SIL[aCD19] (A); SM-SIL[Fab’CD19] (l); SM-SIL[aNS] (®); SM-SIL[Fab’NS]
(¥). (C) Specific binding of SM-SIL[aCD19] (A) or SM-SIL[Fab’CD19] (H) to
Namalwa cells.
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2.4.3 In vitro cytotoxicity

The in vitro cytotoxicities of free drugs and various drug-loaded liposome
formulations were determined for 1 or 24 h incubations. This helps to differentiate
between effects due to cellular uptake of drugs still encapsulated in the
immunoliposomes following receptor binding and internalization of the drug package
versus uptake of drug as free drug following its release (leakage) from the liposomes
outside the cell. The aCD19-targeted liposomal VCR formulations, i.e., VCR-SM-
SIL[aCD19] or VCR-SM-SIL[Fab’CD19], displayed 23 to 28-fold higher
cytotoxicity than the non-targeted formulations (VCR-SM-SL) (P<0.005) for 1 h
incubations (Table 2.1A). At the longer time point (24 h), no significant difference
between targeted and non-targeted formulations was observed (P>0.05). The
cytotoxicity of VCR-SM-SIL[aCD19] was not significantly different from that of
VCR-SM-SIL[Fab’CD19] at either 1 h or 24 h (P>0.05). In addition, the cytotoxicity
of targeted formulations approached that of free drug (P>0.05). The ICs, values for
liposomal formulations coupled to the isotype-matched Ab, i.e., VCR-SM-SIL[aNS]
or VCR-SM-SIL[Fab’NS], were significantly higher than those obtained for VCR-
SM-SIL[aCD19] (P<0.05) or VCR-SM-SIL[Fab’] (P<0.05) and were similar to that
of VCR-SM-SL (P>0.05) for 1 h incubations.

Since cytotoxicity studies with DXR-loaded immunoliposomes have been

reported previously (24), the current experiments comparing whole mAb with Fab’
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Table 2.1A Cytotoxicity of free or liposomal VCR formulations against
Namalwa cells. '

Namalwa cells (5 x 10%well) were plated in 96-well plates and incubated with a range
of concentrations of free VCR or liposomal VCR for 1 h or 24 h The liposomes were
composed of SM:Chol:mPEG (55:40:5) or SM:Chol:mPEG:Mal-PEG (55:40:4:1),
with 0.6 to 0.8 nmoles binding domains of aCD19/pumol PL or 0.45-0.64 nmol
Fab’CD19/umol PL. At the end of the incubation time, cells were washed with PBS
and plated with fresh medium. The plates were further incubated for a total of 48 h,
after which a MTT (tetrazolium) assay was performed. The data are expressed as
mean IC,, in nM + S.D for 3-5 separate experiments.

ICso (nM)

Formulation 1h 24 h

Free VCR 394+ 19 44+1.1
VCR-SM-SL 1070 + 400 58+2.2
VCR-SM-SIL[aCD19] 46 + 10 30+14
VCR-SM-SIL [Fab’CD19] 37+12 51+4.2
VCR-SM-SIL[aNS] 610+ 370 64+25
VCR-SM-SIL [Fab’NS] 400 + 260 26+£20
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Table 2.1B Cytotoxicity of free or liposomal DXR formulations against
Namalwa cells.

In vitro cytotoxicity against Namalwa cells (see above) of free DXR or liposomal
DXR composed of HSPC:Chol:mPEG (2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG
(2:1:0.08:0.02) with 0.4 nmol binding domains of «CD19/umol PL of 0.39 nmol
Fab’CD19/umol PL. The data are expressed as mean IC, in nM * S.D for 3 separate

experiments.
Formulation ICso (uM), 1 h
Free DXR 1.5+0.9
DXR-HSPC-SL >350
DXR-HSPC-SIL[aCD19] 3249
DXR-HSPC-SIL[Fab’] 34+ 4
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fragments were done only for a 1 h incubation time and demonstrated that the ICso
values for DXR-HSPC-SIL[Fab’CD19] and DXR-HSPC-SIL[aCD19] were similar
(Table 2.1B). ICs, values for both types of targeted liposomes were lower than that
~ obtained for hon—targeted liposomes (DXR-HSPC-SL) but higher than the values
obtained for free DXR.
2.4.4 In vitro leakage experiments

The leakage of VCR from targeted or non-targeted liposomes was determined
in 50% ABS at 37°C to check if the coupling of Ab to VCR-SM-SL altered the
leakage rate for VCR from the liposomes. SM-containing formulations of VCR are
known to have faster VCR leakage rates than those seen for leakage of DXR from
DXR-HSPC-SL or DXR-HSPC-SIL (51, 108). The PL concentration of all the
formulations was 0.5 mM. The rate of leakage of VCR from VCR-SM-SIL[aCD19]
(ti2= 6.8 = 0.2 h) was found to be similar to that for VCR-SM-SL (ti,=7.2 £ 1.8 h).
In previous experiments we have found that the t;; for leakage of DXR from DXR-
HSPC-SL was approximately 90 h (G.Charrois manuscript in preparation).
2.4.5 Pharmacokinetics and tissue distribution

First, the pharmacokinetics and biodistribution of SM-SL, SM-SIL[aCD19]
and SM-SIL[Fab’CD19] were examined in naive BALB/c mice (Figure 2.3, Table
2.2) using ['*I]-T1 as a liposomal aqueous-space radioactive marker. SM-
SIL[aCD19] was rapidly cleared from the circulation compared to SM-
SIL[Fab’CD19], which demonstrated a pharmacokinetic profile very similar to the

non-targeted SM-SL. Clearance of SM-SIL[aCD19] from the blood was biphasic
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and characterized by a rapid initial phase of clearance of immunoliposomes and a
second, slower, phase of elimination (Figure 2.3, Table 2.2). In contrast SM-
-SIL[Fab’CD19] demonstrated a log-linear uniphasic elimination profile very similar
to that of SM-SL (Figure 2.3, Table 2.2). The mean residence time of SM-
SIL[Fab’CD19] (23.1 * 1.8 h) was significantly higher than that for SM-SIL[aCD19]
(11.0 £ 0.9 h) (P<0.005, Table 2.2). Pharmacokinetics of HSPC-SL, HSPC-
SIL[aCD19] and HSPC-SIL[Fab’CD19] were essentially the same as that found for
their SM-containing counterparté (E. Moase, unpublished results).

We compared the biodistribution of SM-SIL[aCD19] to liver and spleen in
naive BALB/c mice with that of SM-SIL[Fab’CD19] (Figure 2.4 A, B). The uptake
of SM-SIL[aCD19] into liver was initially significantly higher than that of SM-
SIL[Fab’CD19] (P<0.001, Figure 2.4 A), likely due to Fc receptor-mediated
mechanisms. In addition, the spleen had a significantly higher uptake of SM-
SIL[aCD19] compared to SM-SIL[Fab’CD19] (Figure 2.4B) at all time points
(P<0.001).

The pharmacokinetics of the liposomes was also determined in tumor-bearing
SCID mice at 24 h post-inoculation i.v. of 5 x 10° Namalwa cells, using the aqueous
space marker '°I-T1, and the results were similar to those found in naive mice (Figure
2.5). The blood level for SM-SIL[Fab’CD19] was not significantly different from
that of SM-SL at 2 h (87% and 85% of injected cpm, respectively) and 24 h (33% and

37%, respectively) post-injection of liposomes (Figure 2.5).

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



81

© 100

(o)

L)

Q2

S 10 F

g- ; * k%
o I

g 1E

> -

£ -

Y

20.1 i f 1 i 1
o~ 0 12 24 36 48 60

Time (hours after injection)

Figure 2.3 Blood clearance of targeted versus non-targeted liposomes in naive
BALB/c mice.

Liposomes loaded with an aqueous space marker, ['*’I]-TI were injected with a single
bolus dose of liposomes (0.5 pmol PL/mouse) 1.v. At selected time points, mice were
euthanised and a blood sample and various organs were analyzed for '*’L. SM-SL
(@); SM-SIL[aCD19] (A) and SM-SIL[Fab’CD19] (M); The area under the curve
(AUC) of SM-SIL[aCD19] was significantly lower than that of SM-SL or SM-
SIL[Fab’CD19] (***P<0.001) (n=3)
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Table 2.2 Comparison of the pharmacokinetic parameters of targeted and non-
targeted liposomes.

Non-targeted liposomes (SM-SL) were composed of SM:Chol:mPEG (55:40:5) and
targeted liposomes (SM-SIL) were composed of SM:Chol:mPEG:Mal-PEG
(55:40:4:1). Liposomes loaded with an aqueous space marker, ['#°I}-TI, were injected
via the tail vein as a single bolus dose into female BALB/c mice (0.5 umol
PL/mouse). At selected time points, mice were euthanised and a blood sample and
various organs were analyzed for 1251, Pharmacokinetic parameters for SM-SL and
SM-SIL[Fab’CD19] were calculated using a one-compartment uniexponential model
assuming bolus administration and first-order output, and the least squares parameter
estimation program PK analyst (MicroMath Scientific Software, Salt Lake City, UT).
The SM-SIL[aCD19] graph was fitted to a two-compartment model and for this the
K value was calculated from P half-life. (n=3)

Formulation MRT? t120° t12B° Kg*

(h) (h) (b) (™)
SM-SL 275104 19.1£03 0.036 £ 0.005
SM-SIL[aCD19] 11.0+0.9 0.2+0.1 9.0+1.3 0.078 £ 0.010
SM-SIL{Fab’ CD19] 23.1+1.8 16.0x1.2 0.043 £ 0.003

* Mean residence time

® half-life for initial clearance phase

¢ half-life for terminal clearance phase

4 elimination rate constant from the central compartment
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Figure 2.4 Biodistribution of liposomes to liver and spleen in naive BALB/c
mice.

Liposomes (SM-SL, SM-SIL[aCD19], SM-SIL[Fab’CD19] loaded with an aqueous
space marker, ['*°I]-TI were injected with a single bolus dose of liposomes (0.5 pmol
PL/mouse) 1.v. At selected time points after liposome injection, mice were
euthanised and a blood sample and various organs were analyzed for '*’I. Data
represents the percentage of total counts in the liver (A) and spleen (B) at each time
point. SM-SL (solid bars); SM-SIL[aCD19] (open bars); SM-SIL[Fab’CD19]
(hatched bars). Data are mean + S.D, n=3; *P<0.05, ***P<(.001.
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SM-SIL[aCD19], on the other hand, was rapidly cleared from the circulation. At2h
and 24 h only 44% and 13%, respectively, of SM-SIL[aCD19] were still in blood
(P<0.05 compared to SM-SIL[Fab’CD19]).

The pharmacokinetics and biodistribution of non-targeted or 'targeted
liposdmes loaded with either VCR or DXR were then examined, in naive BALB/c
mice (Figure 2.6). For both VCR-loaded or DXR-loaded SIbL formulations,
SIL[aCD19] were rapidly cleared from the circulation compared to SIL[Fab’CD19],
which demonstrated a pharmacokinetic profile very similar to the non-targeted SL
(Figure 2.6 C, D). For both DXR- or VCR-containing formulatiomns, the uptake of
SIL[aCD19] into MPS (liver and spleen) was significantly higher than that of
SIL[Fab’CD19] (P<0.001), at all time points likely due to Fc receptor-mediated
mechanisms (Figure 2.7).

VCR had faster leakage rates from the liposomes than DXR as seen from
drug:lipid ratios (Figure 2.6 E, F). The levels of % injected drug in plasma was
lower for VCR-containing liposomes than for DXR-containing liposomes due to the
faster leakage of VCR from the liposomes (Figure 2.6 A, B). The removal of the
liposomal lipid (liposomes) from circulation was similar for DXR-containing and
VCR-containing liposomes (Figure 2.6 C, D). In other words, for the VCR-

containing formulations at the longer time points, some drug-depleted liposomes were

present in plasma.
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Figure 2.5 Blood clearance of targeted versus non-targeted liposomes in SCID
mice bearing Namalwa cells.

Liposomes (0.5 umol PL/mouse) loaded with an aqueous space marker, [1251]-TI were
injected i.v to SCID mice bearlng 5 X 10° Namalwa cells 24h post-inoculation of
cells. At selected time points, mice were euthanised and a blood sample and various
organs were analyzed for '*’I. Data represents the percentage of total counts in blood
at each time point. SM-SL (solid bars); SM-SIL[aCD19] (open bars); SM-
SIL[Fab’CD19] (hatched bars). Data are mean + S.D, n=3; **P<0.01.
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Figure 2.6 Blood clearance of drug-loaded targeted versus non-targeted in naive
BALB/c mice.

Non-targeted liposomes loaded with VCR were composed of SM:Chol:mPEG
(55:40:5, mol/mol). Targeted liposomes loaded with VCR were composed of
SM:Chol:mPEG:Mal-PEG (55:40:4:1, mol/mol) and had 0.93 nmol binding domains
of aCD19/pmol PL or 1.1 nmol Fab’CD19/umol PL. Non-targeted liposomes loaded
with DXR were composed of HSPC:Chol:mPEG (2:1:0.1). Targeted liposomes
loaded with DXR were composed of HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02)
and had 1.3 nmol binding domains of aCD19/pmol PL or 1.6 nmol Fab’CD19/pmol

PL. Liposomes were radiolabeled with [3H]-CHE and loaded with either [14C]-VCR

or [14C]-DXR. Naive BALB/c mice (3/time point) were injected i.v. with a single
bolus dose of 0.66 mg/kg liposomal VCR or 3 mg/kg liposomal DXR. At selected
time points, mice were euthanised and blood, liver and spleen samples were analyzed
for radioactivity. Data represents mean + S.D of the percentage of injected drug
(Panels A and B for DXR and VCR respectively) or phospholipid (Panels C and D for
DXR or VCR respectively) in blood (n=3). Panels E and F gives the normalized
drug:lipid ratios for DXR or VCR containing liposomes respectively. SL (@);
SIL[aCD19] (A); SIL[Fab’CD19] (). For both DXR- and VCR-loaded liposomes,
the area under the curve (AUC) of SIL[aCD19] was significantly lower than that of
SL or SIL[Fab’CD19] *P<0.05, **P<0.01,***P<0.001 (n=3).
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Figure 2.7 Biodistribution of drug-loaded liposomes to liver and spleen in naive
BALB/c mice.

Non-targeted liposomes loaded with VCR were composed of SM:Chol:mPEG
(55:40:5, mol/mol). Targeted liposomes loaded with VCR were composed of
SM:Chol:mPEG:Mal-PEG (55:40:4:1, mol/mol) and had 0.93 nmol binding domains
of aCD19/umol PL or 1.1 nmol Fab’CD19/umol PL. Non-targeted liposomes loaded
with DXR were composed of HSPC:Chol:mPEG (2:1:0.1). Targeted liposomes
loaded with DXR were composed of HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02)
and had 1.3 nmol binding domains of a«CD19/pmol PL or 1.6 nmol Fab’CD19/umol

PL. Liposomes were radiolabeled with [3H]-CHE and loaded with either [14C]-VCR

or [14C]-DXR. Naive BALB/c mice (3/time point) were injected i.v. with a single
bolus dose of 0.66 mg/kg liposomal VCR or 3 mg/kg liposomal DXR. At selected
‘time points, mice were euthanised and blood, liver and spleen samples were analyzed
for radioactivity. Data represents mean * S.D. of the percentage of injected drug
(Panels A and B for DXR and VCR respectively) or phospholipid (Panels C and D for
DXR or VCR respectively) in the MPS (liver + spleen) (n=3). SL (solid bars);

SIL[aCD19] (open bars); SIL[Fab’CD19] (hatched bars). **P<0.01,***P<0.001
(n=3).
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2.4.6 In vivo survival experiments in xenograft models of human B-lymphoma

Therapeutic experiments were performed in SCID mice bearing Namalwa
cells. The first therapeutic study performed, compared free VCR and various
formulations of VCR-loaded liposomes (VCR-SM-SL, VCR-SM-SIL[aCD19] and
VCR-SM-SIL[Fab’CD19]). Treatments were given as a single dose of 2 mg/kg VCR
(MTD reported in literature for VCR). With this dose, mice in all the treatment
groups showed signs of adverse reactions, namely lack of energy and scruffy
appearance for the initial 4-5 days. These effects were not observed after this time.
The control / no-treatment group (PBS) mice had a mean survival time of 25.2 + 3.0
days. Only one mouse in the free VCR group was sacrificed on day 55. Mice in all
the other groups and the remaining 4/5 mice in the free VCR group were long-term
Survivors.

Two separate therapeutic experiments were then performed to compare VCR-
loaded liposomes at a lower dosage of VCR (0.66 mg/kg). This dose approximates
with the clinical human dose of 2 mg/m®*. Figures 2.8 and 2.9 gives the Kaplan-Meier
plots for tumor-bearing mice treated with free VCR, or liposomal VCR formulations.
All treatments significantly increased the survival of mice compared to controls
(P<0.005) (Figures 2.8 and 2.9). VCR-SM-SL did not have a therapeutic advantage
over free VCR in this model (P>0.5). On the other hand, both VCR-SM-
SIL[aCD19] and VCR-SM-SIL[Fab’CD19] increased the survival of mice to a

significantly greater extent than VCR-SM-SL (P<0.005) or free VCR (P<0.05) and
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Figure 2.8 Therapeutic efficacy of free VCR or liposomal formulations of VCR
in SCID mice injected with Namalwa cells.

SCID mice (5/group) were injected i.v. with 5 x 10® Namalwa cells in 0.2 ml at 24 h
prior to i.v. treatment with a single bolus dose. Liposomes were composed of
SM:Chol:mPEG (55:40:5) or SM:Chol:mPEG:Mal-PEG (55:40:4:1, mol/mol).
Targeted liposomes had 0.71 nmol binding domains of aCD19/umol PL or 0.44 nmol
Fab’CD19/umol PL. Free VCR or liposomal VCR was administered at a dose of
0.66 mg/kg. Saline control (V); free VCR (<); VCR-SM-SL (@®); VCR-SM-
SIL[aCD19]; (A); VCR-SM-SIL[Fab’CD19] (I).
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Figure 2.9 Therapeutic efficacy of free VCR or liposomal formulations of VCR
in SCID mice injected with Namalwa cells.

SCID mice (5-7/group) were injected i.v. with 5 x 10° Namalwa cells in 0.2 ml at 24
h prior to i.v. treatment with a single bolus dose. Liposomes were composed of
SM:Chol:mPEG (55:40:5) or SM:Chol:mPEG:Mal-PEG (55:40:4:1, mol/mol).
Targeted liposomes had 1.0 nmol binding domains of «CD19/pumol PL or 1.1 nmol
Fab’CD19/umol PL. Free VCR or liposomal VCR was administered at a dose of
0.66 mg/kg. Saline control (V); free VCR (<); VCR-SM-SL (®); VCR-SM-
SIL[aCD19] (A); VCR-SM-SIL[Fab’CD19] (M); SM-SIL[aCD19] (A); SM-
SIL[Fab’CD19] (O0).

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



92

both treatments resulted in long-term survivors. Survival rates for VCR-SM-
SIL[Fab’] were not significantly different from those of VCR-SM-SIL[aCD19]

(P>0.05) (Figures 2.8 and 2.9). Mice did not show any signs of VCR toxicity in any

of the treatment groups.

Mice injected with drug-free liposomes conjugated to Fab’ fragments of
antiCD19 (SM-SIL[Fab’CD19]) had survival times that were the same as controls,
while mice injected with drug-free liposomes conjugated to whole Ab (SM-
SIL[aCD19] ) had modestly increased survival times (30 days versus 27 days, Figure
2.9). This suggests that aCD19 coupled to liposomes, at the concentrations tested,
had mild cytotoxic effects through Fc-mediated complement-dependent cytotoxicity
(CDC) and/or antibody-dependent cell-mediated cytotoxicity (ADCC).

Finally, a therapeutic study was performed to compare free or liposomal
formulations of either VCR or DXR (Figure 2.10). All treatments except free DXR
significantly increased the survival of mice compared to control (P<0.05). DXR-
HSPC-SL resulted in higher survival times than free DXR (P<0.05), but VCR-SM-SL
resulted in similar survival times to free VCR (P>0.05). Both VCR-SM-SIL[aCD19]
and VCR-SM-SIL[Fab’CD19] increased the survival of mice significantly compared
to VCR-SM-SL (P<0.005) or free VCR (P<0.05), and both treatments resulted in
long-term survivors. Mice receiving either DXR-HSPC-SIL[Fab’CD19] or DXR-
HSPC-SIL [aCD19] (at the MTD, 3 mg/kg) exhibited significantly increased survival
times compared with either free DXR (P<0.005) or DXR-HSPC-SL (P<0.005). Of

interest is the observation that, while the survival rates for VCR-SM-SIL[Fab’CD19]
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Figure 2.10 Therapeutic efficacy of free drugs or liposomal formulations of
drugs in SCID mice injected with Namalwa cells.

SCID mice (6-7/group) were injected i.v. with 5 x 10° Namalwa cells in 0.2 ml PBS,
24 h prior to i.v. treatment with a single bolus dose of free or liposomal drugs. Non-
targeted liposomes loaded with VCR were composed of SM:Chol:mPEG (55:40:5).
Targeted liposomes loaded with VCR were composed of SM:Chol:mPEG:Mal-PEG
(55:40:4:1, mol/mol) and had 0.82 nmol binding domains of «CD19/pmol PL or
0.89 nmol Fab’/pmol PL. Non-targeted liposomes loaded with DXR were composed
of HSPC:Chol:mPEG (2:1:0.1). Targeted liposomes loaded with DXR were
composed of HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02) and had 0.74 nmol
binding domains of aCD19/pumol PL or 0.76 nmol Fab’/pmol PL. Free VCR or
liposomal VCR was administered at a dose of 0.66 mg/kg and free DXR or liposomal
DXR was administered at a dose of 3 mg/kg. Saline control (X); free VCR (<);
VCR-SM-SL (O); VCR-SM-SIL[aCD19] (A); VCR-SM-SIL[Fab’] (OJ); free DXR
(#); DXR-HSPC-SL (@); DXR-HSPC-SIL[aCD19] (A); DXR-HSPC-SIL[Fab’]
().
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were not significantly different from those of VCR-SM-SIL[aCD19] (P>0.05), mice
treated with DXR-HSPC-SIL[Fab’CD19] had significantly increased survival times
compared to those receiving DXR-HSPC-SIL{aCD19] (P<0.005). Also, the results
achieved with VCR—SM-SIL[OLCD19] and VCR-SM-SIL[Fab’CD19] were superior to
those obtained with their DXR-containing counterparts, in spite of the lower dose of
VCR (0.66 mg/kg) administered relative to its MTD (approximately 2 mg/kg) in
SCID mice.

2.5 DISCUSSION

This study compares, for the first time, the binding, cytotoxicity,
pharmacokinetics and therapeutic outcome in the same model system for
immunoliposomal formulations of two different anticancer drugs, i.e, VCR and DXR.
These drugs work by different mechanisms of action, have different drug-related
properties such as mechanisms of resistance and other physical and chemical
properties, and different release rates from the liposomes. The study also compares
the resuits for immunoliposomes targeted via aCD19 whole mAb compared to Fab’
fragments.

We demonstrated specific binding for VCR and DXR formulations of both
SIL[aCD19] and SIL[Fab’CD19] to CD19" human B-lymphoma cells. In these
experiments every effort was made to ensure comparable numbef of antigen binding
sites on the two types of formulations. Utilizing the thiol groups in the hinge region
of Fab’ fragments to couple them to liposomes avoids three problems; a) loss of Ab

activity due to random thiolation of the protein, b) decreased binding due to random
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orientation of the Abs at the liposome surface because of the random formation of
thioether bonds between the whole mAbs and the liposome, and c) the potential for
cross-linking of either the Abs or the liposomes. However, one may lose Ab avidity
by coupling Fab’ fragments, with only one antigen binding site, to lipogomes instead
of whole mAbs, with two binding sites. Since the binding of the SIL[Fab’CD19] was
equivalent to, or higher than, that seen for the SIL[aCD19], this suggests that
coupling of Fab’ fragments to liposomes restores their avidity by restoring
multivalent binding.

The K4 value for SM-SIL[aCD19] was similar to that found for HSPC-
SIL[aCD19] (24), suggesting that the liposome composition, although affecting drug
leakage rates (252), does not affect antigen binding of the immunoliposomes.

We observed higher levels of cell association of both SM-SIL[aCD19] and
SM-SIL[Fab’CD19] to the Namalwa cells at 37°C compared to 4°C, where
endocytosis does not occur. We hypothesize that this is due to binding of the SIL to
the cells via the pan B-cell differentiation antigen, CD19, followed by receptor-
mediated endocytosis and recycling of the epitope back to the cell surface where it
will be available to partake in further binding and internalization events (24, 180, 181,
253).

Following internalization of the liposomal drug packages, we have published
evidence that the breakdown of the drug-liposome package by lysosomal and
endosomal enzymes and release of drug into the cytoplasm is responsible for the

cytotoxic effect produced by targeted liposomal DXR (108, 254, 255). This
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mechanism probably applies for the targeted liposomal VCR as well, since VCR-SM-
SIL[aCD19] and VCR-SM-SIL[Fab’CD19] demonstrated significantly higher
cytotoxicity against the Namalwa cells than VCR-SM-SL after a 1 h incubation, when
release and uptake of the free drug into the cells is unlikely to play a major role in
mediating cytotoxicity (Table 1A). At a longer time point (24 h), our leakage studies
demonstrate that a significant portion of the drug would have already been released
from VCR-containing liposomes. This may explain why no significant differences
were observed between targeted or non-targeted VCR formulations and free drug at
this time point. In the case of the DXR-loaded liposomes, the ICsy values of targeted
liposomes were lower than for non-targeted liposomes after 24 h incubation (24),
which can be explained by the significantly slower rate of leakage of DXR from
liposomes composed of HSPC:Chol:mPEG ( G.Charrois, manuscript in preparation).
Results from the pharmacokinetic and tissue distribution studies suggest that
linkage of whole mAbs to the PEG terminus of liposomes using the Mal-PEG
coupling method results in a random orientation of the Ab at the liposome surface,
which leads to enhanced uptake of SIL[aCD19] by liver, spleen and other
macrophages via Fc-receptor-mediated mechanisms. In contrast, linkage of Fab’
fragments to the liposomes appeared to retard their uptake by macrophages,
increasing their circulation half-lives. Previous studies from our laboratory have used
a hydrazide-derivatized coupling lipid, Hz-PEG, to couple mAbs to liposomes (24).
This method involves the oxidation of carbohydrate groups present in the Fc region of

the Ab, forming a hydrazone bond between the whole mAb and the liposomes. This
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coupling method resulted in increased circulation half-lives compared to the Mal-
PEG coupling method; the half-lives were similar to those found for the Fab’-coupled
liposomes (24). This further supports the idea that random orientation of Ab
molecules on the liposome surface, such as occurs with the Mal-PEG coupling
method, leads to an increase in the numbers of exposed Fc regions, resulting in
enhanced binding and Fc-receptor-mediated uptake of the immunoliposomes into
cells of the MPS. Coupling methods that prevent exposure of the Fc region (Hz-PEG
or coupling of Fab’ rather than whole mAbs), result in immunoliposomes that have
clearance rates more similar to non-targeted liposomes (112). Because therapeutic
outcomes are correlated with increased circulation times, strategies that result in
decreased clearance of liposomes have been predicted to result in increased survival
times (236).

We performed therapeutic studies in a xenograft model of human B-cell
lymphoma at a VCR dose approximating the clinical dose in humans, and a DXR
dose that is the maximum tolerated dose in SCID mice. Our therapeutic results
demonstrated that targeted formulations containing either VCR or DXR were both
superior to non-targeted liposomes or to the free drugs. Although the rate of
clearance of SIL[aCD19] liposomes from the circulation was significantly higher
than that of SLs, mice injected with either VCR-SM-SIL[aCD19] or DXR-HSPC-
SIL[aCD19] had significantly increased life spans compared to mice injected with
VCR-SM-SL or DXR-HSPC-SL, respectively. Since binding and internalization of

aCD19 is a rapid process, our results suggest that SIL[aCD19] bound to, and were
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internalized by, the target cells more rapidly than they were cleared from the
circulation into macrophages. However, the longer circulation times and the
improved antigen accessibility of the SIL[Fab’CD19] probably played an important
role in further improving the therapeutic outcome of mice injected with DXR-HSPC-
SIL{Fab’CD19] over mice injected with DXR-HSPC-SIL[aCD19].

Two drawbacks of VCR-loaded liposomes in the past were their fast rates of
drug release and their relatively rapid rate of clearance from circulation (51).
Insertion of PEG-DSPE conjugates onto the surface of VCR-loaded liposomes can
increase the circulation time of the liposomes but it also increases the leakage rate for
the drug (252). As a result, it was shown previously that PEG-containing liposomes
loaded with VCR had no therapeutic advantages over those lacking PEG (252). Our
experiments showed that linking Abs to the PEG-terminus of VCR-loaded liposomes
did not increase the rate of release of VCR over that seen for non-targeted liposomes,
but it significantly improved the therapeutic outcome. This is probably because the
targeted formulations could rapidly deliver their drug to the target cells, before their
contents were released.

No difference was observed between VCR-SM-SIL[aCD19] and VCR-SM-
SIL[Fab’CD19], unlike the superior performance of DXR-HSPC-SIL[Fab’CD19]
over DXR-HSPC-SIL[aCD19]. We believe that this is because the rate of release of
VCR from the liposomes is faster relative to their rate of plasma clearance, and hence
increasing their circulation times would not result in significantly more drug being

delivered to the target cells. In other words, delivering drug-depleted liposomes to
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the cells is not expected to have a therapeutic advantage. On the other hand, for
DXR-containing immunoliposomes, which release their drug slowly on the time scale
of plasma clearance, long circulation times would be expected to increase the amount
of drug delivered to the target cells over time. However our speculations are based on
the experimental results with only two immunoliposomal drugs with different drug
release rates. In future, rigorous experiments need to be performed comparing
immunoliposmal drugs having a spectrum of different drug release rates to further
comment on these results.

We observed that free VCR, the non-targeted formulations and the targeted
VCR-containing formulations resulted in better therapeutic responses than each of the
corresponding DXR-containing formulations (£<0.005). It appears that the Namalwa
cells are more sensitive to VCR than to DXR. Treatment of the tumor-bearing mice
with free VCR resulted in a significant increase in survival relative to untreated
controls, but this was not observed for free DXR relative to controls. Free DXR has
little or no effect in this lymphoma model.

Another explanation may involve the differential rate of release from
liposomes of VCR and DXR and their different mechanisms of action. These drugs
are cell cycle dependent and cell cycle independent, respectively. VCR acts by
destabilizing microtubules, resulting in arrest of cells in the metaphase. Since cancer
cells are not normally synchronized with respect to the cell cycle, exposure of the
cancer cells to VCR for a period of time as long as or longer than the cell cycle would

allow cells in different phases of cell cycle to enter metaphase and be susceptible to
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the action of the drug. If the rate of release of VCR from the targeted liposomes is on
a similar time scale as the doubling time of the cells, this may result in the cells being
exposed to high concentrations of drug as they go through the M phase of the cell
cycle and to good levels of cytotoxicity. Both in vifro studies (226, 256) and clinical
trials (257, 258) have established the correlation between increased duration of VCR
exposure to neoplastic cells and improved responses.

DXR, on the other hand is not a cell-cycle specific drug. It acts by multiple
mechanisms including inhibition of topoisomerase I, resulting in DNA strand breaks,
inhibition of DNA and RNA polymerase, oxidative DNA damage and increasing
ceramide levels leading to apoptosis. Hence, we can predict the cytotoxicity of DXR
would be highest if the drug were delivered rapidly and in high concentrations to the
target cells. The slow rate of release of DXR from the targeted liposomes, both
before and after endocytosis, means that there may be a delay in exposure of the
intracellular sites of action to cytotoxic levels of drug, resulting in delayed cell kill
and in lower overall cytotoxicity. We have previously published data showing that
the rate of intracellular release of DXR from internalized formulations of DXR-
HSPC-SIL[aCD19] was very slow, with appearance of DXR in the nucleus of
Namalwa cells taking from 24 h to 48 h (108, 255). In support of this concept, we
have previously shown that engineering the tairgeted liposomes for increased rates of
intracellular release of entrapped drugs from endosomes leads to increased
cytotoxicities of liposomal formulations of DXR (254, 255). However, again these

speculations are based on the results obtained from experiments with only two drugs
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that work via different mechanisms of action. Future experiments should compare
immunoliposomal formulations of other schedule-dependent drugs such as 5-
fluorouracil, methotrexate, topotecan with other schedule-independent drugs such as
cisplatin and daunorubicin to further refine these results.

Besides acting via different mechanisms of action, VCR and DXR have other
differences in drug-related properties like mechanisms of drug resistancc;, potencies
and other physical and chemical properties. Any of these factors could be responsible
for the improved therapeutics observed for VCR-containing immunoliposomes over
DXR-containing immunoliposomes. Further, in the experiments reported in chapter
4, we observe synergistic cytototoxic effects of DXR- or VCR-containing liposomes
with anti-CD19. The synergistic effects between the encapsulated drug and the
coupled antibody may be due to different mechanisms for DXR and VCR and this
may also account for the differences in the results observed for DXR- and VCR-
containing immunoliposomes.

This study has evaluated the application of VCR- and DXR-loaded
immunoliposomes in a B-cell malignancy where the target cells either reside in the
vasculature or appear to be readily accessible from the vasculature. Our responses in
this haematological model are significantly improved over responses achieved in
advanced solid tumor models in our laboratory, e.g. Caov.3, a human ovarian cancer
cell line, 4T1-MUCI1, a MUC1-expressing mouse mammary carcinoma cell line or
NCI-H69, a small cell lung cancer (143, 144, 150). When well-developed tumors in

these models were treated with drug-loaded liposomes targeted with specific whole
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Abs or peptides, no significant reduction of tumor growth was observed compared to
non-targeted liposomes. Explanations for this failure to observe comparable results in
the developed solid tumor models compared to the haematological models are
several. SIL, according to the ‘binding site barrier’ hypothesis, will bind to the first
target cells they encounter, which will retard their diffusion through the tumor and
limit their therapeutic effects (131). In addition, whole Abs may induce Fc receptor-
mediated endocytosis of the targeted liposomes by macrophages residing around the
tumor cells, lowering the amount of drug that reaches the target cells. Further, the
more rapid clearance of liposomes coupled to whole mAbs from the circulation may
limit their ability to localize to tumors. However, another solid tumor model system,
using anti-HER2 Fab’ fragments as targeting agents against a highly overexpressing
HER?2 breast cancer cell line, has shown improved therapeutic efficacies of
immunoliposomes over non-targeted liposomes in solid tumors (27, 28). Increased
tumor localization of the Fab’-targeted liposomes compared to non-targeted
liposomes could not be demonstrated in this model despite the long circulation time
of the Fab’-targeted liposomes, so the explanation for the improved results may lie in
the very high antigen density of the target cells and the rapid internalization of the
targeted liposomal drugs (28).

In conclusion, we have demonstrated that Ab-mediated targeting of VCR- or
DXR-loaded liposomes to an internalizing epitope is a promising approach to the

treatment of B-cell malignancies. We compared the therapeutic effectiveness of two
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different liposome formulations containing two anticancer drugs having different
drug-related properties, targeted using either whole Abs or Fab’ fragments. Fab’
fragments are expected to decrease the incidence of HAMA when used in human
therapy. We anticipate the use of even smaller Ab fragments, e.g., scFv,instead of
whole mAbs or Fab’ fragments, and the development of fully human Abs as
liposomal targeting moieties will overcome the final obstacles to clinical trials for
these formulations. The excellent results that we obtained in our human B-lymphoma
xenograft model for targeted formulations of liposomal VCR suggests that these

formulations should be evaluated for therapeutic responses in human lymphoma.
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CHAPTER 3
Internalizing antibodies are necessary for improved therapeutic responses of

DXR-containing immunoliposomes

Cancer Res., 62: 7190-7194, 2002
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3.1 ABSTRACT

We have compared two populations of immunoliposomal doxorubicin (DXR),
each targeted against a different epitope, either internalizing (CD19) or non-
internalizing (CD20), which are both expressed on the surface of the human B-
lymphoma cell line (Namalwa). Anti-CD19-targeted liposomes were rapidly
internalized into Namalwa cells, while those targeted with anti-CD20 were not
internalized. Similar in vitro binding and cytotoxicity was observed for anti-CD19-
targeted and anti-CD20-targeted liposomal formulations of DXR. Therapeutic
experiments were performed in SCID mice inoculated i.v. with Namalwa cells.
Administration of single i.v. doses of DXR-loaded anti-CD19-targeted liposomes
resulted in significantly greater survival times than either DXR-loaded anti-CD20-
targeted liposomes or DXR-loaded non-targeted liposomes. The therapeutic
advantage of targeting internalizing vs. non-internalizing epitopes has been directly
demonstrated.
3.2 INTRODUCTION

Antibody (Ab)-mediated targeting of liposomal anticancer drugs to epitopes
expressed at the surface of cancer cells is being investigated as a means of increasing
the site-specific delivery of drug to cancer cells (2, 24, 27, 28, 112). Either
internalizing or non-internalizing epitopes are possible targets for liposomal
anticancer drugs conjugated to monoclonal antibodies (immunoliposomes), but the
mechanism of delivery of the drug into the cell is different in each case. When

targeted liposomal drugs bind to non-internalizing epitopes, liposome contents are
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released over time at or near the cell surface, and the released drug will enter the cell
by passive diffusion or by normal transport mechanisms. Although increased
concentrations of drug may be achieved at the cell surface by this mechanism, it can
be argued that, in the dynamic in vivo environment, the rate of diffusion and
redistribution of the released drug away from the cell will exceed the rate at which the
drug enters the cell, particularly for drugs such as DXR, which have a large volume
of distribution. When targeted liposomal drugs bind to internalizing epitopes, they
trigger receptor-mediated uptake of immunoliposomal drug packages into the cell
interior where the drug contents are released subsequent to liposomal degradation by
lysosmal and endosomal enzymes. Hence, one can hypothesize that targeting to
internalizing epitopes should result in delivery of higher concentrations of drug to the
cell interior than targeting to non-internalizing epitopes, resulting in improved
therapeutic outcomes for liposomal drugs such as DXR that are resistant to
degradation by the enzyme-rich, low pH environment of endosomes and lysosomes.
Some indirect experimental evidence supports this hypothesis. Liposomes targeted to
internalizing receptors have demonstrated better therapeutic responses in some tumor
models (24, 27, 28). In other tumor models, targeted liposomes did not improve
therapeutic responses over non-targeted liposomes, which was hypothesized to be due
to the lack of internalization of the drug-liposome package into the cells (104, 105).
This study aims, in a B-lymphoma model system, to verify directly the hypothesis
that internalizing epitopes make better targets than non-internalizing epitopes for

liposomal anticancer drugs. The binding, internalization, cytotoxicity and therapeutic
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responses of immunoliposomes targeted against CD19 (internalizing epitope) were
compared with those targeted against CD20 (non-internalizing epitope). Significant
improvements in therapeutic responses were associated with the liposomes targeted
against the internalizing epitope.
3.3 MATERIALS AND METHODS
3.3.1 Materials

Hydrogenated soy phosphatidylcholine (HSPC) and methoxypolyethylene
glycol) (MW 2000), covalently linked to distearoylphosphatidylethanolamine
(mPEG) , were generous gifts from ALZA Pharmaceuticals, Inc. (Mountain View,
CA). Cholesterol (Chol) was purchased from Avanti Polar Lipids (Alabaster, AL).
Maleimide-derivatized polyeythylene glycol (MW 2000)-DSPE (Mal-PEG) was
custom synthesized by Shearwater Polymers, Inc. (Huntsville, AL). Nuclepore®
polycarbonate membranes (pore sizes: 0.2, 0.1, and 0.08 um) were purchased from
Northern Lipids (Vancouver, BC). 2-Iminothiolane (Traut's reagent) and 3-[4,5-
dimethylthiazole-2-yl1]-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma Chemical Co. (St. Louis, MO). Rhodamine dihexadecanoyl-
phosphatidylethanolamine (Rh-PE) was obtained from Molecular Probes (Eugene,
OR). RPMI 1640 media (without phenol red), penicillin-streptomycin and fetal
bovine serum (FBS) were obtained from Life Technologies (Burlington, ON).
Iodobeads were purchased from Pierce (Rockford, IL) and BioRad Protein Assay
Reagent from BioRad Laboratories (Mississauga, ON). Sephadex G-50, Sepharose |

CL-4B, aqueous counting scintillant (ASC) were purchased from Amersham
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Pharmacia Biotech (Baie d'Urfe, QC). Cholesterol- [1,2-H-(N)]-hexadecyl ether
(°H]-CHE), 1.48-2.22 TBg/mmol, and '** I-Nal (185 MBq) were purchased from
Mandel Scientific (Mississauga, ON). Goat anti-mouse-FITC IgG and goat anti-
human-FITC IgG were purchased from Sigma Chemical Co. (St. Louis, MO). All
other chemicals were of analytical grade purity.

3.3.2 Animals, antibodies and cell lines

Six-to-eight week-old female CB17 severe compromised immunodeficient
(SCID) mice were purchased from Taconic Farms (Germantown. NY) and housed in
the virus antigen-free unit of the Health Sciences Laboratory Animal Services,
University of Alberta. All experiments were approved by the Health Sciences
Animal Policy and Welfare Committee of the University of Alberta.

The murine monoclonal antibody (mAb) whole anti-CD19 IgG,, (aCD19)
was produced from the FMC63 murine hybridoma (245) and purified as described
previously (74). Rituximab, a chimeric IgG; whole mAb, was used as a source of
anti-CD20 (aCD20). Iodinated Abs were used to measure coupling efficiencies and
to determine the amount of mAb attached to the liposomes (24). The human Burkitt's
lymphoma cell line, Namalwa (ATCC CRL 1432) was purchased from American
Type Culture Collection, Rockville, MD and cultured in suspension in a humidified
37°C incubator with a 5% CO; atmosphere in RPMI 1640 media supplemented with
10% (v/v) fetal bovine serum (FBS), penicillin G (50 units/ml), and streptomycin
sulfate (50 pg/ml). For experiments, only cells in the exponential phase of cell

growth were used.
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Immunophenotyping of Namalwa cells using single color flow cytometry was
performed to examine the cell surface expression of CD19 and CD20 epitopes.
Namalwa cells (1 x 10°) were first stained with 10 pg primary mAb followed by 20 pl
of a 1:32 dilution of goat anti-mouse-FITC IgG for aCD19 or goat anti-human-FITC
IgG for aCD20. Cell associated fluorescence was analyzed on a Becton-Dickinson
FACScan using Lysis II software (Beckton Dickinson, San Jose, CA). FITC-
fluorecent markers were excited with an argon laser (488nm) and emitted
fluorescence was detected using a 530nm band pass filter.

3.3.3 Preparation of liposomes

Non-targeted liposomes, to be loaded with DXR for cytotoxicity and
therapeutic studies or radiolabeled with [*H]-CHE for binding studies, were
composed of HSPC:Chol:mPEG at a 2:1:0.1 molar ratio (HSPC-SL) and targeted
liposomes were composed of HSPC:Chol:mPEG:Mal-PEG at a 2:1:0.08:0.02 molar
ratio (HSPC-SIL). For confocal microscopy studies, 0.1 mol% of Rh-PE was
incorporated into the lipid mixture. Liposomes were prepared by hydration of thin
films, as described previously and were extruded to mean diameter in the range of
100 £+ 10nm (108). DXR was loaded into liposomes using the ammonium sulfate
loading method (50).

o CD19 mAb or aCD20 mAb were coupled to the terminus of the Mal-PEG at
2000:1 (lipid:protein). For cell association studies, liposomes were coupled at 1000:1
(lipid:protein) molar ratios, using the coupling procedure previously described (60).

Briefly, mAb (10 mg/ml) was incubated with 2-Iminothiolane in O,-free HEPES-
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buffered saline (HBS), pH 8.0, at a ratio of 20:1 mol/mol for 1 h at room temperature
in order to thiolate the amino groups. At the end of the incubation, the sample was
chromatographed on a Sephadex G-50 column, equilibrated with O,-free HBS (pH
7.4) and immediately incubated with liposomes in an O,-free environment overnight
with continuous stirring. To assess coupling efficiency of the Abs, a trace amount of
['%°I}-labeled aCD19 or aCD20 was added to the unlabeled Ab before thiolation. Ab
coupling is expressed as pg mAb / umol phospholipid (PL). A coupling efficiency of
80-90% for either Ab could routinely be achieved by this procedure and particular
attention was taken to ensure that similar Ab densities (within = 10%) occurred at the
surface of either type of immunoliposome.
3.3.4 In vitro binding and cytotoxicity of immunoliposomes

In vitro cell association of immunoliposomes labeled with [’H]-CHE was
determined, as described previously, at both 37°C and 4°C, i.e., permissive and non-
permissive temperatures for endocytosis, respectively (24). Briefly, liposomes
(HSPC-SL, HSPC-SIL[aCD19] or HSPC-SIL[aCD20]) were radiolabeled with [*H]-
CHE and incubated with 1 x 10° Namalwa cells (in FACS tubes) at PL concentrations
ranging from 0.1 mM to 1.6 mM PL (in triplicate) for 1 h. Cells were then washed
twice with cold PBS to remove unbound liposomes and the amount of N H}-CHE
associated with cells was determined. Cell association (pmoles PL / 1 x 10° cells)
was calculated from the specific activity of the liposomes. Specific binding was

determined by subtracting binding due to non-targeted liposomes from the total

binding.
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The in vitro cytotoxicities of free DXR, free Abs and various liposomal
formulations of DXR were determined using the MTT tetrazolium dye reduction
assay as described previously (24) and in chapter 2. Results are expressed as ICso,
which was obtained graphically using SlideWrite software (Advanced Graphics
Software, Encinitas CA).

For confocal studies, Namalwa cells (1 x 106) were incubated with Rh-PE-
labeled liposomes either non-targeted or targeted via aCD19 or aCD20 mAbs for 1 h
at 37°C or 4°C. Cells were then washed twice with cold PBS to remove unbound
liposomes and resuspended in ~0.1 ml of PBS. Cells were allowed to adhere to poly-
L-lysine-coated slides prior to mounting with Permaflor (Lipshaw Immunon,
Pittsburgh, PA). Cells were then visualized on a ZEISS LSM 510 confocal
microscope consisting of a 100W HBO mercury burner (for direct observation) and a
He Ne laser with excitation at 543 nm. Emission was collected with LP560. The
pinhole was adjusted to obtain 1.0 um optical sections and images (512 x 512 pixels)
were collected.

3.3.5 In vivo survival experiments

SCID mice (5-7/group) were injected i.v. in the tail vein with 5 x 10°
Namalwa cells in 0.2 ml PBS. Treatments were given as a single bolus i.v. dose of 3
mg DXR/kg as free DXR, DXR-HSPC-SL, DXR- HSPC-SIL[aCD19] or DXR-
HSPC-SIL[aCD20]. The density of aCD19 or aCD20 on the liposomes was 76
pg/umol PL (40 mAb/liposome equaling 80 antigen binding sites) or 70 pg/pumol PL

(37 mAb/liposome), respectively; i.e. each mouse received 15 pg aCD19 or 13 pg
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aCD20 conjugated to the DXR-containing immunoliposomes. As controls, the same
amounts of free mAbs were administered, and empty immunoliposomes also
contained comparable doses of Ab and PL. Mice were monitored daily and
euthanised when they developed hind leg paralysis.
3.3.6 Statistical analysis

Comparisons of cellular binding and uptake, cytotoxicities and therapeutic
efficacies were done using one-way analysis of variance with InStat software
(GraphPad software, Version 3.0, San Diego, CA). The Tukey post-test was used to
compare means. Differences were considered significant at a P value of less than
0.05.
3.4 RESULTS AND DISCUSSION
3.4.1 Immunophenotyping of Namalwa cells

Immunophenotyping of Namalwa cells demonstrated that this cell line had a
high expression of both of the B-cell differentiation antigens CD19 and CD20; CD20
had a mean fluorescence intensity (MFI) of 259 vs. an MFI of 175 for CD19 against a
background MFI of 15-18, indication that CD20 had a slightly higher expression.
The % population of gated cells that expressed these epitopes was 99.9 and 99.1 for
CD19 and CD20, respectively. CD20 seemed to have a more heterogeneous
distribution than CD19 with a coefficient of variation (CV) for CD20 of 78 and for

CD19 of 45. The CV of unstained cells was 44.
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3.4.2 In vitro cell association and confocal experiments

Ab-mediated specific targeting effect of both HSPC-SIL[aCD19] and HSPC-
SIL[aCD20] could be demonstrated in vitro (Figure 3.1A). Binding of HSPC-
SIL[aCD19] to Namalwa cells saturated at a PL concentration of approximately 0.4
mM (Figure 3.1B). Binding of HSPC-SIL[aCD20] had not reached saturation by a
dose of 1.6 mM PL, which could be due to the higher expression of the CD20 epitope
on the Namalwa cells and/or higher avidity of SIL[aCD20] for Namalwa cells than
SIL[aCD19] (Figure 1B). Cellular association of SIL{aCD19] with cells at 37°C was
higher than at 4°C (Figure 3.1A). This was probably due to binding of the
SIL[aCD19] to the cells via the pan B-cell differentiation antigen, CD19, followed by
receptor-mediated endocytosis and recycling of the epitope back to the cell surface
where it was available to partake in further binding and internalization events (24,
180, 181, 253). No significant difference in cellular association of SIL[aCD20] to
cells at 37°C vs. 4°C was observed.

Confocal fluorescence microscopy studies using Rh-PE-labeled liposomes
showed that, after 1 h incubation at 4°C, both SIL[aCD19] and SIL[a.CD20] were
largely found on the cell surface, suggesting that both types of immunoliposomes
could efficiently bind to the Namalwa cells (Figure 3.3). After 1 h incubation at
37°C, SIL[aCD20] remained largely on the cell surface, which is consistent with its
poor ability to internalize (Figure 3.3 and Figure 3.4). SIL[aCD19], on the other

hand, showed evidence of internalization, with aggregates of red fluorescence
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Figure 3.1 In vitro cellular association of liposomes to Namalwa cells as a
function of concentration at 37°C (closed symbols) or 4°C (open symbols).

Non targeted liposomes HSPC-SL(®,0); Targeted HSPC-SIL[aCD19] (A,A);
Targeted HSPC-SIL[aCD20] (M,[]). Liposomes were composed of HSPC:Chol:
mPEG (2:1:0.1) or HSPC:Chol: mPEG:Mal-PEG (2:1:0.08:0.02) and were labeled
with [*"H]CHE. Liposomes were incubated with 1 million Namalwa cells after which
the cells were washed with cold PBS to remove the unbound liposomes. The
concentration of mAb on both SIL[aCD19] and SIL[aCD20] was 110 pg mAb/pmol
PL (58 mAb/liposome). Data are expressed as pmoles PL / 1 million cells. Each
point is an average of 3 replicates + S.D. from one representative experiment. (A)
Total cellular association of liposomes (B) Specific cell association of HSPC-
SIL[aCD19] or HSPC-SIL{aCD20].
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Figure 3.2 Confocal micrographs of Namalwa cells treated with Rh-PE-labeled
immunoliposomes at 37°C.

Namalwa cells (1 x 10°) were incubated with different liposome formulations,
composed of HSPC:Chol:mPEG (2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG
(2:1:0.08:0.02) labeled with Rh-PE, at 37°C. The concentration of mAb on HSPC-
SIL[aCD19] and HSPC-SIL[aCD20] was 74 and 85 pg mAb/pmol PL, respectively.
Images show fluorescence images (A, C, E) or superimposed fluorescence and
differential interference contrast (DIC) images (B, D, F). HSPC-SL (A, B); HSPC-
SIL[aCD19] (C, D); HSPC-SIL[auCD20] (E, F). Bar, 20 pm.
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Figure 3.3 Confocal micrographs of Namalwa cells treated with Rh-PE-labeled
immunoliposomes at 4°C.

Namalwa cells (1 x 10%) were incubated with different liposome formulations,
composed of HSPC:Chol:mPEG (2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG
(2:1:0.08:0.02) labeled with Rh-PE, at 4°C (non-permissive for endocytosis). The
concentration of mAb on HSPC-SIL[aCD19] and HSPC-SIL[aCD20] was 74 and 85
pg mAb/umol PL, respectively. Images show fluorescence images (A, C, E) or
superimposed fluorescence and differential interference contrast (DIC) images (B, D,
F). HSPC-SL (A, B); HSPC-SIL[aCD19] (C, D); HSPC-SIL[aCD20] (E, F). Bar, 20
pm.
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Figure 3.4 Enlarged confocal micrographs of anti-CD19 (top) vs. anti-CD20
(bottom) HSPC-SIL at 37°C.
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distributed throughout the cytoplasm (Figure 3.2 and Figure 3.4). Little fluorescence
was observed in the cells incubated with non-targeted liposomes consistent with their
low levels of non-selective binding to the cells.

3.4.3 In vitro cytotoxicity studies

Results from in vitro cytotoxicity assays demonstrated that liposomes
conjugated to either aCD19 or aCD20 had similar cytotoxicities against Namalwa
cells and both had significantly higher cytotoxicities than non-targeted liposomes at
an incubation time of 1 h (Table 3.1). Neither drug-free immunoliposomes, nor free
Abs displayed any cytotoxicity against Namalwa cells at the concentrations tested,
suggesting that these Abs were unable to signal cell growth arrest or death via cell-
signaling mechanisms in vitro at the concentrations present on the immunoliposomes.
The cytotoxicity of DXR-HSPC-SIL[aCD19] was most likely due to the receptor-
mediated endocytosis of the drug-loaded liposomes into the cells and release of the
drug in the cell interior, as previously reported (108, 255). DXR-HSPC-SIL{aCD20]
on the other hand, probably produced its cytotoxicity by release of DXR from the
bound liposomes at the cell surface and uptake of the released drug into the cells. In
cell culture dishes there is no opportunity for released drug to redistribute away from
the cells, unlike the in vivo situation.
3.4.4 In vivo survival studies
Table 3.2 gives the survival times for tumor-bearing mice inoculated with

Namalwa cells and treated with immunoliposomal formulations of DXR and a variety

of control treatments. The most interesting observation is that treatment of mice with
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Table 3.1 Cytotoxicity of various treatments against Namalwa cells.
CD19'/CD20" Namalwa cells (5 x 10*/well) were plated in 96-well plates and
incubated with increasing concentrations of free DXR, liposomal DXR, free Abs or
drug-free liposomes for 1 h or 24 h. Cells were then washed with phosphate-buffered
saline and incubated further with fresh medium for a total of 48 h after which a MTT
(tetrazolium) assay was performed. The liposomes were composed of
HSPC:Chol:mPEG (2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02). The
data are pooled from 3-4 individual experiments and are expressed as mean IC,; in
uM + S.D. Ab concentrations of aCD19 or aCD20 on liposomes in individual
experiments were within + 10% and ranged from 45 to 70 pg mAb/pmol PL (24 to 37

mAb/liposome).
Formulation (compound for which 1Csq, 1h ICs¢, 24h
the ICs is given)

free DXR (1M DXR) 04+03 0.08 £ 0.06
DXR- HSPC-SL (uM DXR) 60+0.3 0.6+0.2
DXR- HSPC-SIL[aCD19] (uM DXR) 3+£0.7 04+0.2
DXR- HSPC-SIL[aCD20] (uM DXR) 5+£0.2 0.6+0.2
free aCD19 (UM mADb) >6.7 >6.7
free aCD20 (UM mAb) >6.7 >6.7
Drug-free HSPC-SL (uM PL) >900 >900
Drug-free HSPC-SIL{aCD19] (uM PL) >870 >870
Drug-free HSPC-SIL{aCD20] (uM PL) >810 >810
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DXR-HSPC-SIL[aCD19] resulted in significantly increased life-spans relative to
those treated with DXR-HSPC-SIL[aCD20] (P<0.001). This observation directly
supports the hypothesis that internalizing epitopes make better targets than non-
internalizing epitopes for immunoliposomal drugs.

We have published evidence that, following internalization of the liposomal
drug packages, the breakdown of the drug-liposome pabkage by lysosomal and
endosomal enzymes and release of drug into the cell interior is responsible for the
cytotoxic effect produced by targeted liposomal DXR (108, 254, 255). The higher
concentrations of drugs delivered into the cell interior by this mechanism is the most
probable reason for the increased life-spans observed for immunoliposomes directed
against internalizing vs. non-internalizing epitopes. The drug released at the cell
surface from DXR-HSPC-SIL[aCD20], on the other hand, will be rapidly
redistributed away from the target cells in vivo and the lower drug concentrations
delivered to the target cells, we hypothesize, is the reason for the lesser therapeutic
effect. DXR-HSPC-SIL[aCD19] also increased the survival of mice to a
significantly greater extent compared to DXR-HSPC-SL (P<0.001) or free DXR
(P<0.001). No significant difference was observed between mice treated with DXR-
HSPC-SIL[aCD20] and free DXR (P>0.05). Mice treated with DXR-HSPC-
SIL[aCD20] had survival times that were marginally different from DXR-HSPC-SL
(P<0.05).

Another explanation for the improved therapeutic responses of DXR-HSPC-

SIL[aCD19] over DXR-HSPC-SIL[aCD20] may lie in the differential expression of

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



123

CD19 versus CD20 on the surface of Namalwa cells. Immunophenotyping of
Namalwa cells demonstrated that although over 99% of Namalwa cells expressed
both the epitopes (CD19 and CD20), CD20 had a more heterogeneous expression on
Namalwa cells than CD19. Immunoliposomes target and kill individual cells based
on the presence of the target antigen. Therefore, in a heterogeneous tumor cell
population, cells that have no target antigen, or low levels of target antigen may
escape the cytotoxic effects of immunoliposomal drugs. The antigen-negative cells,
which evade therapy, can regrow and lead to disease relapse or emergence of resistant
cell population. DXR-HSPC-SIL{aCD20] may have been ineffective against cells
which had low or no expression of the CD20 epitope on Namalwa cells. In contrast,
DXR-HSPC-SIL[aCD19] could have been more effective against the majority of the
Namalwa cell population due to a more homogeneous expression of the CD19
epitope.

Injection of mice with drug-free liposomes conjugated to either aCD19 or
o CD20 did not improve the survival times of mice compared to untreated controls,
unlike comparable amounts of free aCD19 or aCD20 (P<0.01). The cytotoxic
effects of free aCD19 or aCD20 may be mediated through Fc-mediated complement-
dependent cytotoxicity (CDC.) and/or Ab-dependent cell-mediated cytotoxicity
(ADCC). Alternatively, the cytotoxic action may be mediated through signal
transduction mechanisms activated by antigen-antibody interactions, which could

lead to apotosis or cell kill. Drug-free immunoliposomes, in spite of the multivalent
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Table 3.2 Survival times of SCID mice after immunoliposomal treatments.
SCID mice (5-7/group) were injected i.v. with 5 x 10° Namalwa cells in 0.2 ml
phosphate-buffered saline. After 24 h they were injected i.v. in the tail vein with a
single bolus dose of 3 mg/kg as free DXR or liposomal DXR. Free Abs were dosed
at 15 pg of aCD19 or 13 pg of aCD20 per mouse. Liposomes were composed of
HSPC:Chol:mPEG (2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02).
Liposomes targeted with aCD19 or «CD20 had 76 pug mAb/pmol PL or 70 pg
mAb/umol PL (40 mAb/liposome or 37 mAb/liposomes), respectively. Empty
liposomes had 36 mAb/liposome or 33 mAb/liposomes of aCD19 or aCD20,

respectively.
Group Mean survival time + S.D. % increase
(number of animals) life span

Control (saline) 27.6 £0.5 (5)

free DXR 31.3+£2.7(5) 13
DXR-HSPC-SL 28.6 £ 0.9 (5) 4
HSPC-SIL[aCD20] 30.5%£ 1.0 (6) 11
HSPC-SIL[aCD19] 31.5+2.4(6) 14
aCD20 343 £1.1(6) 24
aCD19 34.8 £ 0.9 (6) 26
DXR-HSPC-SIL[aCD20] 343 +4.1(7) 24

DXR-HSPC-SIL[a:CD19] 45.6 £ 4.7 (7) 65
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display of mAbs at the liposomes surface, may be less effective than similar
concentration of free Abs because the orientation of the bound Abs with respect to the
liposome surface might shield the Fc-segment and hinder its activity. Alternatively,
different cellular processing pathways for the free mAbs and the immunoliposomes
may account for the different effects of each.

In conclusion, it can be suggested that internalization of liposome-drug
packages into the cell interior can be an important factor in determining the
therapeutic effectiveness of immunoliposoma1 drugs. Internalization of Abs or other
ligands into the target cell is also required for other targeted therapeutics, such as
immunotoxins, Ab-drug conjugates and for targeted delivery of genes or viral DNA
into cells (2). Direct selection for Abs that have efficient internalization is now

possible by panning on target cells using Ab phage display libraries (110).

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



126

CHAPTER 4
Treatment of B-cell lymphoma with combinations of immunoliposomal
anticancer drugs targeted to both the CD19 and CD20 epitopes.

(manuscript in preparation for submission to Cancer Research)
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4.1 ABSTRACT

Internalization of liposome-drug package into cells has been suggested to be a
requirement for successful immunoliposomal-drug therapy (234). Here we report that
this requirement can vary with the type of drug encapsulated in immunoliposomes.
Administration of vincristine (VCR)-loaded immunoliposomes targeted via a non-
internalizing antibody, anti-CD20, to severe combined immunodeficient (SCID) mice
bearing human B-lymphoma cells (Namalwa) resulted in significantly improved
therapeutics compared to doxorubicin (DXR)-loaded liposomes targeted via the same
antibody. Indeed, therapeutic results for anti-CD20-targeted liposomal DXR were no
better than those found for free DXR and were barely improved over those found for
non-targeted liposomal DXR.

In experiments using a combination of anti~-CD19-and anti-CD20-targeted
VCR-loaded liposomes, over 70% mice were cured. However, mice injected with the
combination of anti-CD19- and anti-CD20-targeted liposomes, loaded with DXR
instead of VCR, did not have improved survival rates over anti-CD19-targeted
liposomal DXR by itself. Hence the success of immunoliposomal therapy in
combination regimens requires careful attention to the type of encapsulated drug and
the nature of the target epitopes.

4.2 INTRODUCTION

Antibody (Ab)-mediated targeting of liposomal anticancer drugs to antigens

expressed selectively or over-expressed on the surface of tumor cells is increasingly

being recognized as an effective strategy for increasing the therapeutic effectiveness
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of anticancer drugs (24, 27, 28, 32, 149, 234). However, like other Ab-based
therapies, important factors that may limit the therapeutic effectiveness of
immunoliposomal anticancer drugs, are low density and heterogeneous expression of
the target antigen at the cell surface (2, 3, 128, 259, 260).

Evidence is accumulating that high antigen density on target cells may be a
requirement for improving the efficacy of targeted, relative to non-targeted, liposomal
drugs (28). For immunoliposomal drugs, Abs are presented in a multivalent fashion
at the liposome surface and high antigen density may facilitate the simultaneous
engagement of multiple antigenic sites, which can initiate signal transduction
mechanisms, increasing cell kill. Since increasing the density for a single population
of receptors at the cell surface is impractical, a possible approach to increasing the
total population of receptors that can be targeted would be to use a cocktail of
immunoliposomal drugs, with the immunoliposomes in the mixture being targeted
against different populations of receptors.

Ab-based therapies including immunoliposomes target and kill individual
cells based on the presence of target antigens, and therefore tumor cells that have
little or no target antigen may escape cytotoxic effects. The antigen-negative cells
can result in disease relapse and emergence of resistant cell populations (261). Using
cocktails of immunoliposomes would also facilitate delivery of drugs to a higher
percentage of tumor cells in populations of cells that have heterogenous expression of

receptors. Several studies have shown significantly improved therapeutic responses
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when using combinations of immunotoxins, compared to single immunotoxin therapy
in animal cancer models (99, 262-266).

Immunoliposomal therapy has, to date, relied on targeting to a single antigen
on tumor cell surfaces. In this study, we evaluated the therapeutic efficacy, in
xenograft models of human B-lymphoma, of combinatidn regimens of
immunoliposomes, loaded with either doxorubicin (DXR) or vincristine (VCR),
targeted to two different epitopes, CD19 (internalizing) and CD20 (non-
internalizing). We show that this strategy resulted in a significant cure rate for VCR-
loaded liposomes, but not for DXR-loaded liposomes.

Internalization of liposome-drug packages is generally accepted to be a
requirement for successful immunoliposomal drug therapy (234). In chapter 3, it was
shown that DXR-loaded immunoliposomes required internalization into Namalwa
cells in order to improve the therapeutic response over that obtained with non-
targeted liposomes (234). Here we report, in the same animal model, the unexpected
finding that mice injected with VCR-loaded immunoliposomes targeted via aCD20,
had significantly increased survival rates, which were comparable to those found in
mice injected with aCD19-targeted immunoliposomal VCR. These results are the
first evaluation of combination regimens of immunoliposomal anticancer drugs in
animal models of cancer, and also the first demonstration of improved therapeutic
responses of an immunoliposomal formulation of an anticancer drug targeted toa

non-internalizing epitope.
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4.3 MATERIALS AND METHODS
4.3.1 Materials

Egg sphingomyelin (SM) and cholesterol (Chol) were purchased from Avanti
Polar Lipids (Alabaster, AL). Hydrogenated soy phosphatidylcholine (HSPC) and
methoxypolyethylene glycol (MW 2000), covalently linked via a carbamate bond to
distearoylphosphatidylethanolamine (mPEG) (242), were generous gifts from ALZA
Pharmaceuticals, Inc. (Mountain View, CA). Maleimide-derivatized PEG;¢po-DSPE
(Mal-PEG) was custom synthesized by Shearwater Polymers, Inc. (Huntsville, AL),
according to a previously described protocol (60). Nuclepore® polycarbonate
membranes (pore sizes: 0.2, 0.1, and 0.08 pm) were purchased from Northern Lipids
(Vancouver, BC). 2-Iminothiolane (Traut's reagent) and 3-[4,5-dimethylthiazole-2-
yl]}-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma Chemical
Co. (St. Louis, MO). RPMI 1640 media (without phenol red), penicillin-streptomycin
and fetal bovine serum (FBS) were obtained from Life Technologies (Burlington,
ON). Iodobeads were purchased from Pierce (Rockford, IL) and BioRad Protein
Assay Reagent from BioRad Laboratories (Mississauga, ON). Sephadex G-50,
Sepharose CL-4B, aqueous counting scintillant (ASC) were purchased from
Amersham Pharmacia Biotech (Baie d'Urfe, QC). Cholesterol- [1,2-"H-(N)]-
hexadecyl ether ([*H]-CHE), 1.48-2.22 TBg/mmol, and
125 [-Nal (185 MBq) were purchased from Mandel Scientific (Mississauga, ON).
Centrisart concentrators (MW cut-off of 100,000) were obtained from Sartorius,

Goettingen, Germany. All other chemicals were of analytical grade purity.
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4.3.2 Animals, antibodies and cell lines

Six-to-eight week-old female CB17 severe compromised immunodeficient
(SCID) mice were purchased from Taconic Farms (Germantown. NY) and housed in
the virus antigen-free unit of the Health Sciences Laboratory Animal Services,
University of Alberta. All experiments were approved by the Health Sciences
Animal Policy and Welfare Committee of the University of Alberta.

The murine monoclonal antibody (mAb) whole anti-CD19 IgG;, (aCD19)
was produced from the FMC63 murine hybridoma (245) and purified as described
previously (74). Rituximab, a chimeric whole IgG; mAb, was used as a source of
anti-CD20 (aCD20). The human Burkitt's lymphoma cell line, Namalwa (ATCC
CRL 1432) was purchased from American Type Culture Collection, Rockville, MD
and cultured in suspension in a humidified 37°C incubator with a 5% CO; atmosphere
in RPMI 1640 media supplemented with 10% (v/v) fetal bovine serum (FBS),
penicillin G (50 units/ml), and streptomycin sulfate (50 ug/ml). For experiments,
only cells in the exponential phase of cell growth were used.

4.3.3 Preparation of liposomes

Non-targeted liposomes, to be loaded with DXR for therapeutic studies or
radiolabeled with [*H]J-CHE for binding studies, were composed of
HSPC:Chol:mPEG at a 2:1:0.1 molar ratio (HSPC-SL) and targeted liposomes were
composed of HSPC:Chol:mPEG:Mal-PEG at a 2:1:0.08:0.02 molar ratio (HSPC-

SIL). Liposomes were prepared by hydration of thin films, as described in chapter 2
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and were extruded to mean diameter in the range of 100 + 10 nm (108). DXR was
loaded into liposomes using the ammonium sulfate loading method .

Non-targeted liposomes, to be loaded with VCR for therapeutic studies or
radiolébeled with [°H]-CHE for binding studies, were composed of SM:Chol:mPEG
at a 55:40:5 molar ratio (SM-SL) and targeted liposomes were composed of
SM:Chol:mPEG:Mal-PEG at a 55:40:4:1 molar ratio (SM-SIL). Liposomes were
prepared by hydration of lipid film in citrate buffer (pH 4) and extruded to a mean
diameter of 120 + 10 nm (51) (as described in chapter 2). VCR was loaded using the
transmembrane pH gradient-dependent procedure (54).

aCD19 or aCD20 mAbs were coupled to the terminus of the Mal-PEG at
2000:1 (lipid:protein) molar ratios, using a previously described coupling procedure
(60). Briefly, mAb (10 mg/ml) was incubated with 2-Iminothiolane in O,-free
HEPES-buffered saline (HBS), pH 8.0, at a ratio of 20:1 (mol/mol) for 1 h at room
temperature in order to thiolate the amino groups. At the end of the incubation, the
excess reagent was removed by chromatography on a Sephadex G-50 column,
equilibrated with O,-free HBS (pH 7.4) and the thiolated Ab was immediately
incubated with liposomes in an O,-free environment overnight with continuous
stirring. To assess coupling efficiency of the Abs, a trace amount of ['*I]-labeled
aCD19 or aCD20 was added to the unlabeled Ab before thiolation. Ab coupling is
expressed as pg mAb / umol phospholipid (PL). A coupling efficiency of 80-90% for

either Ab could routinely be achieved by this procedure and particular attention was
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taken to ensure that similar Ab densities (within = 10%) occurred at the surface of
either type of immunoliposome.
4.3.4 Cell association of immunoliposomes

In vitro cell association of immunoliposomes labeled with [*’H]-CHE was
determined, as described previously, at both 37°C and 4°C, i.e., permissive and non-
permissive temperatures for endocytosis, respectively (24). Briefly, liposomes (SM-
SL, HSPC-SL, SM-SIL[aCD19], HSPC-SIL{aCD19], SM-SIL[aCD20] or HSPC-
SIL[aCD20]) were radiolabeled with [*’H]-CHE and incubated with 1 million
Namalwa cells (in FACS tubes) at PL concentrations ranging from 0.1 mM to 1.6
mM PL (in triplicate) for 1 h. For evaluating cell association of combinations of
immunoliposomes, HSPC-SIL[aCD19] and HSPC-SIL[a.CD20] or SM-SIL[aCD19]
and SM-SIL[aCD20] were mixed at a ratio of 1:1, before incubating with the
Namalwa cells. Cells were then washed twice with cold PBS to remove unbound
liposomes and the amount of [3H]-CHE associated with cells was determined. Cell
association (pmoles PL / 1 million cells) was calculated from the specific activity of
the liposomes. Specific binding was determined by subtracting cell association of
non-targeted liposomes from the total cell association.
4.3.5 In vivo survival experiments

SCID mice (5-7/group) were injected i.v. in the tail vein with 5 x 10°
Namalwa cells in 0.2 ml phosphate-buffered saline (PBS). After 24 h, treatments
were given as a single bolus i.v. dose of 3 mg DXR/kg as free DXR, or DXR-loaded

liposomes (DXR-HSPC-SL, DXR-HSPC-SIL[a.CD19] or DXR-HSPC-SIL[aCD20]).
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Alternatively, mice were injected with 0.66 mg VCR/kg as free VCR, or VCR-loaded
liposomes (VCR-SM-SL, VCR- SM-SIL[aCD19] or VCR-SM-SIL[aCD20]). The
Ab density on drug-loaded immunoliposomes was used to calculate appropriate doses
of either free mAb or empty immunoliposomes that were used as experimental
controls. Where combinations of two drug-loaded immunoliposomal formulations,
two free mAbs or two empty immunoliposomal formulations were used, the total
dose administered composed of equal parts of each component. Mice were monitored
daily for 150 days, and were euthanised when they developed hind leg paralysis.
Mice surviving to 150 days were determined to be long-term survivors and were
subsequently sacrificed and subjected to gross pathological examination.
4.3.6 Statistical analysis

Comparisons of cellular binding and uptake and survival studies reported in
Table 4.1 were done using one-way analysis of variance with InStat software
(GraphPad software, Version 3.0, San Diego, CA). The Tukey post-test was used to
compare means. Survival studies reported in Table 4.2 were analyzed using Kaplan-
Meier plots, using GraphPad Prism software. Differences were considered significant
at a P value of less than 0.05.
4.4 RESULTS AND DISCUSSION
4.4.1 In vitro cell association

The levels of cellular association of either SIL[alCD19] or SIL[aCD20] with
Namalwa cells were significantly higher than seen for non-targeted SLs at either 37°C

or 4°C (Figure 4.1). In addition, the levels of cellular association of SIL[aCD19]
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with cells were significantly higher at 37°C than at 4°C (non-permissive for
endocytosis) (Figure 4.1), suggesting a requirement for metabolic processes in the
uptake of these immunoliposomes. No significant differences were observed in the
levels of cellular association of SIL[aCD20] with cells at 37°C vs. 4°C. Specific cell
association (targeted minus non-targeted) is given in Figure 4.2. As expected, the
levels of cellular association of 1:1 combinations of SIL{aeCD19] and SIL[aCD20]
were higher than those seen for either of the individual immunoliposome
formulations at all the PL concentrations and appeared to be additive. This was
observed for both SM- and HSPC-liposomes at either 37°C or 4°C (Figure 4.2). Only
at one concentration (1.6 mM PL), at 37°C, the cell association of the combination of

HSPC-SIL[aCD19] and HSPC-SIL{aCD20] appeared to be sub-additive.
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Figure 4.1 In vitro cellular association of liposomes with Namalwa cells as a
function of concentration at 37°C (Panels A and C) or 4°C (Panels B and D).
Non targeted liposomes SL(@®); Targeted SIL[aCD19] (A); Targeted SIL[aCD20]
(M); Targeted combination of SIL{aCD19] + SIL[aCD20] ().

Panels A and B: Liposomes were composed of HSPC:Chol:mPEG (2:1:0.1) or
HSPC:Chol: mPEG:Mal-PEG (2:1:0.08:0.02). Panels C and D: Liposomes were
composed of SM:Chol: mPEG (55:40:5) or SM:Chol: mPEG:Mal-PEG (55:40:4:1).
Liposomes were labeled with [’H]CHE and incubated with 1 million Namalwa cells
for 1 h after which the cells were washed with cold PBS to remove the unbound
liposomes. The concentration of mAbs on HSPC-SILs was 64 pg oCD19/pmol PL
or 54 pg aCD20/pmol PL and that on SM-SILs was 59 pg aCD19/pmol PL or 56 ug
oCD20/pmol PL. Data are expressed as pmoles PL / 1 million cells. Each point is an
average of 3 replicates + S.D. from one representative experiment.
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Figure 4.2 Specific cell association of immunoliposomes with Namalwa cells as a
function of concentration at 37°C (Panels A and C) or 4°C (Panels B and D).
Targeted SIL[aCD19] (A); Targeted SIL[aCD20] (M); Targeted combination of
SIL[aCD19] + SIL[aCD20] (<>). (*) represents the calculated sum of cell
association of SIL[aCD19] and SIL[{aCD20]. Panels A and B: Liposomes were
composed of HSPC:Chol:mPEG (2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG
(2:1:0.08:0.02). Panels C and D: Liposomes were composed of SM:Chol:mPEG
(55:40:5) or SM:Chol:mPEG:Mal-PEG (55:40:4:1). Data are expressed as pmoles PL
/ 1 million cells. Each point is an average of 3 replicates £ S.D. from one
representative experiment.
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4.4.2 In vivo survival studies

The therapeutic effectiveness of DXR-loaded immunoliposomes targeted via
either aCD19 or aCD20 was evaluated individually or in combination in SCID mice
bearing Namalwa cells (Table 4.1). Mice treated with DXR-containing liposomes
targeted via either aCD19 or aCD20 had significantly longer survival times than
mice that received no treatment (control) (P<0.01). DXR-HSPC-SL or free DXR
were not therapeutically better than control groups (P>0.05). These results suggest
that antibody-mediated delivery of liposomal drugs to antigens expressed on the
surface of B-cells can increase the therapeutic effectiveness of anticancer drugs. Free
DXR is ineffective as it has large volume of distribution and hence low plasma drug
levels are achieved. On the other hand, non-targeted liposomes containing DXR can
maintain high levels of entrapped (i.e., non-bioavailable) drug in circulation for long
periods of time as the release rate of DXR from liposomes is slow (Chapter 2).
However, non-targeted liposomes are not bound to and internalized by the target B-
cells and so the entrapped drug is not delivered to these cells in a very efficient
manner. This makes it unlikely that therapeutically relevant intracellular
concentrations of drug are achieved.

As observed in chapter 3, mice treated with DXR-HSPC-SIL[a.CD19]
increased the survival of mice to a significantly greater extent compared to DXR-
HSPC-SIL[aCD20] (P<0.001), DXR-HSPC-SL (P<0.001) or free DXR (P<0.001).
No significant difference was observed between mice treated with DXR-HSPC-

SIL[aCD20] and free DXR (P>0.05). Mice treated with DXR-HSPC-SIL[aCD20]
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had survival times that were marginally different from DXR-HSPC-SL (P<0.05).

These results can be explained by the observations reported in chapter 3, 1.e., DXR-
loaded immunoliposomes targeted via aCD19 are rapidly internalized into Namalwa
cells in contrast to immunoliposomes targeted via aCD20, which are not internalized.
Receptor-mediated intracellular delivery of DXR-HSPC-SIL[OLCD19] and subsequent
release of drugs inside the cells can lead to high intracellular drug concentrations. In
contrast, DXR-HSPC-SIL[aCD20] binds to the target cells and releases drug to the
extracellular medium where it can rapidly redistribute in vivo.

Another explanation for improved results seen with DXR-HSPC-SIL[aCD19]
over DXR-HSPC-SIL[{aCD20], may lie in the more homogeneous distribution of the

CD19 epitope on the surface of Namalwa cells compared to the CD20 epitope

(coefficient of variation:for CD20 = 78, CD19 = 45; unstained cells = 44). DXR-
HSPC-SIL[aCD20] may have been ineffective against cells which had low or no
expression of CD20. In contrast, the high effectiveness of DXR-HSPC-SIL[aCD19]

could have been due to a homogeneous expression of the CD19 epitope on the target

cells.

In this study, the combination group of DXR-HSPC-SIL[aCD19] and DXR-
HSPC-SIL[aCD20], was more effective than DXR-HSPC-SIL[aCD20] alone
(P<0.0005), but did not significantly improve the therapeutic effectiveness over that
seen with DXR-HSPC-SIL[aCD19] alone (P>0.05) since DXR-HSPC-SIL[aCD20]

alone had little or no therapeutic effect. However, mice injected with a combination
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of DXR-HSPC-SIL[aCD19] and DXR-HSPC-SIL[aCD20] had significantly
improved survival time over mice injected with a combination of free mAbs
(P<0.005) or a combination of drug-free liposomes (P<0.0005).

Mice injected with free aCD19 or aCD20 had significantly longer survival
times than untreated controls (P<0.01). We suggest that the cytotoxic effects of free
oCD19 or aCD20 occur through Fc-mediated complement-dependent cytotoxicity
(CDC) and/or Ab-dependent cell-mediated cytotoxicity (ADCC) rather than signaling
mechanisms due to antigen-antibody interactions. This is because drug-free
liposomes conjugated to Fab’fragments of aCD19 or aCD20, did not have any
therapeutic effects in this model (ref. Results in chapter 2 and P. Sapra personal
observation). However, more studies are warranted to clarify the mechanism of
action of free mAbs. It was interesting to observe that combinations of free mAbs
were significantly better than individual mAbs (P<0.0001) which could be due to the
higher total binding of the two populations of mAbs on cell surface, i.e., higher
apparent receptor density, possibly leading to increases in signal transduction
mechanisms.

Injection of mice with drug-free liposomes conjugated to either aCD19 or
oCD20 did not improve the survival times of mice compared to untreated controls,
unlike comparable amounts of free aCD19 or aCD20. As suggested in chapter 3,
drug-free immunoliposomes, in spite of the multivalent display of mAbs at the

liposomes surface, may be less effective than similar concentration of free mAbs
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Table 4.1 Survival times of SCID mice after immunoliposomal DXR treatments.
SCID mice (5-7/group) were injected i.v. with 5 x 10° Namalwa cells in 0.2 ml PBS.
After 24 h they were injected i.v. in the tail vein with a single bolus dose of 3 mg/kg
as free DXR or liposomal DXR. Liposomes were composed of HSPC:Chol:mPEG
(2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02). DXR-loaded liposomes
targeted with mAbs had 76 pg aCD19 /umol PL or 70 pg aCD20 /umol PL (40
mAb/liposome or 37 mAb/liposomes), respectively; i.e., each mouse received 15 pg
aCD19 or 13 pg aCD20 conjugated to the DXR-containing immunoliposomes.
Hence, the same amounts of free mAbs were administered per mouse, and empty
immunoliposomes also contained comparable doses of Ab and PL. Empty liposomes
had 36 mAb/liposome or 33 mAb/liposomes of aCD19 or aCD20, respectively. The
combination groups of free mAbs, empty or DXR-loaded liposomes had both
components in equal parts. The combination of DXR-loaded liposomes was dosed at
a total DXR dose of 3 mg/kg, and of free Abs at a total dose of 14 ug per mouse.
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Group Mean survival % increase = Long-term survivors
time + S.D. life span (>150 days)

Control (saline) 27.6+0.5 0/5

free DXR | 31.3+27 13 0/5
DXR-HSPC-SL 28.6+1.0 4 0/5
HSPC-SIL[aCD20] 305+1.0 11 0/6
HSPC-SIL[aCD19] 31.5+£2.4 14 0/6
HSPC-SIL[aCD20] + 332+2.0 20 0/6
HSPC-SIL{aCD19]

aCD20 343+1.1 24 0/6
aCD19 348+1.0 26 0/6
aCD20 + aCD19 40.7+£2.0 47 0/6
DXR-HSPC-SL + aCD20 33.0+13 20 0/6
DXR-HSPC-SL + aCD19 39.5+1.0 43 0/6
DXR-HSPC-SIL[aCD20} 343142 24 0/7
DXR-HSPC-SIL[aCD19] 457+ 4.7 66 0/7
DXR-HSPC-SIL[aCD20]+  48.6+4.4 76 0/7

DXR-HSPC-SIL[a.CD19]
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Table 4.2 Statistical comparison of results of the in vivo survival study reported
in Table 4.1

Comparisons were done using one-way analysis of variance with InStat software
(GraphPad software, Version 3.0, San Diego, CA). The Tukey post-test was used to
compare means. Comparisons were made for all experimental groups but only
groups that were statistically significant are given in the Table.

Comparison P value
Control vs HSPC-SIL[aCD20] + HSPC-SIL[aCD19] P<0.05
Control vs aCD20 P<0.01
Control vs aCD19 P<0.01
Control vs aCD20 + aCD19 P<0.001
Control vs DXR-HSPC-SL + aCD19 P<0.001
Control vs DXR-HSPC-SIL[aCD20] P<0.01
Control vs DXR-HSPC-SIL[aCD19] P<0.001
Control vs DXR-HSPC-SIL[aCD20] + DXR-HSPC-SIL[aCD19] P<0.001
free DXR vs aCD20 + aCD19 P<0.001
free DXR vs DXR-HSPC-SL + aCD19 P<0.001
free DXR vs DXR-HSPC-SIL[aCD19] P<0.001
free DXR vs DXR-HSPC-SIL[aCD20] + DXR-HSPC-SIL{a.CD20] P<0.001
DXR-HSPC-SL vs aCD20 P<0.05
DXR-HSPC-SL vs aCD19 P<0.05
DXR-HSPC-SL vs aCD20 + aCD19 P<0.001
DXR-HSPC-SL vs DXR-HSPC-SL + aCD19 P<0.001
DXR-HSPC-SL vs DXR-HSPC-SIL[aCD20] P<0.05
DXR-HSPC-SL vs DXR-HSPC-SIL[aCD19] P<0.001
DXR-HSPC-SL vs DXR-HSPC-SIL[aCD19] + DXR-HSPC- P<0.001
SIL[aCD19]
HSPC-SIL[aCD20] vs aCD20 + aCD19 P<0.001
HSPC-SIL[aCD20] vs DXR-HSPC-SL + o.CD19 P<0.001
HSPC-SIL[aCD20] vs DXR-HSPC- SIL[a.CD19] P<0.001
HSPC-SIL[aCD20] vs DXR-HSPC- SIL[aCD20] + DXR-HSPC- P<0.001
SIL[aCD19]
HSPC-SIL[aCD19] vs aCD20 + aCD19 P<0.001
HSPC-SIL[aCD19] vs DXR-HSPC-SL + aCD19 P<0.001
HSPC-SIL[aCD19] vs DXR-HSPC-SIL[aCD19] P<0.001
HSPC-SIL[aCD19] vs DXR-HSPC-SIL[aCD20] + DXR-HSPC- P<0.001
SIL[aCD19]
HSPC-SIL[aCD20] + HSPC-SIL[a.CD20] vs aCD20 + aCD19 P<0.001
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HSPC-SIL[aCD20] + HSPC-SIL[aCD20]} vs DXR-HSPC-SL + aCD19 | P<0.01
HSPC-SIL[o.CD20] + HSPC-SIL[aCD20] vs DXR-HSPC-SIL[a.CD19] | P<0.001
HSPC-SIL[aCD20] + HSPC-SIL[aeCD20] vs DXR-HSPC-SIL[aCD20] | P<0.001
+ DXR-HSPC-SIL[aCD19]

aCD20 vs aCD20 + aCD19 P<0.01
aCD20 vs DXR-HSPC-SIL{aCD20] P<0.001
aCD20 vs DXR-HSPC-SIL[aCD20] + DXR-HSPC-SIL[aCD19] P<0.001
aCD19 vs aCD20 + aCD19 P<0.05
oCD19 vs DXR-HSPC-SIL[aCD19] P<0.001
o CD19 vs DXR-HSPC-SIL[aCD20] + DXR-HSPC-SIL[aCD19] P<0.001
aCD20 + aCD19 vs DXR-HSPC-SL + aCD20 P<0.001
aCD20 + aCD19 vs DXR-HSPC-SIL[aCD20] P<0.01
aCD20 + aCD19 vs DXR-HSPC-SIL[aCD20] + P<0.001
DXR-HSPC-SIL[aCD19]

DXR-HSPC-SL + aCD20 vs DXR-HSPC-SL + aCD19 P<0.01
DXR-HSPC-SL + aCD20 vs DXR-HSPC-SIL[aCD19] P<0.001
DXR-HSPC-SL+ aCD20 vs DXR-HSPC-SIL[{aCD20] + DXR-HSPC- P<0.001
SIL[aCD19]

DXR-HSPC-SL + aCD19 vs DXR-HSPC-SIL[aCD20]} P<0.05
DXR-HSPC-SL + aCD19 vs DXR-HSPC-SIL[aCD19] P<0.01
DXR-HSPC-SL + aCD19 vs DXR-HSPC-SIL[aCD20] + DXR-HSPC- P<0.001
SIL[aCD19]

DXR-HSPC-SIL[aCD20] vs DXR-HSPC-SIL[aCD19] P<0.001
DXR-HSPC-SIL[aCD20] vs DXR-HSPC-SIL[aCD19] + DXR-HSPC- P<0.001
SIL[aCD19]
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because the orientation of the bound Abs with respect to the liposome surface might
shield the Fc segment and hinder its activity. Alternatively, different cellular
processing pathways for the free mAbs vs. the immunoliposomes may account for the
different effects of each. Also, free mAbs in combination resulted in significantly
improved survival times compared to drug-free immunoliposomes in combination
(P<0.0001).

DXR-HSPC-SL had synergistic cytotoxicic effects with free aCD19. This
combination was more therapeutically effective than control treatments, free DXR or
DXR-HSPC-SL (P<0.001). DXR-HSPC-SIL[aCD19] was significantly more
effective than DXR-HSPC-SL + aCD19 (P<0.01). However, more experiments
needs to be performed to confirm if this statistical significance also has biological
significance. The combination of DXR-HSPC-SL and free aCD20 was not
therapeutically better than control treatments, free DXR or DXR-HSPC-SL (P>0.05).
DXR-HSPC-SIL{aCD20] was also not better than the the combination of DXR-
HSPC-SL and free aCD20.

We performed a separate study to evaluate the therapeutic effects of VCR-
containing liposomes conjugated to either aCD19 or aCD20, used individually or in
combination (Table 4.2). The most interesting observation was that treatment with
VCR-SM-SIL[aCD20] increased the survival of mice to a significantly greater extent
than either VCR-SM-SL or free VCR (P<0.005) and was not significantly different
from VCR-SM-SIL[aCD19] (P>0.05). Also, five out of seven mice injected with the

combination of VCR-SM-SIL[aCD19] and VCR-SM-SIL[{aCD20] were long-term
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survivors (>150 days) and the remaining two mice had significantly improved life
span.

These results suggest internalization of immunoliposomes does not appear to
be a requirement for improved therapeutic efficacy for liposomes containing VCR. In
this model, treatment of the tumor-bearing mice with free VCR resulted ina
significant increase in survival relative to untreated controls (£<0.005), but this was
not observed for free DXR relative to controls. Free DXR has little or no effect in
this lymphoma model. An explanation for the improved therapeutics of VCR-SM-
SIL[aCD20] relative to DXR-HSPC-SIL[aCD20] may lie in the faster rate of release
from liposomes of VCR relative to DXR, as shown in Chapter 2. Free VCR is more
potent than free DXR against the Namalwa cell line, and the faster release of the drug
from VCR-SM-SIL[aCD20] at the cell surface appears to lead to higher cytotoxic
levels of drug being delivered internally relative to DXR-HSPC-SIL[aCD20]. The
requirement for Ab-based therapies, in general, to be internalized for biological
activity still remains unclear. Previous studies have reported that Vinca-alkaloid
immunonjugates do not require internalization for therapeutic activity (267, 268).
The authors proposed that cytotoxicity of these immunoconjugates might be due to
the release of free drug from the conjugate at tumor cell periphery, followed by
intracellular transport. On the other hand, studies have shown that adriamycin
conjugates linked to internalizing Abs, have significantly improved therapeutics over

adriamycin conjugates linked to non-internalizing Abs (a«CD20) (269).
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Table 4.3 Survival times of SCID mice after immunoliposomal VCR treatments.
SCID mice (6-7/group) were injected 1.v. with 5 x 10° Namalwa cells in 0.2 ml PBS.
After 24 h they were injected i.v. in the tail vein with a single bolus dose of 0.66
mg/kg as free VCR or liposomal VCR. Liposomes were composed of
SM:Chol:mPEG (55:40:5) or SM:Chol:mPEG:Mal-PEG (55:40:4:1). Liposomes
targeted with mAbs had 66 pg aCD19 /umol PL or 52 pg aCD20 /umol PL (34
mAb/liposome or 27 mAb/liposomes respectively). The combination group had
VCR-SM-SIL[aCD19] and VCR-SM-SIL{aCD20] (total dose = 0.66 mg/kg) in equal

parts.
Group Mean survival time % increase Long-term survivors
+S.D. life span (>150 days)
Control (saline) 25.4+0.5 0/6
free VCR 38.7+£4.0 53 0/6
VCR-SM-SL 31.9+£3.0 26 0/7
VCR-SM-SL + aCD20 447+59 76 0/6
VCR-SM-SL + aCD19 62.3+8.38 145 0/6
VCR-SM-SIL[aCD20] 49.0+4.6 93 2/7
VCR-SM-SIL{aCD19] 66.0 £13.1 160 3/7
VCR-SM-SIL{aCD20}+ 77.0,91.0 203, 258 517

VCR-SM-SIL[aCD19]
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Table 4.4 Statistical comparison of results of the in vivo survival study reported
in Table 4.3.

Comparisons were done using using Kaplan-Meier plots, using GraphPad Prism
software (GraphPad software, Version 3.0, San Diego, CA). Comparisons were made
for all experimental groups but only groups that were statistically significant are

given in the Table.

Comparison P value
Control vs free VCR P<0.005
Control vs VCR-SM-SL P<0.0005
Control vs VCR-SM-SL + aCD20 P<0.005
Control vs VCR-SM-SL + aCD19 : P<0.005
Control vs VCR-SM-SIL[aCD20] P<0.0005
Control vs VCR-SM-SIL[aCD19] P<0.0005
Control vs VCR-SM-SIL[a.CD20] + VCR-SM-SIL[aCD19] P<0.0005
free VCR vs VCR-SM-SL P<0.05
free VCR vs VCR-SM-SL + aCD20 P<0.05
free VCR vs VCR-SM-SL + aCD19 P<0.001
free VCR vs VCR-SM-SIL[aCD20] P<0.005
free VCR vs VCR-SM-SIL{aCD19] P<0.0001
free VCR vs VCR-SM-SIL[aCD20] + VCR-SM-SIL[aCD19] P<0.0005
VCR-SM-SL vs VCR-SM-SL + aCD20 P<0.0005
VCR-SM-SL vs VCR-SM-SL + aCD19 P<0.0005
VCR-SM-SL vs VCR-SM-SIL[aCD20] P<0.005
VCR-SM-SL vs VCR-SM-SIL[aCD19] P<0.005
VCR-SM-SL vs VCR-SM-SIL[aCD20] + VCR-SM-SIL[a.CD19] P<0.0005
VCR-SM-SL + aCD20 vs VCR-SM-SL + aCD19 P<0.01
VCR-SM-SL + aCD20 vs VCR-SM-SIL{aCD20] P<0.01
VCR-SM-SL + aCD20 vs VCR-SM-SIL[aCD19] P<0.0005
VCR-SM-SL + aCD20 vs VCR-SM-SIL[aCD20] + VCR-SM- P<0.0005
SIL[aCD19]

VCR-SM-SL + aCD19 vs VCR-SM-SIL[aCD19] P<0.01
VCR-SM-SL + aCD19 vs VCR-SM-SIL[aCD20] + VCR-SM- P<0.0005
SIL[aCD19]
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In another study, Ab-drug conjugates composed of aCD20 (Rituxan®) and
monomethyl auristatin (MMAE) demonstrated significantly improved therapeutics
over those made of DXR and Rituxan (270). MMAE is a derivative of synthetic
analogue of dolastatin 10, which belong to the antimitotic class of chemotherapeutics,
similar to VCR. Our results are in accordance with these results and lead us to
hypothesize that antimitotic drugs may be an exception to the general rule that
immunoliposomes require internalization for improved therapeutics. In chapter 3, we
demonstrated improved therapeutics of internalizing (DXR-HSPC-SIL[aCD19]) over
non-internalizing formulations (DXR-HSPC-SIL[aCD20]) in the Namalwa model
(234). We therefore conclude that the requirement for internalization for therapeutic
activity of immunotherapeutics like immunotoxins, drug-Ab immunoconjugates and
immunoliposomal drugs can vary with the nature of the drug and the release rate of
the drug from the liposomes.

As observed for DXR-containing liposomes, VCR-containing liposomes also
have synergistic cytototoxic effects with signaling mAbs. Therapy with the
combination of VCR-SM-SL and aCD20 or with VCR-SM-SL and aCD19 was
significantly better than controls (P< 0.005), therapy with free VCR (P<0.05) or
VCR-SM-SL (P<0.005). Therapy with either immunoliposomal VCR (i.e., VCR-
SM-SIL[aCD19] or VCR-SM-SIL[aCD20]) was significantly better than the
combination of VCR-SM-SL and free Abs (£<0.01).

In this study, there was a tendency for a higher cure rate in mice treated with a

combination of VCR-SM-SIL{aCD19] and VCR-SM-SIL{aCD20], although this did
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not reach statistical signifcance(£>0.05). The high cure rate was probably due to
some additive effect of the individual therapies.

This study demonstrates for the first time that immunoliposomal anticancer
drugs, used in combination, can result in improved therapeutics, when the appropriate
drug and drug release rate are chosen. Further studies, using combinations of

immunoliposomal drugs, are hence warranted.
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CHAPTER 4A (Addendum to Chapter 4)
Evaluation of a combination regimen of immunoliposomal DXR targeted to

two internalizing (CD19 and CD22) epitopes
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4A.1 Rationale

In chapters 3 and 4 we showed that, because aCD20-targeted liposomal DXR
by itself did not significantly improve the therapeutic outcomes in xenograft models
of human B-lymphoma (due to lack of internalization into Namalwa cells), there was
no therapeutic advantage to the combination anti-CD19- and anti-CD20-targeted
DXR-loaded liposomes. A set of experiments was therefore performed to evaluate
the effect of a combination regimen of DXR-loaded liposomes targeted to two
internalizing epitopes (CD19 and CD22).
4A.2 Materials and Methods

The mAb, aCD22 (IgG;) was kindly provided by Dr. E. Vitetta, University of
Texas Southwestern Medical Center, Dallas, TX. The CD22 antigen is rapidly
internalized and is expressed on the surface of most B-cell malignancies . Liposomes
were made as described in chapter 4. In vitro cell association and irn vivo survival
studies were performed as described in chapter 4. In cell association experiments,
combinations of HSPC-SIL[aCD19] and HSPC-SIL[aCD22] were mixed ata 1:1
ratio, before incubating with the Namalwa cells. In therapeutic experiments where
combinations of either two drug-loaded immunoliposomal formulations, two free
mAbs or two empty immunoliposomal formulations were used, the total dose

administered was composed of equal parts of each component.
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4A.3 Results and Discussion
4A.3.1 In vitro cell association

The levels of cellular association of either HSPC-SIL[aCD19] or HSPC-
SIL[aCD22] with Namalwa cells were significantly higher than seen for SLs (non-
targeted) at either 37°C or 4°C (Figure 4A.1A). The levels of cellular association of
1:1 combinations of HSPC-SIL[aCD19] and HSPC-SIL[aCD22] were higher than
those seen for either of the individual immunoliposome formulations at all PL
concentrations. This increase appeared to be sub-additive i.e., the cell association of
combinations of HSPC-SIL[aCD19] and HSPC-SIL[aCD22] was less than the sum
of the cell association of individual liposomes (Figure 4A.1B.). For example, the cell
association of 1.6 mM of the combination of SIL[acCD19] and SIL[aCD22] was less
than the sum of cell association of 1.6 mM SIL[a.CD19] and 1.6 mM SIL[aCD22].
As both SIL[aCD19] and SIL[aCD22] bind to and internalize into Namalwa cells via
receptor-mediated endocytosis, we speculate that there exists competition between the
two immunoliposomes for internalization into the cells. In chapter 4,
immunoliposomes were targeted to an internalizing (CD19) and a non-internalizing
receptor (CD20), where there are less chances of cross talk. Another speculation
would be that on the surface of B-cells, CD19 receptor is more in proximity to CD22
than CD20. Hence there are higher chances of competition for receptor sites between
SIL[aCD19] and SIL[aCD22] than between SIL[aCD19] and SIL{aCD20].

However, more experiments are required prior to commenting on these speculations.
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Figure 4A.1 In vitro cellular association of liposomes with Namalwa cells as a
function of concentration at 37°C.

Non targeted liposomes HSPC-S1(@®); Targeted HSPC-SIL[aCD19] (A); Targeted
HSPC-SIL[aCD22] (M); Targeted combination of HSPC-SIL[aCD19] + HSPC-
SIL{aCD22] (1:1) (). Liposomes were composed of HSPC:Chol:mPEG (2:1:0.1)
or HSPC:Chol: mPEG:Mal-PEG (2:1:0.08:0.02). Liposomes were labeled with
[’H]CHE and incubated with 1 million Namalwa cells after which the cells were
washed with cold PBS to remove the unbound liposomes. The concentration of
mAbs on HSPC-SILs was 103 pg aCD19/umol PL or 80 pg aCD22/umol PL. Data
are expressed as pmoles PL/10° cells. Each point is an average of 3 replicates = S.D.
from one experiment. (A): Total cell association; (B): Specific cell association with
Namalwa cells. (*) represents the calculated sum of cell association of SIL[aCD19]
and SIL[aCD22].
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4A.3.2 In vivo survival

Table 4A.1 gives the mean survival times for tumor-bearing mice inoculated
with Namalwa cells and treated with immunoliposomal formulations of DXR targeted
via aCD19 (DXR-HSPC-SIL{aCD19]) or via aCD22 (DXR-HSPC-SIL[{aCD22]),
individually, or in combination. An unexpected finding was that DXR-HSPC-
SIL[aCD22] was not therapeutically better than either non-targeted liposomes (DXR-
HSPC-SL) or free DXR (P>0.05). DXR-HSPC-SIL[aCD19] had significantly better
therapeutic outcomes than DXR-HSPC-SIL[aCD22] (P<0.001). The combination
group of DXR-HSPC-SIL[aCD19] and DXR-HSPC-SIL[aCD22] was
therapeutically more efficacious than DXR-HSPC-SIL[aCD22] (P<0.05), but not
better than DXR-HSPC-SIL{aCD19] (£>0.05). The reason for the lack of
therapeutic efficacy of DXR-HSPC-SIL[aCD22] in this experiment remains to be
determined, however some reasons suggest themselves.

aCD22, used in this experiment had been in our laboratory for almost 3 years.
The biological properties of «CD22 could have been altered due to long period of
storage. An SDS-PAGE analysis was performed before starting the experiment,
which showed that aCD22 had not physically degraded, but this does not comment
on the biological activity of aCD22. Previous experiments performed by a former
graduate student in our laboratory, showed that DXR-HSPC-SIL[aCD22] had

therapeutic activity comparable to DXR-HSPC-SIL[oCD19] in the Namalwa model

(D. Lopes, unpublished observations).
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Table 4A.1 Survival times of SCID mice after immunoliposomal DXR
treatments.

SCID mice (5-7/group) were injected i.v. with 5 x 10° Namalwa cells in 0.2 ml PBS.
After 24 h they were injected i.v. in the tail vein with a single bolus dose of 3 mg/kg
as free DXR or liposomal DXR. Liposomes were composed of HSPC:Chol:mPEG
(2:1:0.1) or HSPC:Chol:mPEG:Mal-PEG (2:1:0.08:0.02) . Liposomes targeted with
mAbs had 49 pg aCD19 /umol PL or 69 pg aCD22 /umol PL (26 mAb/liposome or
36 mAb/liposomes), respectively; 1.e., each mouse received 11 pg aCD19 or 15 pg
aCD22 conjugated to the DXR-containing immunoliposomes. Hence, the same
amounts of free mAbs were administered per mouse, and empty immunoliposomes
also contained comparable doses of Ab and PL. Empty liposomes had 26
mAb/liposome or 40 mAb/liposomes of aCD19 or aCD22, respectively. The
combination groups of free mAbs, empty or DXR-loaded liposomes had both of the
components in equal parts. The combination of DXR-loaded liposomes was dosed at
a total DXR dose of 3 mg/kg and that of free Abs at a total dose of 13 pug per mouse.
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Group Mean % increase Long-term
survival time  life span survivors
+S.D (> 150 days)
Control (saline) 262+1.1 0/5
free DXR 292+13 11 0/5
DXR-HSPC-SL 27623 5 0/5
HSPC-SIL[aCD22] 30.7+3.3 17 0/6
HSPC-SIL[aCD19] 33.7+£2.8 29 0/6
HSPC-SIL[aCD22] + 348+1.2 32 0/6
HSPC-SIL[aCD19]
aCD22 353+£23 35 0/6
aCD19 37.8+49 44 0/6
aCD22 +aCD19 342+ 1.6 31 0/6
DXR-HSPC-SL + aCD22 36.2+1.6 38 0/6
DXR-HSPC-SL + aCD19 398+14 52 0/6
DXR-HSPC-SIL[aCD22] 31.6+3.4 21 0/7
DXR-HSPC-SIL[aCD19] 45.0+7.38 72 0/7
DXR-HSPC-SIL[aCD22] + 39.8+£53 52 0/7

DXR-HSPC-SIL[a.CD19]
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Table 4A.2 Immunophenotyping of Namalwa cell line using single color flow
cytometry.

Namalwa cells (1 x 10°) were first stained with 10 pg primary mAb followed by 20 pl
of an appropriate dilution of FITC-conjugated secondary mAb. Cell associated
fluorescence was analyzed on a Becton-Dickinson FACScan using Lysis II software
(Beckton Dickinson, San Jose, CA). Background MFI=15-18

Cell surface epitope Mean Fluorescence % population of gated cells
intensity (MFT) expressing the epitope

CD19 175 99.9

CD20 259 99.1

CD22 30.2 | 83.9

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



159

Therefore future studies should aim at determining the efficacy of DXR-HSPC-
SIL[aCD22] using a fresh source of aCD22 in this model. It would also be desirable
to compare the combination therapy using VCR instead of DXR.

Another possible explanation for the lack of therapeutic efficacy of DXR-
HSPC-SIL[aCD22] lies in the low levels of expression of CD22 on Namalwa cells.
Immunophenotyping of Namalwa cells demonstrated that this cell line had a higher
expression of CD19 than CD22 (Table 4A.2). Receptor density on target cells seems
to be important for determining the efficacy of targeted therapeutics. However, this
does not explain why the levels of binding of each immunoliposomal population was
approximately the same (Figure 4A.1).

A previous study showed that Namalwa cells which have 3- to 8-fold lower
receptor density of CD19 or CD22 respectively, on their surface than Daudi cells,
were more than 50 times less susceptible than Daudi cells to immunotoxins against
CD19 or CD22 (271). Anti-HER2-targeted liposomal DXR showed improved
therapeutic efficacy over non-targeted liposomal DXR in a metastatic model of breast
cancer only when cells had 10° HER2 receptors per cell (28). Therefore, density of
target epiotpe on the surface of malignant cells seems to be an important determinant
of therapeutic efficacy of targeted therapeutics. The evaluation of therapeutic
efficacy of DXR-HSPC-SIL[aCD22] against a cell line having high levels of CD22

expression (e.g., Daudi) is hence warranted.
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CHAPTERS

CONCLUSIONS AND FUTURE DIRECTIONS

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



161

5.1 Summarizing discussion and future directions

Despite several recent advances, cancer chemotherapy is still limited by the
lack of specificity to cancer cells, resulting in toxicities to normal cells, and poor
therpeutic responses. The toxic side effects often limit optimal dosing of anticancer
drugs, leading to disease relapse and the development of drug resistance. Further, the
quality of life for patients is severely compromised as a result of these side effects.
The goal of anticancer drug discovery and development is to identify therapeutics that
have high therapeutic effectiveness with minimal side effects.

One possible approach to improve the selective toxicity of anticancer drugs is
by targeting anticancer drugs via monoclonal antibodies (mAbs) or ligands, against
antigens or receptors that are expressed on the cancer cells. In this regard, a number
of mAb-based therapies like immunotoxins, radioimmunotherapeutics, mAb-drug
conjugates and immunoliposomes have received considerable attention. Recent
progress in mAb-based therapies is a result of new antibody (Ab) engineering
technologies that yielded chimeric or fully human Abs with reduced immunogenicity.
The success of Rituxan®, an anti-CD20 mAb, has fueled the enthusiasm of
pharmaceutical companies for developing mAbs or mAb-based therapies. In fact,
20% of all biopharmaceuticals, either currently approved or in clinical trials, are
mAbs or mAb-based therapies, making this the second largest category of
biopharmaceutical products.

Although other mAb-based therapies have gained clinical approval,

immunoliposomal anticancer drugs have yet to receive this stage for the treatment of
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cancer. In order to produce a clinically viable immunoliposomal formulation,
optimization of all components of the immunoliposomal delivery system is required.
In this thesis, we tried to answer some of the unresolved questions in the
immunoliposomal field, such as: whether whole Abs or Ab fragments are more
desirable, which surface epitope, with what characteristics (e.g. internalizing vs. non-
internalizing) is the best one to target, and what type of drugs are most suited for
immunoliposmal drug delivery. Furthermore, we evaluated if immunoliposomal
drugs are therapeutically more effective in combination regimens than when given
individually. Liposomal doxorubicin (DXR) or vincristine (VCR) were targeted via
whole mAbs or Fab’ fragments to the internalizing epitopes (CD19, CD22) or the
non-internalizing epitope (CD20), that are expressed on the surface of B-cells.

In chapter 2, we showed that immunoliposomal DXR or VCR, targeted via
whole anti-CD19 (aCD19) or via its Fab’ fragments (Fab’CD19), had significantly
better therapeutic effects in xenografts of human B-cell lymphoma than drug-loaded
mAb-free controls or free drugs. It was also shown that DXR-loaded liposomes
coupled to Fab’ fragments had better therapeutic responses than those coupled to
whole mAbs. This was likely because liposomes coupled to Fab’ fragments had
significantly increased circulation times over liposomes coupled to whole mAbs,
which allowed Fab’-coupled liposomes more time to localize to the target cells. The
longer circulation times imparted by coupling Fab’ fragments instead of whole mAbs
to the liposome surface did not significantly improve the therapeutic effectiveness for

VCR-containing immunoliposomes. This was probably due to the faster leakage rate
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from liposomes of VCR compared to DXR. Therefore, we speculate that Fab’
fragments are preferred targeting agents over whole mAbs for immunoliposomes that
have slow release rates (DXR), as opposed to those that have faster leakage rates
(VCR). However, our speculations are based on the comparison of only two
immunoliposomal drugs with different drug leakage rates. Future experiments should
compare immunoliposomal formulations of anticancer drugs having a spectrum of
different leakage rates to refine these results. We further hypothesize that liposomes
coupled to Fab’ fragments or even smaller fragments (scFv), will be more suited than
whole mAbs for clinical applications since they may both reduce the immune
response to murine Abs because they lack the immunogenic Fc portion of the Ab
molecule.

In chapter 2, we also observed that immunoliposomes containing a schedule-
dependent anticancer drug (VCR) had improved therapeutic outcomes over
immunoliposomes containing a schedule-independent drug (DXR). This was in spite
of the fact that mice were dosed at 1/3 of the maximum tolerated dose (MTD) for
VCR, while DXR was given at the MTD. These results suggest that schedule-
dependent drugs such as VCR may represent a rational choice to be developed as
liposomal or immunoliposomal drugs because liposomes can help to maintain a
sustained exposure of cancer cells to therapeutic drug levels relative to administration
of free drugs, which will allow more cells to be exposed to drug at times when they
are susceptible to drug effects. Further testing will be needed to verify that this

hypothesis applies to other schedule-dependent drugs besides VCR. Future

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



164

experiments should compare immunoliposomal formulations of other schedule-
dependent drugs such as vinorelbine, topotecan, 5-fluorouracil or methotrexate with
schedule-independent drugs such as daunorubicin or cisplatin. The improved
therapeutic results observed for VCR-containing liposomes over DXR-containing
liposomes could be due to several factors, some of which include: drug-related
properties such as mechanisms of resistance, physical and chemical properties of
drugs, different release rates of the drugs from liposomes and different routes and
rates of intracellular drug delivery.

In our research, some animals were cured at an immunoliposomal VCR dose
of 0.66 mg/kg (MTD is 2 mg/kg), but no cures could be obtained for
immunoliposomal DXR even at its MTD. Future studies should be performed at
higher doses of VCR to investigate the possibility of complete remissions at higher
doses.

Treatment of xenograft models of human B-cell lymphoma with
immunoliposomal drugs resulted in significantly greater increases in survival rates
than treatment with free mAbs, drug-free liposomes or combinations of non-targeted
liposomes and free mAbs. This indicates that the majority of the observed therapeutic
effect was due to specific targeting of the immunoliposomes, rather than to signaling
properties of the mAbs, although free whole mAbs and drug-free liposomes
conjugated to whole mAbs (but not Fab’fragments) had therapeutic effects that may
be due to antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-

mediated cytotoxicity (CDC) mechanisms.
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Non-targeted liposomal formulations of DXR or VCR had synergistic
cytotoxic effects with free mAbs. Although, immunoliposomal drugs resulted in
significantly improved therapeutic effects compared with combinations of non-
targeted liposomal drugs and signaling free mAbs, it needs to be determined if the
cost-benefit ratio for the development of immunoliposomes is at least comparable to
that for therapeutic doses of free mAbs combined with non-targeted liposomal drugs.
Several clinical trials have demonstrated superior response of combinations of free
drugs and mAbs compared with those achieved with either treatment alone (90, 93).
In such a scenario, we need to see if immunoliposomal drugs can offer a less toxic,
more effective and economic alternative to conventional therapies.

A recent study demonstrated that the homodimerization of mAbs converts
them into strong signaling therapeutics (184). We could not demonstrate these effects
by the multivalent display of whole mAbs or Fab’ fragments on the surface of
liposomes, at least at the Ab densities employed in our experiments. However, it is
possible that signaling mechanisms will be facilitated by increasing the_density of
whole mAbs or Fab’ fragments on the liposome surface, i.e., by decreasing the
intermolecular distance between them.

High mAb densities on the liposome surface should increase the mAb avidity
for the antigen. A concern with increasing the density of whole mAbs at the liposome
surface is that it has been shown to lead to a decrease in circulation half-lives of the

immunoliposomes (58). As the pharmacokinetics of Fab’-coupled liposomes appears
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not to be compromised by high fragment densities, further studies should evaluate the
effects of high Fab’ density on the therapeutic efficacy of immunoliposomes.

Chapters 3 and 4 examiﬁe the effect of targeting to different B-cell epitopes,
individually and in combination. It is generally accepted in the field of
immunoliposomes that targeting of immunoliposomal drugs to internalizing epitopes
is necessary for good therapeutic responses. Ideally, liposomes should retain
encapsulated drugs until the liposomes reach the target cells and then they should
release the drug so that it becomes bioavailable (drug entrapped in liposomes is not
bioavailable). Our results showed that immunoliposomes having slow release rates of
DXR had improved therapeutic effects when they were targeted to the internalizing
epitope, CD19. Internalizing epitopes facilitate the delivery of the drug liposome
package inside the cells via receptor-mediated endocytosis. Intracellular breakdown
of the liposomes leads to release of the drugs, but this process appears to be slower
than desired (108). In support of the use of internalizing epitopes, a recent study has
demonstrated that a Stealth® liposomal formulation of cisplatin that lacked efficacy in
pilot clinical studies (due to extremely slow drug leakage rates from the liposomes),
when converted into an immunoliposome and targeted to an internalizing epitope,
gave good therapeutic results (272).

Immunoliposomal VCR, with its faster release rates, had equivalent
therapeutic effects when targeted to either internalizing or non-internalizing epitopes.
The mechanism underlyng this effect is not currently understood. However it appears

that drugs having faster release rates from the liposomes may be able to achieve
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cytotoxic concentrations within the cell either by internalization or by drug release at
the cell periphery. However, it remains to be seen whether our conclusions in regard
to leakage rates have applications to a wider range of drugs that act by different
mechanisms of action, or only to the two drugs examined in this thesis.

Although drug release rates can be manipulated to some extent by changing
the lipid compositions of liposomes, in reality, control over drug release rates is not
always easy to achieve for some immunoliposomal anticancer drugs. At the two
extremes, liposomes with extremely fast rates of drug release may release their
contents in the blood prior to reaching the target cells; liposomes with very slow drug
release rates may retain the contents even after localizing to the target cells, resulting
in low bioavailability of the drug. We believe that an important reason for the high
therapeutic efficacy seen with VCR-containing immunoliposomes in this thesis was
that the drug release rate may have been close to optimal. The t;,; (time for 50% of
the drug to be released from liposomes) of VCR-containing immunoliposomes was of
the order of 7-15 h in vitro and in vivo, which would have allowed liposomes to bind
to the malignant B-cells before they released their drug.

In chapter 3, empty liposomes targeted with a non-internalizing mAb, anti-
CD20 (CD20) were not very effective in treating mice bearing Namalwa cells, even
though aCD20 is reported to be a strong signaling mAb (186, 187, 196-198).
However, it needs to be pointed out that in these studies, each mouse received around
10-15 pg of aCD20-conjugated to immunoliposomes. To obtain therapeutic efficacy,

other researchers have injected mg quantities of mAbs into mice, so the amount of

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



168

mAD attached to the liposomes may not have been sufficient to effect a response
(184, 186, 187).

In chapters 4 and 4A, we show that combination regimens of
immunoliposomal drugs worked well for certain combinations of target eptiopes and
drugs but not for others. When injected with a combination of VCR-loaded
immunoliposomes targeted to both CD19 and CD20, a higher percentage of cures
(over 70%) was obtained than for either type of immunoliposome given alone,
suggesting that some additivity is occuring. Since DXR-loaded immunoliposomes
targeted to CD20 alone had no improved effect over non-targeted liposomes,
combinations of DXR-loaded immunoliposomes targeted to both CD19 and CD20 did
not improve the therapeutic effects over liposomes targeted to CD19 alone.

Unexpectedly, in our model, targeting of immunoliposomal DXR to two
internalizing epitopes (CD19 and CD22), did not improve the therapeutic outcome
compared to targeting of DXR-loaded liposomes to CD19 alone. As described in
chapter 4A, the biological activity of aCD22, might have been compromised due to
long period of storage, even though aCD22 still retained good binding activity.
Further studies using a fresh batch of aCD22 are warranted. Immunotoxin
combinations directed against CD19 and CD22 have demonstrated improved
therapeutics in animal xenografts compared to single immunotoxin therapy (99, 265,
273), and this combination is presently in clinical trials (274). Therefore we
recommend that immunoliposomal anticancer drug combinations against CD19 and

CD22 be reevaluated in the Namalwa model or evaluated in another model of B-
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lymphoma (e.g., Daudi), where expression of CD22 is documented to be much higher
than that in Namalwa cells (271). Although the relationship of antigen density to
therapeutic efficacy is still not clear, evidence is now accumulating that indicates that
high receptor densities may be important for effective targeted therapies (28, 271).
One way to increase the total number of target epitopes on the cell surface is to target
to more than one epitope. More research on rational combinations of
immunoliposomal drugs, targeted to epitopes that are internalized and expressed at
high densities on target cells, is hence warranted.
5.2 Clinical applications of immunoliposomal anticancer drugs
5.2.1 Immunoliposomal anticancer drugs in the treatment of hematological
malignancies

This thesis evaluated the applicability of immunoliposomal DXR and VCR,
for the treatment of B-cell lymphoma, a hematological malignancy in murine
xenograft models. Despite recent advances in the treatment of B-cell lymphomas,
standard chemotherapeutic regimens are only effective in patients with low-grade B-
cell lymphomas. For patients with intermediate and aggressive B-cell lymphomas,
conventional chemotherapy or hematopoietic stem cell transplantation is generally
ineffective and disease relapse eventually occurs. Although patients may respond to
alternative chemotherapy or radiotherapy, the potential for long-term curative therapy
in these relapsed patients is low. Furthermore, conventional chemotherapeutics are
associated with severe side effects. Therefore, new therapeutic strategies with high

efficacies and lower toxicities are needed.
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We postulate that hematological malignancies are excellent targets for
immunoliposomal anticancer drugs because in comparison to solid tumors, cells are
more readily accessible to systemically administered immunoliposomes. In our
studies, immunoliposomal drugs were targeted to lineage-restricted antigens (CD19,
CD20 and CD22) that have little or no expression on stem cells (B-cell progenitors).
Therefore, stem cells are expected to replace the normal lymphocytes killed during
therapy. Further, CD19 and CD20 are expressed on more than 90 % of B-cell
malignancies, and therefore immunoliposomal formulations of DXR or VCR
developed in this thesis will be suited for a wide variety of B-cell lymphomas. For
example, liposomal drugs targeted to CD19 or CD20 could be used for most of the
non-Hodgkin’s lymphomas such as chronic lymphocytic leukemia, precursor B-cell
lymphoblastic lymphoma, follicular lymphoma or Burkitt’s lymphoma. High levels
of expression of the CD22 antigen is seen on fewer types of B-cell neoplasms than
the CD19 or the CD20 antigen (271), which makes it a less attractive target.

The results presented in this thesis suggest that immunoliposomal VCR or
DXR targeted to CD19 or CD20 may have important clinical applications. We
obtained long-term survivors with immunoliposomal formulations of the high
potency, schedule-dependent drug, VCR, targeted to either CD19 or CD20, or to
both, in combination. A classical (non-PEGylated) liposomal formulation of VCR
(Onco-TCS) is presently undergoing clinical trials at Inex Pharmaceuticials,
Vancouver, B.C. (237, 238). Inex Pharmaceuticals chose a non-PEGylated

formulation of VCR since they were concerned that insertion of PEG on VCR
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liposomes would increase the leakage of VCR from the liposomes to unacceptable
levels (by an as yet unknown mechanism) (252). This is not so much of a concern for
targeted liposomes, where the binding of the immunoliposomes to cells results in fast
uptake of the drug. Results presented in this thesis show that coupling mAbs to the
PEG terminus did not further increase the leakage of VCR from the liposomes, but it
significantly improved the therapeutic outcomes. The improvement was likely
because the targeted liposomal formulations of VCR could deliver the drug to the
target cells before most of the drug is released from liposomes. Hence, liposomal
formulations of VCR targeted to B cell epitopes (e.g., CD19, CD20) may represent a
rational choice for clinical development.

The therapeutic effectiveness of DXR-loaded liposomes could be increased by
targeting the liposomes via Fab’ fragments instead of whole mAbs and targeting to
internalizing epitopes instead of non-internalizing epitopes. Stealth® formulations of
DXR (Doxil®/Caelyx® and Myocet®) and another anthracycline drug, daunorubicin
(Daunosome®) have already received clinical approval. The effectiveness of Stealth®
immunoliposomal formulations of DXR has previously been evaluated in a number of
animal models. We speculate that Stealth® immunoliposomal formulations of DXR
or other anthracyline drugs targeted via small Ab fragments (Fab’ or single chain Fv)
to internalizing epitopes (e.g., CD19, CD22) is also a logical strategy to treat B-cell
malignancies. In fact a Stealth® immunoliposomal formulation of DXR targeted via
scFv against the human epidermal growth factor (HER2), has received approval for

clinical trials for the treatment of breast cancer (28).
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We evaluated the applicability of immunoliposomal drugs targeted to B-cell
surface epitopes (CD19, CD20 and CD22). It is reasonable to suggest that the
insights gained from these studies can be applied for targeting liposomal anticancer
drugs to other hematological malignancies. For example, immunoliposomal
anticancer drugs (e.g. immunoliposomal DXR or VCR) can have therapeutic potential
for the treatment of multiple myeloma. Multiple myeloma is a cancer characterized
by terminally differentiated malignant B-cells that have low levels of B-cell
differentiation antigens such as CD19, CD20 or CD22. However, they have a strong
expression of CD38. Liposomal anticancer drugs targeted via anti-CD38, should be
an effective strategy for the treatment of multiple myeloma. Other examples could be
targeting liposomal anticancer drugs to CD33, a leukocyte differentiation antigen for
the treatment of acute myeloid leukemia (AML), or targeting to CD52, a
cytoadhesion molecule for the treatment of B-cell chronic lymphocytic leukemia (B-
CLL).

5.2.2 Immunoliposomal anticancer drugs targeted to solid tumors

Immunoliposomal anticancer drugs can also be used for the treatment of solid
tumors, by targeting them to tumor-associated or tumor-specific antigens. Some
targets that are being explored include HER2 for the treatment of breast cancer,
MUCT for the treatment of breast and bladder cancer, or CEA for the treatment of
ovarian cancer. A review of literature and our experience lead us to believe that for

solid tumors, immunoliposomes would probably be more suited for the treatment of
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residual, micrometastatic disease, following primary therapy of solid tumors by
surgery and/or radiation (2, 233).

An attractive strategy for the treatment of solid tumors is the targeting of
immunoliposomal cytotoxic drugs to the neovasculature of solid tumors, where
immunoliposomes would have easy access. Targeting of mAb-based therapies
against the tumor vasculature is currently an area of considerable interest (275-279).
Directing therapy to antigens selectively expressed on the vascular endothelium, as
opposed to directing them against tumor-associated antigens, is expected to reduce
the impact of physical barriers that impede the penetration and uniform distribution of
mAbs throughout the tumor, e.g., heterogeneous blood flow and elevated interstitial
pressure (280, 281). In a recent study, it was shown that drug-loaded liposomes,
targeted using peptides specific for tumor angiogenic vasculature, resulted in a
significant suppression of tumor growth compared to non-targeted liposomes or free
drugs (147). The authors also outlined some additional advantages of anti-
neovascular therapy, including the occurrence of little or no drug resistance and the
potential for effectiveness against essentially all types of solid tumors (147, 282). A
number of receptors specifically expressed on tumor vascular endothelium have now
been identified and these can be exploited for liposome-based anticancer drug
delivery (reviewed in (277, 278)). |
5.2.3 Combination therapies with immunoliposomal drugs

With rare exceptions, chemotherapy is provided as a combination of drugs or

therapeutics in order to achieve the maximum therapeutic results. The rationale for
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the use of multiple agents takes into consideration heterogeneity within tumor cell
populations and differences in tumor cell sensitivity to individual drug classes.
Combination chemotherapy generally includes drugs or therapeutics with different
mechanisms of action and non-overlapping side effects in order to attain maximum
therapeutic benefit.

Liposomal anticancer drugs targeted via signaling Abs is an interesting
strategy for combination therapy because it combines the therapeutic benefits of the
encapsulated drug and the signaling Ab. Although liposomal or immunoliposomal
drugs may be active as single agents, it is likely that their major role will be in
combination therapy regimens. Combination strategies with immunoliposomes may
include either targeting different liposomal drugs to the same epitope, or targeting the
same liposomal drug to different epitopes or targeting different liposomal drugs to
different epitopes. By using any of these combinations, we are basically combining
the benefits of multiple anticancer therapeutics, which work via different mechanisms
of action and have non-overlapping side effects. For example, in clinic, if we treat
patients having B-cell malignancies with immunoliposomal DXR targeted to CD19
and immunoliposomal VCR targeted to CD20, we combine the therapeutic benefits of
DXR, VCR, anti-CD19 and anti-CD20. Ina previous study, combination therapy
with low doses of Stealth® formulations of both DXR and VCR was shown to be
more effective in the treatment of MC2 mammary tumors than higher_ doses of either

liposomal drug alone (283, 284). Overall, immunoliposomal anticancer drugs, which
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combine the therapeutic effects of chemotherapeutic drugs and signaling antibodies
are an attractive, less toxic option for the treatment of B-cell malignancies.

Immunoliposomal anticancer drugs can also be targeted to multiple epitopes
using bispecific or multispecific Abs. Considerable research has focused on
bispecific Abs, and bispecific anti-CD16/CD30 and anti-CD3/CD19 Abs have
undergone Phasel/II trials (285, 286). Targeting of immunoliposomes to multiple
epitopes may help enhance tumor-specific cytotoxicity and decrease problems of
multidrug resistance and relapse.

It is expected that future clinical studies try to maximize tumor cell kill by
combining various traditional and targeted therapies in an effort to eliminate large
tumor masses, metastatic diseases, dormant cells, antigen negative cells. For

example, liposomal VCR has been substituted for the free drug Oncovin®

in clinical
trials using the CHOP + Rituxan® regimen. One can envision that immunoliposomal
anticancer drugs (e.g., liposomal VCR targeted via anti-CD20) could also be
evaluated in place of free drugs and free mAbs within an established combination
regimen such as CHOP + Rituxan®. Immunoliposomal drugs can also be tried in
combination with other mAb-based therapies like immunotoxins, Ab-drug conjugates
and radioimmunotherapeutics.
5.2.4 Immunoliposomes in the treatment of multidrug resistance

Multidrug resistance can severely limit the effectiveness of chemotherapeutic

agents. A variety of multidrug resistant (MDR) transporters such as P-glycoprotein

(Pgp) localize in the cell membrane and extrude a variety of chemotherapeutic agents
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such as VCR or DXR from the tumor cells. The delivery of immunoliposomes by
receptor-mediated internalization provides an alternative route of entry for drugs into
cells, which may allow immunoliposomal anticancer drugs to bypass the activity of
MDR transporters.

5.3 Barriers and solutions to the clinical approval of immunoliposomes

Problems with immunogenicity are still a barrier to the clinical approval of
ligand-targeted therapeutics. In this regard, the immunoliposomal field should benefit
from recent advances in Ab engineering and molecular biology, which make it
possible to engineer small chimeric or humanized Ab fragments (123, 124) that
should lead to further reductions in human anti-mouse antibody (HAMA) responses
in patients. Fully human mAbs, generated from transgenic mice that express the
human H- and L-chain gene repertoire (287) might prove to be even more acceptable
targeting agents for immunoliposomes. Although the development of humanized and
fully human Abs can help resolve immunological concerns, immunogenic responses
to liposomes coupled to humanized or fully human antibodies may still occur, but this
remains to be determined.

From a pharmaceutical standpoint, ligand-targeted liposomes (LTLs) or
immunoliposomes will have to meet the quality criteria as defined for pharmaceutical
products. Issues like shelf stability, sterilization and scale-up of production require
extra consideration for complex delivery systems like immunoliposomes. Another
concern that can hinder the development of LTLs in the clinic is the impracticality of

manufacturing a wide array of LTLs. In the post-genomic era we can envision
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chemotherapy tailored to a specific patient’s disease. LTLs can be made from ligands
and drugs selected from a library that is based on the patient’s receptor status and
tumor sensitivity, respectively. Given the number of ligands and drugs available, it
will be difficult to construct patient-selective LTLs by conventional ligand coupling
techniques. The development of a combinatorial approach that allows a variety of
LTLs to be produced by post-inserting ligands on preformed liposomes is an
attractive strategy and warrants further investigation (74, 80).
5.4 Future directions in the field of immunoliposomal drugs

This thesis points to the necessity of careful selection of targeting ligands and
epitopes. The immunoliposomal field should benefit from recent advances made in
molecular biology, like phage display technology, which can help in the identification
of internalizing ligands or mAbs with different affinities (109-111). Currently it is
not clear whether mAbs with high affinity or low affinity are preferable. There are
arguments in favor of either one. For example, it is thought that low affinity mAbs
may be able to penetrate solid tumors with more ease than those with high affinities
(131, 146). Phage display technology can also be used to select tumor-associated
antigens by using a subtractive panning approach, by selecting mAbs that react
against tumor cells but not against the normal cells (288).

Internalization of immunoliposomes leading to intercellular delivery of the
liposomal drug packages, will lead to improved therapeutic effects only if the
majority of the drug reaches to its site of action (e.g., nucleus or mitochondria) within

the cell as free drug, i.e., the drug has to be bioavailable. In this regard, more
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sophisticated systems to control (or titrate) the rate of drug release from
immunoliposomes are needed to ensure high levels of bioavailable drug following
internalization. pH-sensitive phospholipids, peptides and polymers associated with
liposomes are all being explored as a means of triggering (or controlling) drug release
(reviewed in (138)).

Clinical applications in humans may require repeated administration of
liposomes to achieve maximum benefit. Considering this, extensive basic research
needs to be performed to have a better appreciation of the effects of the dose schedule
and dose intensity for multiple dosing of immunoliposomal drugs.

5.5 Conclusions

In conclusion, we have identified a number of factors, including
internalization of the immunoliposomes, their circulation half-lives, drug release
rates, cellular density of target epitopes, and properties of the encapsulated drug, that
should be taken into consideration for designing effective immunoliposomal
anticancer drugs. For DXR-containing immunoliposomes optimal strategies might
involve manipulating the drug release rate to more rapidly achieve high levels of
bioavailable drug intracellularly, targeting the liposomes via Fab’ or scFv fragments,
and targeting to internalizing epitopes. For immunoliposomes containing the high
potency, schedule-dependent drug, VCR, targeting via either whole Abs or Fab’
fragments and targeting to either internalizing or non-internalizing epitopes appears to
be equally effective, although Fab’ or smaller fragments will likely have an advantage

in reducing immunogenicity. Immunoliposomes containing VCR appear to give
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better therapeutic results than DXR-containing immunoliposomes and targeting of
VCR-containing liposomes to multiple epitopes gave the best therapeutic results in
our xenograft models. The results presented in this thesis demonstrate that selective
targeting of liposomal VCR and/or DXR to various B-cell epitopes improves the
selective toxicity of these anticancer drugs and hence is an effective strategy for
treating B-cell malignancies. The insights gained from these studies will help in
designing better immunoliposomal anticancer drugs. It is reasonable to suggest that
with further refinement, immunoliposomal anticancer drugs will soon gamer

acceptance by the clinical medical community.
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