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The goal of this research is to study how the cholesterol content in
liposomal formulations affects the anticancer activity (e.g., cell growth
suppression) of combretastatin A4 phosphate (CA4P). CA4P is a powerful
antivascular agent currently under clinical trials for treating solid tumors.
Liposomal CA4P has several advantages over free CA4P, including the reduced
toxicities and the increased overall drug efficacy. In this thesis work, | have
demonstrated that the proliferation of breast cancer MCF-7 cells varies with the
cholesterol mole fraction in the formulation of liposomal CA4P in a biphasic
manner, displaying a local minimum at the critical sterol mole fractions (C,) for
maximal superlattice formation. Cell proliferation was monitored using a
fluorescence-based assay. Since cholesterol content determines membrane

lateral organization, my results imply that membrane lateral organization plays an



important role in regulating the anti-cancer activity of liposomal CA4P. This
finding provides a new concept in the rational design of liposomal anti-cancer
drugs. More than 20 anticancer drug formulations are in the market or under
clinical trials. Most of them include cholesterol as a major component. My present
study indicates that cholesterol is not just serving as a vesicle stabilizing agent,
but also modulates the activity of liposomal drugs. The principle learned from
CAA4P can be extended to other liposomal anti-cancer drugs. This study is also
significant from the membrane biophysics point of view. The data provide
additional support for the sterol superlattice model and illustrate that the concept

of sterol superlattice can be applied to biotechnology development.
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CHAPTER 1

INTRODUCTION

1.1 CA4 and CA4P

Tumor growth and metastasis require the development of new blood
vessels (Mauer, et al., 2001). A single blood vessel can provide oxygen and
nutrients for the survival of many tumor cells. Therefore, great efforts have
been devoted to developing vascular disrupting agents (VDAs), which can
cause the rapid and selective shutdown of the tumor vasculature, leading to

tumor cell death (Maeda, et al., 2000).

Several low-molecular-weight VDAs, such as combretastatins, have
generated much interest in this regard. Combretastatins are a series of
stilbene compounds originally isolated from the South African bush willow
tree Combretum caffrum (Pettit, et al., 1987). Combretastatin A4 (CA4,
structure shown in Figure 1) is one of the most active among these stilbene
compounds against tumor cells (Lin, 1988). CA4 and colchicines bear
structure similarities (Figure 1). Colchicines are the well known VDAs. CA4
has been shown to bind to the 8 subunit of the tubulin at or close to the
colchicine-binding site (McGown and Fox, 1989), but with even higher affinity
(Straubinger, et al., 1985). Tubulin is a dimeric protein consisting of two
subunits, a and 3, of about 55,000 daltons. Tubulin makes up microtubule,

which is one of the major components of the cytoskeleton. Microtubules are
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structural units within cells and play a critical role in many important cellular
processes such as cytoskeleton production, intercellular movement, cell
movement, and formation of the mitotic spindle used in chromosome
segregation and cellular division mitosis. A disruption of tubulin structure by
VDAs, such as CA4 and colchicines, inhibits the formation of microtubules,

consequently inhibiting cell proliferation.

H3CO CH;0

NN ~NHCOCH,

- CH,0
HyCO = CH,0

OCH;,

0
NS OH - .
combretastatin A-4 colchicine OCH;4
OCH,

Figure 1. Chemical structures of combretastatin A4 (CA4) and
colchicines.

An interesting feature of these VDAs is that, after administration, they
have a preference to binding to tubulin in endothelial cells of tumor blood
vessels, leaving normal tissues relatively intact. Thus, they cause a
pronounced shutdown in blood flow to solid tumor, leading to extensive tumor
cell necrosis (Galbraith, 2001, Grosios, et al., 1999). The antivasculature
effect of CA4 (and its prodrug, discussed later) has been demonstrated both
in animal models (Dark, et al., 1997a, Galbraith, et al., 2003, Tozer, et al.,
1999) and human cancer patients (Anderson, et al., 2003, Rustin, et al.,

2003, Stevenson, et al., 2003).



CA4 is much more clinically desirable than colchicines, even though
both are potent VDAs. Colchicine is known for many years as a tubulin
binding agent to have damaging effects on tumor vasculature. Like CA4,
colchicine causes haemorrhage and extensive necrosis in both animal and
human tumors (Algire, et al., 1954, Boyland and Boyland, 1937, Ludford,
1948, Seed, et al., 1940); however, colchicine is too toxic for clinical use. In
contrast, the antivascular effects of CA4 were observed at well below their
maximum tolerated doses in animal models. This difference has been
attributed to the reversible binding kinetics of CA4 (McGown and Fox, 1989),
as opposed to the pseudo-irreversible binding of colchicine itself (Lin, 1988,

Lin, et al., 1989).
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Figure 2. Structure of CA4P and the hydrolysis products of CA4P.

The development of CA4 has been progressing rapidly since the
manufacture of a more water soluble sodium-phosphate salt, disodium

combretastatin A-4 phosphate (CA4P, structure shown in Figure 2) (Pettit, et




al., 1987). Following administration, CA4P is rapidly cleaved to CA4 (Figure
2) by the action of endogenous non-specific phosphatases present in plasma
and on endothelial cells. CA4P has been used as a prodrug of CA4, inducing
vascular shutdown within tumors at doses less than one-tenth of the

maximum tolerated dose (Dark, et al., 1997b). CA4P entered clinical trials in
the United Kingdom and the United States in 1998. Itis now in Phase Il trials,
in combination with conventional chemotherapy and radiotherapy, against a

range of tumor types.

The initial in vivo studies demonstrated that CA4 reduced the tumor
blood flow rate 24 hours after injection (Chaplin, et al., 1996). This
experiment was carried out using the adenocarcinoma NT (CaNT) tumor
grown subcutaneously in the rear dorsum of CBA/Gy f TO mice. Tumors
were used when their geometric mean diameter was within the 6-8 mm
range (Chaplin, et al., 1996). The study was then extended to the prodrug
CAA4P using the murine adenocarcinoma NT (CaNT), the human breast
carcinoma MDA-MB-231, and the rat carcinosarcoma P22 (Dark, et al.,
1997b). A single dose of 100 mg CA4P/kg caused 93% reduction in tumor
vascular volume at 6 hours following drug administration and persisted over
the next 12 hours, with extensive hemorrhagic necrosis (Dark, et al., 1997b).
Due to blood vessel shutdown, acute hypoxiation occurred within 90 min
following CA4P administration to rats bearing breast 13762NF tumors (Zhao,

et al., 2005). Tozer’s group, however, reported that, for a moderate dose of
4



CAA4P in animal systems, a significant reduction in tumor blood flow can be
detected within 5 minutes of drug administration and almost complete
vascular shutdown can be obtained within 20 minutes (Tozer, 2001). It has
also been shown that the combination of CA4P with the anticancer drug
cisplatin or radiation caused enhanced growth delay, and cell death with no
recurrence was achieved when CA4P was administered in a colorectal
xenograft model (Chaplin, et al., 1999, Pedley, et al., 2001). In short, in vivo
studies demonstrated that CA4 or CA4P reduced tumor blood flow rate on

the order of minutes-hours after injection.

The most likely causes of the rapid collapse in tumor blood flow in vivo
are morphological and functional changes associated with the endothelial
cytoskeleton, similar to those that occur in endothelial cells in vitro within
minutes of drug exposure. For example, proliferating human umbilical vein
endothelial cells (HUVECSs) round up when exposed to CA4P, and this is
associated with condensation of the tubulin, reorganization of the actin
cytoskeleton and increased permeability of the endothelial cell monolayer to

macromolecules (Mayer, et al., 1997).

After treatment with CA4P, significant changes in cell shape (Galbraith,
2001), the assembly of actin stress fibers, actinomyosin contractility
(Galbraith, 2001), formation of focal adhesions, disruption of cell-cell

junctions, and monolayer permeability to macromolecules occur (Kanthou



and Tozer, 2002). An acute increase in tumor vascular permeability can

result in several changes that function together to decrease blood flow.

Following treatment with CA4P, there is an upregulation of adhesion
molecules, such as E-selectin, on the surface of endothelial cells (Brooks,
2003), which could help recruit neutrophils to tumors (Parkins, et al., 2000).
This effect may also contribute to the vascular damaging and cytotoxic

effects of CA4P.

CAA4P is more cytotoxic to rapidly proliferating and immature endothelial
cells than to quiescent mature cells (Sapra, et al., 2005). This differential
effect allows for the selective effects of CA4P on tumor vasculature because
there are much more proliferating or immature endothelial cells in tumor

blood vessels than in normal vessels.

In addition to the microtubule-destabilizing effect, CA4P can inhibit the
vascular endothelial-cadherin (VA-cadherin)/B-catenin/Akt signaling pathway,
leading to regression of tumor neovessels (Vincent, et al., 2005).
VA-cadherin is an adhesion protein which is located exclusively at cell-cell
contact regions of endothelium. VA-cadherin is involved in endothelial cell
migration, survival, vascular integrity, and endothelial cell assembly into
tubular structures. In other words, VA-cadherin supports the assembly of
tumor neovessels. CA4P blocks assembly of tumor neovessels, thereby

inhibiting tumor growth (Vincent, et al., 2005).
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In this thesis work, | studied the effects of CA4P on the cultured breast
cancer MCF-7 cell line, not in animals. Thus, CA4P was used not as a
vascular disrupting agent. Rather, it was used simply as a tubulin-binding
agent. Disruption of tubulin structure and microtubule formation by CA4P is
sufficient to produce significant reduction in cell proliferation. MCF-7 breast
cancer cell line was chosen because CA4P has been used to treat breast
cancers and because previous studies have shown that CA4P inhibits

MCF-7 cell growth (Hu, et al., 2007, Li, et al., 2005).

1.2 Liposomal CA4P

Despite its powerful tumor vascular disrupting activity and low toxicity
compared to colchicines, CA4P has undesirable side effects in many normal
tissues. Dose-related toxicities with CA4P have been detected in phase |
clinical trials, which involved 34 patients with different tumor types (for
examples, see Table 1). The most common problem was cardiotoxicity, with
tachycardia occurred in 19 patients (53%), bradycardia in 8 patients (24%),
and hypertension in 12 patients (35%) (Rustin, et al., 2003). These problems

may be alleviated to a certain extent if liposomal CA4P is employed.

The advantages of using liposomal drugs opposed to free drugs have
been well documented in the literature. Liposomes have been recognized as
a useful drug delivery vehicle (Mauer, et al., 2001). Liposomes consist of an

aqueous core entrapped by one or more bilayers of natural or synthetic lipids.
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Liposomes composed of natural lipids are biodegradable, biologically inert,
weakly immunogenic (Rooijen and Nieuwmegen, 1980), produce no
antigenic or pyrogenic reactions and possess limited intrinsic toxicity

(Campbell, 1983).

Table 1. Toxicities of CA4P.

lllustrations of t oxicities of C A4P det ected in P hase | clinical trials. T he
figures indicate the numbers of patients showing t he s pecified sy mptoms
from a group of 34 individuals. [modified from (Rustin, et al., 2003)]

Side effects Dose Level
5-40 mg/m? | 52 mg/m? | 68 mg/m? | 88-114 mg/m?

Tachycardia 0 5 4 10
Bradycardia 0 1 2 5
Hypertension 1 2 3 6
Tumor Pain 1 4 2 4
Headache 1 1 4 2
Vomiting 0 1 2 4

Drugs with varying structures can be encapsulated in liposomes either
in the lipid bilayer, in the interior aqueous core or at the bilayer interface.
Reformulation of liposomal drugs can change the biodistribution of
liposomes in animals. Liposomal drugs allow higher drug dosage and less
frequent drug administration. Reformulation may be used as a strategy to
enhance the efficacy of various therapeutic agents. Liposomes can be

tailored to control retention of entrapped drugs in biological fluids and to
8



enhance liposomal drug uptake by target cells (Gregoriadis and Florence,
1993). Drugs encapsulated in liposomes are expected to be transported
without significant degradation and with minimum side effects to the

recipients.

Great efforts have been made to develop strategies for targeted
delivery to specific organs, cells or compartments within the cells
(Gregoriadis, 1977). Liposomes are well suited for targeted delivery because
of the ease of modifying their surface when compared with other drug
carriers such as nanoparticles (Grislain, et al., 1983, lllum, et al., 1983) and
microemulsions (Hashida, et al., 1977, Mizushima, et al., 1982). Many
approaches have been attempted to achieve targetable properties, including
noncovalent association of cell specific antibodies with liposomes
(Gregoriadis and Neerunjun, 1975), coating of liposomes with heat
aggregated immunoglobulins M (IgM) (Weissmann, et al., 1975), covalent
attachment of poly- and mono-clonal antibodies to the liposomes (Koning, et
al., 2002, Moribe and Maruyama, 2002), glycoprotein bearing liposomes
(Banuo, et al., 1983), and glycolipid containing liposomes (Soriano, et al.,
1983, Wu, et al., 1982). The compounds entrapped into the liposomes are
protected from the action of external media, particularly enzymes (Chaize
and Colletier, 2004) and inhibitors. Moreover, liposomes allow the drugs to
be delivered into cells by fusion or endocytosis mechanism and practically

any drug can be entrapped into liposomes irrespective of its solubility.
9



Liposomal drugs display some unique pharmacokinetic characteristics
partly due to their sizes, which typically range from 50 to 250 nm in diameter.
These nano-scaled liposomes can be cleared from the body via the
reticuloendothelial system, resulting in a relatively long systemic circulation
time. Very often, liposomes distribute favorably to the liver and spleen as
well as the site of solid tumors due to increased endothelial permeability and
reduced lymphatic drainage in these tissues (Maeda, et al., 2000).
Liposomal delivery is therefore a means to modify the pharmacokinetic and
pharmacodynamic properties of therapeutic agents. Such modifications can
improve the therapeutic efficacy of anticancer drugs and reduce their
toxicities. For example, long circulating polyethylene glycol (PEG)-coated
liposomal formulation of doxorubicin has been shown to exhibit increased
solid tumor accumulation due to the enhanced permeability and retention
effect and decreased dose-limiting cardiac toxicity relative to the free drug

(Gabizon, et al., 2003).

Liposomal CA4 and liposomal CA4P have been developed and tested
in animal models by Kiani’'s group in the Mechanical Engineering
Department at Temple University, in collaboration with our laboratory
(Pattillo, et al., 2005, Pattillo, et al., 2009). The animal studies (Pattillo, et al.,
2005, Pattillo, et al., 2009) showed that liposomal CA4P holds great
promises as an antivascular agent to treat solid tumors; those studies were

carried out using the following CA4P liposomal formulations:
10



HSPC:cholesterol:DSPE-PEG (50:45:5 mol%). HSPC stands for
hydrogenated soy phosphatidylcholine and DSPE-PEG for
distearoylphosphatidylethanolamine-polyethylene glycol. Those liposomes
carried ligands (antibodies) to radiation induced upregulated adhesion
molecules on their surfaces. Those immunoliposomes would be
preferentially distributed to the irradiated tumor region thereby circumventing
the undesirable side effects of CA4P on normal tissues. Targeting of CA4P
to irradiated mice bearing transplanted MCa-4 mouse mammary tumors via
ligand-bearing HSPC/chol/DSPE-PEG liposomes (formulation shown above)
resulted in significant tumor growth delay compared to all other treatment
groups such as free CA4P, tumor radiation alone, liposomal CA4P alone and

empty liposomes (Pattillo, et al., 2005, Pattillo, et al., 2009).

1.3 Incorporation of cholesterol into liposomal CA4P

formulations

Lipid composition determines the physicochemical properties of
liposomes (Chonn, et al., 1992). Damen et al. demonstrated that
incorporation of cholesterol (CHOL), by causing increased packing of
phospholipids in the lipid bilayer, reduces transfer of phospholipids to high
density lipoproteins (HDL) (Damen et al., 1981). Senior et al. demonstrated
that liposomes obtained from phosphatidylcholine (PC) with saturated fatty

acyl chains (with a high liquid crystalline transition temperature) or from
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sphingomyelin (SPM) are more stable in the blood than liposomes prepared
from PC with unsaturated fatty acyl chains (Senior, 1982). Lipid composition
in liposomal membranes should affect the drug release from liposomes and

the overall efficacy of the entrapped drugs.

Table 2. Lipid compositions in liposomal anticancer drugs.

Active agent Composition Active agent Composition
(product name) (product name)
@ =

IZaunoXobr:\’e DSPCICHOL MBT.0206 DOPE/DO-
S (paciitaxel) trimethylammoniumpropane
DOXIL®/Caelyx® SoyHPCJCHOL/DSPE-P
(doxorubicin) OSI-211 SoyHPCICHOL

lurtotecan
Myocet®/Evacet® EPC|CHOL ( )
(doxorubicin) Margibo® DSPPCACHOLsphingosine
SPI-077 SoyHPC/ACHOL/DspE-p (VIncristine)
(cisplatin) Atragen® DMPC, and soybean oll
Lipoplatin™ SoyPC/DPPG|CHOL| (t-retinoic acid)
Shph INX-0125 DSPPCCHOLsphingosine
S-CKD602 — (vinorelbine)
(camptothecin analog)

INX-0076 DSPPCICHOLYsphingosine
Aroplatin DMPC/DMPG (topotecan)
(oxaliplatin analog)

8 ©
Do poPc/OPPGICHO Liposomal-Annamycin® DSPC/DSPG/Tween
e

LEP-ETU DOPE/CHOL/cardiohpy Ambisome SoyHPC/DSPPCICHOL
(pachitaxel) (amphotericin)
LEM-ETU DOPE/{CHOLcardiohpli Nyotran® DMPC/DMPG|CHOL
(mitoxantrone) (nistatin)

In the study of Pattillo et al. (Pattillo, et al., 2009), cholesterol (45 mol%)
was a major component in the liposomal CA4P formulation. In fact,
cholesterol is often used as a major component in the formulations of many
liposomal drugs. For example, to date, more than 20 liposomal anticancer
drugs are on the market or under clinical trials. About 75% of them use
cholesterol as a major lipid component (see Table 2 for examples). The

traditional thinking is that cholesterol can cause a condensing effect on
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membranes, thus increasing liposome stability in circulation and other
tissues and consequently increasing the efficacy of the drug. For example, a
doxorubicin liposomal formulation (US patent 4898735) contained 20-50 mol%
cholesterol, 10-40 mol% negatively charged phospholipids, 2.5 mol%
doxorubicin (lipid soluble), 0.2 mol% alpha-tocopherol (as an antioxidant),
and some phosphatidylcholine (PC). It was claimed in the above-mentioned
patent that 20 mol% cholesterol caused a 2-3 times increase in drug
retention, but no additional improvement was seen up to 50 mol%
cholesterol. It appears that cholesterol has been recognized as a useful
stabilizing agent in liposomal drug formulations and that this has been the
only known function of using cholesterol in liposomal anticancer drug

formulations.

1.4 Importance of cholesterol content in liposomal Drugs

The cholesterol content in the CA4P liposomal formulation used by
Pattilo et al. was 45 mol% (Pattillo, et al., 2009). This value was chosen
arbitrarily, not based on a systematic study or a logical design. With regard
to the optimal cholesterol content in liposomal CA4, there was an earlier
report from Kiani's group comparing different liposomal formulations
(Nallamothu, et al., 2006). It was claimed that 30 mol% cholesterol is
optimum for maximal CA4 loading and its minimal leakage (Nallamothu, et

al., 2006). Note that their data came from CA4, not from the water soluble

13



form CA4P and that their data were very limited (Nallamothu, et al., 2006).
They examined only three formulations: HSPC/cholesterol/DSPE-PEG
(65/30/5 mol%); HSPC/cholesterol/DSPE-PEG (95/0/5 mol%);

HSPC/cholesterol/DSPE-PEG (62.5/30/7.5 mol%) (Nallamothu, et al., 2006).

We believe that the cholesterol content in liposomal drugs is not a trivial
issue and that a much more detailed cholesterol study is needed. More
importantly, the previous study of this kind is totally empirical; there was no
theory providing a rational selection of optimal cholesterol content for
liposomal drugs. My study aims to remedy these problems. | will first
describe our theory and hypotheses of how cholesterol content should affect
liposomal drug activities. Then, | will use more than 30 different formulations
to test our hypotheses. Third, | will focus on CA4P rather than CA4 because

CAA4P is water soluble with higher efficacy in anticancer activity.

1.5 Cholesterol content and membrane lateral organization

Cholesterol content changes membrane properties via changes in
membrane lateral organization. This is a key concept involved in this thesis
work. As mentioned earlier, cholesterol (due to its unique rigid and flat
structure) causes a condensing effect on neighboring fatty acyl chains in
fluid lipid bilayers; therefore, cholesterol helps to stabilize liposomes in the
blood and other tissues. It would be a common hypothesis that an increase

of cholesterol content in the membrane will increase the condensing effect of
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cholesterol on liposomal membranes, thus reducing membrane free volume
with increasing cholesterol content in a monotonic manner. However, in
many experiments, it was found that membrane free volume varied with
membrane cholesterol content in a biphasic manner (rather than a
monotonic manner) (Chong, 1994, Chong, 1996, Chong and Olsher, 2004).
The biphasic behavior occurs at specific cholesterol mole fractions such as
20.0, 22.2, 33.3, 40.0 and 50.0 mol% sterol in diacyl-phosphatidylcholines.

How can we understand this rather counter-intuitive observation?

This biphasic behavior can be explained by the sterol superlattice
model (Chong, et al., 1994, Tang and Chong, 1992, Virtanen, et al., 1988).
According to this model, cholesterol can be regularly distributed in lipid
membranes. This sterol regular distribution (e.g., sterol superlattice) model
(Figure 3) proposes that cholesterol can be organized in a regular lattice
within the matrix lattice formed by membrane phospholipid acyl chains and
sterol molecules. Regularly distributed sterol superlattices (shaded areas,
Figure 3) and irregularly distributed lipid areas (blank areas, Figure 3) always
coexist in fluid sterol-containing membranes (rectangle-like objects, Figure
3), with the ratio of irregular to regular regions (R; solid line in the bottom
diagram of Figure 3) reaching a local minimum at critical sterol mole fractions
(Cy) (e.g., 20.0, 22.2, 25.0, 33.3, 40.0, & 50.0 mol% sterol). The C, values
can be calculated from the superlattice theories (Chong, 1994, Chong, et al.,

1994, Tang and Chong, 1992). The model further proposes that the shape
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and size of the regular regions fluctuate with time, and lipids inside and

outside the regular regions undergo constant exchanges.

In the regular regions, sterol molecules (dark circles, Figure 3) are
distributed into either hexagonal or centered rectangular superlattices.
Additionally, in the regular region, lipid packing is tight, thus, possessing little
membrane free volume. Since the ratio of irregular-to-regular regions
reaches a local minimum at C, values, membrane free volume (V; solid line
in the bottom diagram of Figure 3) also varies with cholesterol content in a

biphasic manner at C.,.

The perimeter of the regular regions is proportional to the size of the
regular regions. Thus the perimeter (P; dashed line in the bottom diagram of
Figure 3) of the regular regions may increase abruptly at C, causing a large
increase in the interfacial area between the regular and irregular regions,
making sterols at C; more exposed to the aqueous phase than sterols at
non-C,. The interfacial regions are not well packed. Through the interfacial
regions, the entrapped CA4P molecules should leak out of the liposomes
more and faster. Since the interfacial regions reach a local maximum at C,,
CAA4P should exhibit its highest in vitro anti-microtubule effect when the

cholesterol content in liposomal formulation is at C.,.

1.6 Hypotheses
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Based on this theory, we hypothesize that when cancer cells are
treated with liposomal CA4P, cell proliferation rate changes with cholesterol
content in liposomal CA4P in a biphasic manner, reaching a local minimum
at critical sterol mole fraction C, for maximal superlattice formation. Since
there are a few C, values in the cholesterol mole fraction range 18-52 mol%,
the variation of cell proliferation rate with liposomal cholesterol content

should be multiple biphasic, instead of single biphasic.

| have tested these hypotheses using MCF-7 breast cancer cells and
Chol/POPC LUVs containing CA4P. The key of the experimental design was
to use small cholesterol increments (e.g., 0.5 mol% cholesterol) over a wide
range of cholesterol mole fractions. Only in this way can biphasic changes in

cell proliferation at C, be detected.
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Figure 3. Schematic diagram showing the current concepts
underlying the sterol regular distribution model.

The rectangle-like objects represent a lipid membrane, where regular
(shaded areas) and irregular (blank areas) regions coexist. In regular regions,
sterol molecules are regularly distributed into either hexagonal or centered
rectangular superlattices within the host lipid matrix. There is a biphasic
change in proportion of irregular region to regular region (R, solid line),
membrane free volume (V, solid line), and the perimeter of regular region (P,
dashed line) with membrane cholesterol content in the neighborhood of a
critical sterol mole fraction C, (e.g., 33.3 mol% cholesterol as indicated by
arrow) theoretically predicted for maximal superlattice formation (taken from
(Venegas, et al., 2007)).
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell culture

The human MCF-7 breast cancer cells (from ATCC) were grown in
Complete Growth Medium which included Dulbecco's Modification of Eagle's
Medium (DMEM 1x, with 4.5g/L glucose, L-glucose & sodium pyruvate)
supplemented with 10% Fetal Bovine Serum (FBS, BioWhittaker,

Walkersville, MD) and 1% penicillin/streptomycin at 37°C with 5% CO,
atmosphere until ~80% confluence. The cells were then detached with 0.25%
trypsin and rinsed with phosphate-buffered saline (PBS), and collected after
centrifugation at 2000 g for 5 min at 4°C. Cells were resuspended into

culture medium, plated into 96-well microplates and maintained in a
serum-containing medium for 24 h until cells were attached to the wall of the

wells in the microplates.

2.2  Preparation of liposomal CA4P

CA4P was obtained from Dr. Mohammad Kiani in the Mechanical
Engineering Department. We first prepared CA4P-entrapped liposomes
made of cholesterol and 1-palmitoyl-2-oleoyl-L-a-phosphatidylcholine
(POPC). Calculated amounts of POPC and cholesterol in chloroform were

pipetted into tubes and dried under N until there was no visible solvent.
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Lipids were then dried overnight under high vacuum. Next, lipids were
reconstituted with 5.0 mL of 50 mM Tris-HCI buffer (pH 7.0) containing 30
mM CA4P, 0.02% NaNs, and 0.1 mM EDTA at 37°C, then flushed with N2 and
vortexed for two minutes at 37°C to form multilamellar vesicles (MLVs). NaN3
was used to prevent micro-organism growth in liposome dispersions. The
MLVs were cooled to 4°C for 30 min and then incubated at 37°C for 30 min.
This cooling-heating cycle was repeated three times to ensure an even
distribution of lipids within each monolayer of the vesicles. After being
exposed to three cycles of heating/cooling to allow for thorough mixing,
vesicles were left for four days at room temperature to come to thermal
equilibrium. During incubation, liposome samples were protected from light
and heat, and were flushed with argon and sealed with Teflon-lined screw

caps, in order to prevent auto-oxidation.

Four sample sets of cholesterol/POPC MLVs were prepared as
described in Tables 3-6. They cover the following cholesterol mole fractions:
20.7-23.7 mol% (Table 3), 31.8-34.8 mol% (Table 4), 38.5-41.5 mol% (Table
5), and 48.5-51.5 mol% (Table 6). A typical sample set spanned a predicted
critical sterol mole fraction for maximal superlattice formation. Every sample
within the set contained the same absolute amount of cholesterol, but varied
only in the cholesterol mole percent. This was accomplished by varying the
number of moles of POPC per tube, while leaving the number of moles of

sterols constant. Typically sterol mole percent was changed by 0.5 mol% for
20



each sample (Tables 3-6).

Large unilamellar vesicles (LUVs) were then prepared from MLVs by
extrusion (Lipex Biomembranes Inc., Vancouver, BC, Canada). The MLVs
were extruded at 37°C 10 times through two stacked 200-nm Nucleopore
polycarbonate filters (Costar) under nitrogen gas pressure to form
homogeneous LUVs. To avoid auto-oxidation of cholesterol, the LUV
samples were then stored under N, at room temperature for > 7 days prior to

the cell proliferation assay.

Vesicle size was measured by photon correlation spectroscopy using
the Malvern Zetasizer HS-1000 spectrometer (Malvern Worcs, UK; light
source: 10 mW He-Ne laser at 633 nm). Size was determined before and
immediately after extrusion (typically 100-150 nm in diameter). Our previous
study (Wang, et al., 1998) showed that the sterol mole percents in vesicles
before and after extrusion differ little (<0.2 mol%). Thus, for convenience, the
cholesterol mole percents in MLVs were used to assess the relationship

between cholesterol content in liposomal CA4P and cell proliferation rate.

Immediately before the cell proliferation assay, free CA4P was removed
by a Sephadex G-50 gel filtration column. The column was eluted with 50
mM Tris-HCI buffer (pH 7.0) containing 0.1 mM EDTA. The CA4P entrapped
liposomes were then collected using a fraction collector (Biorad, Model 2110).

Note that the elution buffer did not contain NaNs;. The level of NaN3, which
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was originally present in vesicles, became negligible in the pooled fractions
and would not cause any cytotoxic effect on MCF-7 cells. The amount of
CAA4P in liposomes can be determined by first using extraction with
choloform:methanol (2:1) plus an equal volume of Tris buffer (50 mM, pH
7.0). The entrapped CA4P (which is water soluble) was released from
liposomes and partitioned into the aqueous phase. The absorbance at 340
nm of the aqueous phase was then measured on a Perkin-Elmer lambda-25
spectrophotometer in order to determine the amount of liposomal CA4P in

the sample.
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Table 3. Preparation of the cholesterol/POPC MLV sample set centered

at C, = 22.2 mol% cholesterol. Total volume = 2 mL.

Tube# Chol [Total Lipid] | Total Lipid Chol POPC
mol% mM nmol nmol nmol

1 20.7 1.07 2144.9 444 1700.9
2 21.2 1.04 2094.3 444 1650.3
3 21.7 1.02 2046.1 444 1602.1
4 22.2 1.00 2000 444 1556
5 22.2 1.00 2000 444 1556
6 222 1.00 2000 444 1556
7 22.7 0.97 1955.9 444 1511.9
8 23.2 0.95 1913.7 444 1469.7
9 23.7 0.93 1873.4 444 1429.4
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Table 4. Preparation of the cholesterol/POPC MLV sample set
centered at C, = 33.3 mol% cholesterol. Total volume = 2 mL.

Tube # Chol [Total Lipid] | Total Lipid Chol POPC
mol% mM nmol nmol nmol
1 31.8 1.05 2094.3 666 1428.3
2 32.3 1.03 2061.9 666 1395.9
3 32.8 1.01 2030.5 666 1364.5
4 33.3 1.00 2000.0 666 1334
5 33.3 1.00 2000.0 666 1334
6 33.3 1.00 2000.0 666 1334
7 33.8 0.98 1970.4 666 1304.4
8 34.3 0.97 1941.7 666 1275.7
9 34.8 0.96 1913.8 666 1247.8
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Table 5. Preparation of the cholesterol/POPC MLV sample set
centered at C, = 40.0 mol% cholesterol. Total volume = 2 mL.

Tube# Chol [Total Lipid] | Total Lipid Chol POPC
mol% mM nmol nmol nmol
1 38.5 1.03 2077.9 800 1277.3
2 39.0 1.02 2051.3 800 1251.9
3 39.5 1.01 2025.0 800 1225.5
4 40.0 1.00 2000.0 800 1200.0
5 40.0 1.00 2000.0 800 1200.0
6 40.0 1.00 2000.0 800 1200.0
7 40.5 0.98 1975.9 800 1175.4
8 41.0 0.97 1951.7 800 1151.7
9 41.5 0.96 1927.4 800 1127.8
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Table 6. Preparation of the cholesterol/POPC MLV sample set
centered at C, =50.0 mol% cholesterol. Total volume = 2 mL.

Tube# Chol [Total Lipid] | Total Lipid Chol POPC
mol% mM nmol nmol nmol
1 48.5 0.515 1030.9 500 530.9
2 49.0 0.510 1020.4 500 520.4
3 49.5 0.505 1010.1 500 510.1
4 50.0 0.500 1000.0 500 500.0
5 50.0 0.500 1000.0 500 500.0
6 50.0 0.500 1000.0 500 500.0
7 50.5 0.495 990.1 500 490.1
8 51.0 0.490 980.4 500 480.4
9 51.5 0.485 970.9 500 470.9
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2.3  Cell proliferation assay

The extent of cancer cell proliferation was determined fluorometrically
using a CyQUANT assay kit from Invitrogen-Molecular Probes. The
operational procedures are described in Figure 4. The assay was done on
MCEF7 cells in the presence of varying cholesterol mole fractions in liposomal
CAA4P. The assay has a linear detection range extending from 50 or fewer to
at least 500,000 cells in 2 mL volumes and is therefore ideal for cell

proliferation studies as well as for routine cell counts.

N N
Fo o % P 44

Grow cells in microplate wells ~ Add liposomal CA4P Remove all the solution
in culture media in the well

l

™~ '
——— ... - . .
T «— " 'oe
>y
Measure
fluorescence add dye lysis
at 520nm buffer

Figure 4. Operational procedures of the CyQUANT proliferation assay.
The container represents one of the 96 wells in the microplate. Dead cells
were removed with the solution from the well prior to adding dye lysis buffer.
Only the alive cells that were attached to the wall of the well contributed to
the fluorescence signals.

The assay is based on dye fluorescence enhancement upon binding to
cellular nucleic acids. The resulting fluorescence intensity was measured at

530 nm on a Spectra Max M5 microplate reader (Molecular Devices,

27




Sunnyvale, CA) with excitation at 485 nm. The CyQUANT method is rapid
and does not rely on cellular metabolic activity. Thus, cells can be frozen
prior to assaying; time course assays are facile and data obtained from
samples taken at widely different time intervals can be directly compared.
We compare the cell proliferation rate of MCF-7 cells as a function of

cholesterol content in liposomal drug formulations.

2.4  Statistical considerations

For the proliferation assay, six identical samples were used for each
different liposomal CA4P formulation. Thus, the standard deviations of cell
number can be obtained and used to evaluate if a biphasic change in cell
number with cholesterol mole fraction is existent. A genuine peak or dip in
the plot of cell number versus sterol mole fraction requires the peak height
or the dip depth to be significantly greater than the standard deviations of
the data. | did multiple Student’s T-test for certain samples. For example, |
have done Student’s T test for the data in the sample set with 20.7-23.7 mol%
cholesterol in Chol/POPC LUVs. The t value between sample at 22.2 mol%
and sample at 20.7 mol% as cholesterol content is 11=5.45; the t value
between sample at 22.2mol% and sample at 21.7 mol% as cholesterol
content is 12=8.45; the t value between sample at 22.2mol% and sample at
22.7 mol% as cholesterol content is t3=4.92; the t value between sample at

22.2mol% and sample at 23.2 mol% as cholesterol content is t4=5.45. With
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the degree of freedom df = 10, the critical value to for P=0.005 is 3.16, t1>to,
t2 >to, t3>to, t4.>to0, so we can reject the null hypothesis and conclude that there
is a significant difference between data at the sample with the C, value

22.2mo% and the samples at the non-C; values, with P<0.005.

The cholesterol mole fraction in liposomal formulation can be prepared

to the accuracy of < 0.4% (Liu, et al., 1997, Wang, et al., 1998).

2.5 Summary of experimental design

The general experimental approaches of this thesis work are
summarized in Figure 5. The first step was the preparation of CA4P
entrapped POPC/cholesterol LUVs. Their sizes were about 150 nm in
diameter with narrow size distributions (approximately + 10 nm). Then free
CA4P was removed by Sephadex G-50 column. The CA4P entrapped
liposomes were collected using a fraction collector. Based on absorbance
measurement at 340 nm (CA4P has maximum absorbance at this
wavelength), the same amount of CA4P in the liposome form was pipette to
each of the wells in the microplate, where ~10,000 MCF-7 cells/well were
attached. After a given incubation time, the proliferation rate of the cells was

measured.
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Figure 5. Schematic diagram showing the experimental design.

The first step was the preparation of CA4P entrapped POPC/cholesterol
LUVs. Then free CA4P was removed by Sephadex G-50 column. The CA4P
entrapped liposomes were collected using a fraction collector. Based on
absorbance measurement at 340 nm (CA4P has absorbance at this
wavelength), the same amount of CA4P in the liposome form was pipetted
into each of the wells in the microplate, where the cells were attached. After
a given incubation time, we measured the proliferation rate of the cells.

30

Same
amount
of
CA4P
added
to each

well



CHAPTER 3

RESULTS

3.1 Separation of liposomal CA4P from free CA4P

Figure 6 shows that liposomes with entrapped CA4P can be separated
from free CA4P. POPC/Chol liposomes with entrapped CA4P in a buffer
containing free CA4P were loaded onto a Saphedex G-50 column (10.5 cm
in length and 0.8 cm in diameter). Fractions of 9 drops were collected using a
fraction collector. The scattered light from vesicles and the fluorescence
intensity of CA4P were measured on an ISS K2 fluorometer. For the light
scattering measurement, the excitation wavelength was set at 500 nm and
the scatted light was detected at right angle through a monochromator set at
515 nm. The scattering intensity reflects the amount of lipid vesicles in the
fractions. For the CA4P fluorescence intensity measurements, the excitation
wavelength was set at 330 nm and the emission was observed at 400 nm.
This is to measure both free CA4P and entrapped CA4P. Figure 6 (circles)
shows that lipid vesicles came out in Fraction # 6, 7 and 8. In those fractions,
the CA4P fluorescence intensity (sqaures) also exhibited a peak, due to the
entrapped CA4P. The fluorescence intensity displayed a large peak starting
from Fraction 15, which can be attributed to free CA4P. Fractions 6, 7, and 8

were pooled for the cell proliferation study.
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Figure 6. Elution profile of POPC/cholesterol LUVs through a
Sephadex G-50 column

Each fraction contained 9 drops. Circles: light scatting intensities
measured using Aexcitation= 900 NM and Aemission = 515 Nm. Squares:

fluorescence intensities measured using Aexcitation = 330 NM and Aemission = 400
nm.
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Using absorbance, we determined the relative amount of CA4P in
liposomal CA4P collected from Sephadex G-50 gel filtration column. For this
determination, 200 uL of the pooled liposomal CA4P was mixed with 2 mL
chloroform:methanol (2:1, v/v) in a screw-caped test tube, followed by the
addition of 2 mL buffer (~11 times dilution of the durg in the aqueous phase).
The mixture was vortexed for 2 minutes. The upper layer (water layer) was
taken out for absorbance measurement at 340 nm. This absorbance is a

measure of the amount of CA4P entrapped in the liposomes.

For Abszsonm in the cuvette = 0.005, [CA4P]po0led = (0.005/e)x 11 x 1 cm
=9.75x 10° M = 9.75 uM, where ¢ = 5640 M'cm™ is the extinction
coefficient of CA4P in water at 340 nm (Venegas and Chong, unpublished
results). Based on this calculation, we figured out the amount of liposomal
CA4P needed to be pipetted out from the pooled fractions in order to deliver
the same amount ( in terms of nmole) of liposomal CA4P into each of the
wells in the microplate for the cell proliferation assay. Typically, we added 0.5
nmole of CA4P (in the liposome form) to each of the wells in the microplate.
In other words, in the cell proliferation assay, the number of cells (10,000
cells) and the amount of liposomal CA4P (0.5 nmole) in each well are the
same. The only difference among the various samples within the same

sample set was the cholesterol mole fraction in liposomal drug formulation.

3.2  Control experiments
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Control experiments were carried out to determine the appropriate drug
dose and the optimal incubation time between liposomal CA4P and MCF-7

cells for the cell proliferation assay.

3.2.1 Control Experiment 1. The experimental design of Control
Experiment 1 is shown in Figure 7. The squares represent the wells in a
96-well microplate. To each well, 10000 cells were added. After an overnight
incubation of cells in growth medium in the carbon dioxide incubator (37°C),
cells were almost fully attached to the wall of the wells. Then, the growth
medium was pipetted out, and the cells became ready for the proliferation

assay.

The time shown at the top of Figure 7 indicates the incubation time of
liposomal CA4P with MCF-7 cells in the wells. Row A was for cells grown in
the media in the absence of any liposomes or liposomal drugs. Row B
contained cells plus 50 pL of 9.75 uM CA4P in liposomes composed of 30
mol% Chol and POPC (LUVs). Row C was for cells plus 50 pL of liposomes
composed of POPC/Chol (30 mol%) in the absence of CA4P. Row H
contained varying numbers of MCF-7 cells ranging from 500 to 10000 cells.
The purpose of using Row H is to generate a standard curve correlating cell

numbers to fluorescence intensities.

The standard curve is shown in Figure 8, where the fluorescence

intensity varies almost linearly with cell number. The y-intercept does not go
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to zero, which can be attributed to the background readings. Subtraction of
the background is not needed because the standard curve is used for the
purpose of comparison, not for determinations of the absolute values of the

cell numbers.

Immediately after the CA4P entrapped liposomes were collected from
the Sephadex G-50 column, 50 pL of 9.75 uM liposomal CA4P was added to
each well at virtually the same time for the samples in the same sample set.
In order to determine the optimal incubation time, the growth medium
containing liposomal CA4P and dead cells (which were not attached to the
wall) was pipetted out of the wells, one well at a time with 15 minute intervals
(Figure 7). The number of cells remained attached to the wall was then
determined by the proliferation assay as depicted in Figure 4. Specifically, at
time = 15 min after the addition of liposomal CA4P, the solutions in A1 and
B1 (Figure 7) were pipetted out. Similarly, at the time of 30 min (2X15
minutes), the solutions in A2 and B2 were taken out. In other words, at the
time equal to n x 15 minutes, solutions in An and Bn were taken out. So the
only difference among B1-B12 is the incubation time, as indicated in the top
portion of Figure 7. Then, the observed difference in fluorescence signals
between An and Bn can only be attributed to the effect of liposomal CA4P on

MCEF-7 cells.

The cell number as a function of incubation time is shown in Figure 9 for
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MCEF cells treated with liposomes alone (circles), treated with liposomal
CAA4P (squares), and not treated with liposomes or liposomal CA4P
(triangles). The data (Figure 9) showed that liposomal CA4P induced a
significant change in cell number over time (squares). The cell number
decreased almost linearly with time until 90 min after addition of liposomal
CAA4P. The cell number reached a minimum at incubation time = ~150 min
(squares, Figure 9). In contrast, liposomes alone (circles) did not induce any
decrease in cell number, suggesting that the steady decrease in cell number
over time shown in the squares (Figure 9) is due to the liposomal CA4P, not
due to liposomes. Cells not treated with any liposomes (circles) and treated
with liposomes alone (triangles) showed a slight increase in cell number over
time, which is expected because cancer cells are supposed to proliferate

over time in growth medium.

These data together indicate that the experimental conditions are
appropriate for assessing the suppression effect of liposomal CA4P on the
proliferation of MCF-7 cancer cells. The optimal incubation time for this
proliferation assay under the current experimental conditions is about 90-150
minutes. The observation of a steady decrease in cell number over time
upon addition of liposomal CA4P (squares, Figure 9) can be attributed to the

anti-microtubule effect of the drug CA4P.

3.2.2 Control Experiment 2. F igure 10 shows that when the
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liposomal CA4P dose was doubled from 0.5 nmole to 1.0 nmole, the profile
of cell number versus incubation changed little. The optimal time was still
~150 min. This suggests that 50 uL of liposomal CA4P (Figures 7-9) would

be sufficient for the proliferation assay.
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Figure 7. Design of Control Experiment 1

The squares represent the wells in a 96-well microplate. The incubation
time of CA4P with MCF-7 cells in the wells is indicated at the top. Each well
contained 10,000 cells at time zero. Row A: containing 10,000 MCF-7 cells in
each well grown in the media but in the absence of any liposomes or
liposomal drugs. Row B: containing 10,000 MCF-7 cells plus 50 uL of 11 uM
Ca4P in liposomes composed of 30 mol% Chol and POPC (LUVs). Row C:
containing 10,000 MCF-7 cells plus 50 puL of liposomes composed of
POPC/Chol (30 mol%) in the absence of CA4P. Row H: containing varying
numbers of MCF-7 cells ranging from 50 to 10000 cells in the absence of
liposomes or liposomal drugs.
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Figure 8. Standard curve of the CyQUANT cell proliferation assay
for the control experiment
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Figure 9. Effect of liposomes with and without drug on the
proliferation of MCF-7 breast cancer cells

Circles: 50 pL of liposomes (30 mol% cholesterol in POPC) without CA4P
was added to each well. Triangles: Each well contained MCF-7 cells alone
without any liposomes or liposomal drugs or free drugs. Squares: 50 uL of
9.75 uM liposomal CA4P was added to each well. Each well contained
10,000 MCF-7 cells in growth medium (total volume of the sample in each
well was 200 pL). Liposomes were composed of 30 mole% cholesterol and
70 mol% POPC.
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Figure 10. Time course of cell proliferation upon addition of
two-times of liposomal CA4P to MCF7 cells

(Circles) 100 pL of 9.75 uM liposomal CA4P was added to each well
which contained 10,000 cells in 100 uL growth medium at time zero.
Liposomes were composed of 30 mol% cholesterol and 70 mol% POPC.
Liposomal CA4P induced a steady decrease in cell number over time until
~150 min. (Squares) cells were not treated with any liposomes, showing only
a slight increase in cell number over time.
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3.3 Effects of cholesterol mole fraction in liposomal CA4P on

MCE-7 cells

We prepared four sample sets to examine the effects of cholesterol
mole fraction in liposomal CA4P on MCF-7 cell proliferation, as mentioned
earlier. Figures 11, 12 and 13 show the results obtained from the sample set
20.7-23.7 mol% (Table 3). Figure 11 shows the raw data, that is, the
fluorescence intensities recorded from the microplate reader for this sample
set. Figure 12 shows the standard curve from the proliferation assay of this
sample set. The error bars are the standard deviations from three
independently prepared standard samples. A linear relationship was
obtained between the cell number and the fluorescence intensity. Based on
the standard curve, we converted the fluorescence intensities measured to
the cell numbers in the wells. Figure 13 shows the effect of liposomal
cholesterol content on the cell numbers in the wells after the samples being
treated with the liposomal CA4P for 90 min (see Materials and Methods).
The vertical bars in Figure 13 are the standard deviations from six
independently treated samples. It is clear from Figure 13 that the cell
proliferation rate (cell number change per 90 min) varies with the cholesterol
mole fraction in liposomal formulation in a biphasic manner showing a
minimum in cell number at 22.2 mol%. This cholesterol mole fraction (22.2
mol% cholesterol) is one of the theoretically predicted sterol mole fractions

for maximum sterol superlattice formation.
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1 2 3 4 5 6 7 8 9 10 11 12

A 38202 | 38301 | 34053 | 384.02 | 389.62 | 379.01 | 360.82 | 366.21 | 360.24 | 358.03 | 356.80  361.92
B 315.90 | 310.02 | 305.24 | 313.29 | 318.63 | 31204 | 300.75 | 304.29 | 298.36 | 301.24 | 306.94 | 298.37
(] 387.71 | 395.48 | 386.83 | 389.80 | 390.92 | 392.97 | 412.98 | 418.24 | 406.89 | 409.08 | 412.52 | 409.01
D

g 17422 | 202.08 | 236.06 | 350.42 | 550.28

[ 183.05 | 198.10 | 243.42 | 359.10 | 556.06

 182.95 | 197.08 | 242.64 | 348.35 | 548.45

H

Figure 11. The fluorescence intensities measured on a
microplate reader for the sample set 20.7-23.7 mol% cholesterol in
Chol/POPC LUVs

The squares represent the 96 wells in the microplate. A1-A6 for 20.8
mol% cholesterol (6 repeats in order to obtain the average and standard

deviations); A7-12 for 21.8 mol%; B1-6 for 22.2 mol%; B7-12 for 22.2 mol%
(a repeat); C1-6 for 22.8 mol%; C7-12 for 23.2 mol%; E1-5 for stardards of

500, 1000, 2000, 5000, and 10000 MCF-7 cells, respectively; F1-5 and G1-5
are the repeats of E1-5 in order to obtain standard deviations for the data

points in the standard curve.
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Figure 12. Standard curve of the cell proliferation assay for the
sample set 20.7-23.7 mol% cholesterol in Chol/POPC LUVs
The raw data are shown in Figure 11.
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Figure 13. Effect of liposomal cholesterol mole fraction on cell
number after 90 min incubation of MCF-7 breast cancer cells with

liposomal CA4P

The amount of CA4P introduced to each well (containing 10,000 cells at
time zero) was ~0.5 nmole. The vertical bars are the standard deviations of
the cell numbers from six independently treated samples.
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The data obtained from the sample set 31.8-34.8 mol% (Table 4) are
shown in Figures 14, 15, and 16 for Experiment 1 and in Figures 17, 18, and
19 for Experiment 2. In this sample set, 33.3 mol% cholesterol is the only
critical sterol mole fraction for maximal sterol superlattice formation. Both
Experiment 1 and Experiment 2 showed that, after 90 min incubation with
liposomal CA4P, the number of MCF7 cells decreased most when using
liposomal drug formulation at 33.3 mol% cholesterol (Figures 16 and 19). We
did this experiment twice to confirm the conclusion that there is a biphasic
change in cell number at 33.3 mol% cholesterol. These data show again that
the tubulin-disrupting effect is most prominent at the critical sterol mole
fraction for maximal superlattice formation than at the nearby non-critical

mole fractions.
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Figure 14. The fluorescence intensities measured on a microplate
reader for the sample set 31.8-34.8 mol% cholesterol in Chol/POPC

LUVs (Experiment 1)

The squares represent the 96 wells in the microplate. A1-A6 for 31.8
mol% (6 repeats in order to obtain the average and standard deviations);
A7-12 for 32.3 mol%; B1-6 for 32.8 mol%; B7-12 for 33.3 mol%; C1-6 for

33.3 mol%; C7-12 for 34.3 mol%; D1-6 for 34.8 mol%. E1-5 for stardards of
500, 1000, 2000, 5000, and 10000 MCF-7 cells, respectively.

48




standard curve
R50

500 |-

450 -

400 -

350

fluorescence

250 -

150 | | | | |
0.0 2000.0 4000.0 6000.0 8000.0 10000.0 12000.0

cell number

Figure 15. Standard curve of the cell proliferation assay for the
sample set 31.8-34.8 mol% cholesterol in Chol/POPC LUVs (Experiment
1).

The raw data are shown in Figure 14.
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Figure 16. Effect of cholesterol mole fraction, in the range of 31.8-34.8
mol%, in Chol/POPC LUVs on cell numbers after 90 min incubation of
MCF-7 breast cancer cells with liposomal CA4P (Experiment 1)

The amount of CA4P introduced to each well (containing 10,000 cells at
time zero) was ~0.5 nmole. The vertical bars are the standard deviations of
the cell numbers from six independently treated samples.
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1 2 3 4 5 6 7 8 9 10 11 12

A| 44202 | 449.01 | 44053 | 438.02 | 441.62 | 444.01 | 421.82 | 42621 | 420.24 | 428.03 | 426.80 | 431.92
5| 395.90 | 400.02 | 395.24 | 393.29 | 398.63 | 392.04 | 390.75 | 394.29 | 398.36 | 391.24 | 386.94 388.37
cl 417.71 | 405.48 | 406.83 | 409.80 | 410.92 | 412.97 | 432.98 | 438.24 | 446.80 | 430.08 | 442.52 | 43501
D

E

F

G

bl 158.23 | 190.27 | 237.41 | 344.35 | 532.45

Figure 17. The fluorescence intensities measured on a microplate
reader for the sample set 31.8-34.8 mol% cholesterol in Chol/POPC

LUVs (Experiment 2)
This is a repeat of the experiment shown in Figures 14-16. The fluorescence

intensities measured on a microplate reader for the sample set 31.8-34.8
mol% cholesterol in Chol/POPC LUVs. A1-A6 for 31.8 mol% (6 repeats in

order to obtain the average and standard deviations); A7-12 for 32.8 mol%;

B1-6 for 33.3 mol%; B7-12 for 33.3 mol%; C1-6 for 34.2 mol%; C7-12 for

34.8 mol%. E1-5 for stardards of 500, 1000, 2000, 5000, and 10000 MCF-7

cells, respectively.
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Figure 18. Standard curve of the cell proliferation assay for the
sample set 31.8-34.8 mol% cholesterol in Chol/POPC LUVs (Experiment
2)

The raw data are shown in Figure 17.
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Figure 19. Effect of cholesterol mole fraction, in the range of 31.8-34.8
mol%, in Chol/POPC LUVs on cell numbers after 90 min incubation of
MCF-7 breast cancer cells with liposomal CA4P (Experiment 2)

This is a repeat of the experiment described in Figures 14-16. The amount of
CAA4P introduced to each well (containing 10,000 cells at time zero) was ~0.5
nmole. The vertical bars are the standard deviations of the cell numbers from
six independently treated samples.
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The data for the sample set 38.5-41.5 mol% (Table 5) are given in
Figures 20, 21, and 22. The only critical sterol mole fraction in this sample
set is 40.0 mol%. It is clear from Figure 22 that there is a biphasic change in

cell proliferation at 40.0 mol%.

The data for the sample set 48.5-51.5 mol% (Table 5) are given in
Figures 23, 24, and 25. Here the only critical sterol mole fraction is 50.0 mol%
cholesterol. The data in Figure 25 show an alternating variation of cell
proliferation with cholesterol mole fraction, displaying a minimum at 50.0

mol%.
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Figure 20. The fluorescence intensities measured on a microplate
reader for the sample set 38.5-41.0 mol% cholesterol in Chol/POPC

LUVs

The squares represent the 96 wells in the microplate. A1-A6 for 38.6 mol%
(6 repeats in order to obtain the average and standard deviations); A7-12 for
39.0 mol%; B1-6 for 39.5 mol%; B7-12 for 40.0 mol%; C1-6 for 40.0 mol%;

C7-12 for 40.0 mol%; D1-6 for 40.5 mol%; D7-12 for 41.0 mol%. E1-5 for
stardards of 500, 1000, 2000, 5000, and 10000 MCF-7 cells, respectively;

F1-5 and G1-5 are the repeats of E1-5 in order to obtain standard deviations

for the data points in the standard curve.
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Figure 21. Standard curve of the cell proliferation assay for the
sample set 38.5-41.0 mol% cholesterol in Chol/POPC LUVs
The raw data are shown in Figure 20.
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Figure 22. Effect of cholesterol mole fraction, in the range of 38.5-41.5
mol%, in Chol/POPC LUVs on cell numbers after 90 min incubation of
MCF-7 breast cancer cells with liposomal CA4P

The amount of CA4P introduced to each well (containing 10,000 cells at time
zero) was ~0.5 nmole. The vertical bars are the standard deviations of the
cell numbers from six independently treated samples.
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1 2 3 4 5 6 7 8 9 10 11 12

A 49252 | 483.09 | 49023 | 484.92 | 489.62 | 499.01 | 470.82 | 47621 | 460.24 | 472.03 | 466.89 | 469.02
B 405.90 | 410.42 | 405.24 | 41325 | 41563 40244 | 390.25 | 381.20 | 398.66  381.24  386.94 | 378.37
( 42771 | 415.48 | 420.23 | 420.80 | 420.92 | 420.77 | 44526 | 439.35 | 442.68 | 432.35 | 440.36 | 443.45
D

g 17222 | 194.08 | 236.06 | 350.42 | 550.28

[ 169.95 | 190.08 | 242.64 | 358.35 | 558.45

17305 | 193.10 | 240.42 | 345.10 | 542.06

H

Figure 23. The fluorescence intensities measured on a microplate
reader for the sample set 48.5-51.5 mol% cholesterol in Chol/POPC

LUVs

The squares represent the 96 wells in the microplate. A1-A6 for 48.5 mol%

(6 repeats in order to obtain the average and standard deviations); A7-12 for

49.5 mol%:; B1-6 for 50.0 mol%; B7-12 for 50.0 mol%: C1-6 for 50.5 mol%:;

C7-12 for 51.0 mol%; E1-5 for stardards of 500, 1000, 2000, 5000, and
10000 MCEF-7 cells, respectively; F1-5 and G1-5 are the repeats of E1-5 in

order to obtain standard deviations for the data points in the standard curve.
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Figure 24. Standard curve of the cell proliferation assay for the
sample set 48.5-51.5 mol% cholesterol in Chol/POPC LUVs
The raw data are shown in Figure 23.
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Figure 25. Effect of cholesterol mole fraction, in the range of
48.5-51.5 mol%, in Chol/POPC LUVs on cell numbers after 90 min
incubation of MCF-7 breast cancer cells with liposomal CA4P

The amount of CA4P introduced to each well (containing 10,000 cells at time
zero) was ~0.5 nmole. The vertical bars are the standard deviations of the
cell numbers from six independently treated samples.
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CHAPTER 4

GENERAL DISCUSSION AND CONCLUSIONS

4.1 How to interpret the biphasic change of cell proliferation

with liposomal cholesterol content

In this thesis work, | examined how cholesterol mole fraction in
liposomal formulations affects the anti-proliferation activity of CA4P. Four
sets of liposome samples have been tested. They cover four different
cholesterol mole fraction regions, namely, 20.7-23.7 mol%, 31.8-34.8 mol%,
38.5-41.5 mol%, and 48.5-51.5 mol%. Each region covers only one critical
sterol mole fraction (C;) theoretically predicted for maximal sterol superlattice
formation. These C; values are 22.2, 33.3, 40.0 and 50.0 mol% (Chong and
Olsher, 2004, Chong, et al., 2009). In each of the samples for the
proliferation assay, the cell number at time zero was fixed to 10,000 and the
amount of liposomal CA4P added was fixed to ~0.5 nmole. According to the
conventional biochemistry knowledge, one would predict the same cell
proliferation rate for all the samples examined. However, our data show that
this is not the case. Instead, we demonstrate that the cell proliferation rate
varies with liposomal drug cholesterol content in a biphasic manner, reaching
a local minimum at those C; values. These results are novel and can be

interpreted only by the sterol superlattice model.

According to the theory of sterol superlattice, the perimeter of the
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regularly distributed sterol superlattice domains reaches a local maximum at
C: (Figure 3). The perimeter region is referred to as the interfacial region
between regular and irregular distributions. Through the rather disordered
interfacial region, CA4P should be released from the liposomes more easily.
It is then logical to propose that when the interfacial region reaches a local
maximum at C, (such as 33.3 mol%), more CA4P molecules are released
and they are released at a faster rate. As a result, more MCF-7 cells are

disrupted and fewer cells are proliferated.

To the best of our knowledge, our present data can only be interpreted
by the sterol superlattice model. In fact, in a separate study by Dr. Venegas
in our laboratory, it is found that the release rate of CA4P from
cholesterol/POPC LUVs reaches a local maximum at C, (Venegas and

Chong, unpublished data), which fully supports our data interpretation.

4.2  Significance

This work is significant from a biophysical point of view because it
provides additional supporting evidence for the sterol superlattice model.
Cholesterol lateral organization in the membrane is a long standing problem,
which is of fundamental importance in understanding the role of cholesterol
in membranes or cells. Because there is no technology allowing us to directly
visualize the lateral organization of lipid molecules in the fluid membrane at

the molecular resolution, the sterol superlattice model has not been
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universally accepted yet. However, many pieces of spectroscopic and
functional evidence supporting this model have been reported in the
literature. For example, we have previously demonstrated that the activities
of membrane surface acting enzymes such as phospholipase A2 (Liu and
Chong, 1999) and cholesterol oxidase (Wang, et al., 2004), the rate of free
radical-induced sterol oxidation (Olsher, et al., 2005, Olsher and Chong,
2008) and the partitioning of the antifungal drug nystatin into membranes
(Wang, et al., 1998) are all regulated by the extent of sterol superlattice in
the membrane. Here we show that the activity of liposomal CA4P against
breast cancer cell proliferation is also regulated by the extent of sterol
superlattice showing a maximal activity at the critical sterol mole fractions for
maximal superlattice formation. The present results are in full agreement
with the sterol superlattice model, thus providing another piece of functional
evidence for the formation of sterol superlattices in cholesterol-containing

membranes.

This work is also highly significant from a biopharmaceuticals point of
view. As mentioned earlier, 75% of current anticancer liposomal drug
formulations include cholesterol as a major component. The purpose was to
stabilize the liposomes. Here we demonstrate that cholesterol is not just
serving as a stabilizing agent. Actually cholesterol content can modulate the
activity of liposomal drugs. Hence, one may use the concept of sterol

superlattice formation to optimize the design of liposomal drugs in general
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and liposomal CA4P in particular. This provides a rational design and avoids

empirical testing, which is time consuming.

4.3 Future works

This thesis work is to use Chol/POPC liposomal CA4P and MCF-7
cancer cells to demonstrate a new physical principle governing the
interactions of liposomal drugs with cells. This physical principle should be
applicable to many different liposome systems, different anticancer drugs,

and different cancer cells.

It is also of interest to investigate whether the extent of sterol
superlattice in liposomal drugs affects the mechanisms of drug uptake by

cells, either by endocytosis or by membrane fusion.

Although our present data show a minimal cancer cell proliferation rate
for cells treated with liposomal CA4P at critical sterol mole fractions (C;) for
maximal superlattice formation, we cannot claim at the present time that
liposomal CA4P at C; is the best formulation for treating cancers. Obviously
we need to extend the study to animal models. If the time for liposomes to
reach the target, i.e., tumors, is much shorter than the time for spontaneous
drug release in the circulation, then there is a high possibility that liposomal
CAA4P is most effective in suppressing cancer cell growth when the liposomal

cholesterol content is at C,. On the other hand, if the time to reach the target
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is much longer than the time for spontaneous drug release, then there is a
high possibility that liposomal CA4P is least effective when the liposome
cholesterol content is at C,. In any case, our present study provides a start
point to think about using the concept of sterol superlattice in designing
liposomal anticancer drugs. This strategy, when used in combination with
radiation therapy and targeted delivery, should significantly increase the

overall therapeutic efficacy of the liposomal anticancer drugs.

4.4 Conclusions

In conclusion, we have demonstrated here that the anti-cancer activity
(e.g., cell growth suppression) of liposomal CA4P varies with the cholesterol
mole fraction in the liposomal formulation in a biphasic manner, displaying a
local maximum at C,. This result can only be interpreted by the sterol
suplerattice model. This finding is significant in that it provides a new concept
in the rational design of liposomal anti-cancer drugs. More than 20 such drug
formulations are in the market or under clinical trials (Immordino, et al., 2006).
Most of them include cholesterol as a major component. Cholesterol is used
mainly as a vesicle stabilizing agent in the original design of liposomal drugs.
Our present study indicates that cholesterol is not just serving as a vesicle
stabilizing agent. Actually, one can use cholesterol content to modulate the
activity of liposomal drugs. The principle learned from CA4P can be

extended to other liposomal anti-cancer drugs. From the membrane
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biophysics point of view, this study is also significant. It provides additional
data in support of the sterol superlattice model and illustrates that the

concept of sterol superlattice can be applied to biotechnology development.
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