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ABSTRACT
Low deasity lipoprotein (LDL) particles appear very promising for delivering
anticancer drugs specifically to tumor or macrophage cells by exploiting the LDL or the
scavenger receptor pathway. I have ch icin [Dox] to i igate the
of this approach in cancer chemotherapy. Dox could be directly incorporated into LDL

particles. A lipophilic cholesteryl ester [CE] analogue, cholesteryl iopanoate [CI] was
proposed as a radiotracer to study the in vivo fate of LDL. CI was radioiodinated with '*I
by a pivalic acid exchange reaction and the radiochemical purity was determined by HPLC
in conjunction with y-counting and was found to be more than 95% pure.

A new reverse phase HPLC procedure with UV detection was developed for the
quantitation of CI. The regression line, and intra- and interday variations for a set of
standards were determined and were found to be statistically valid. The minimum detection
range was less than 10 ng for the compound. The % recovery from LDL was found to be
more than 95%. Plasma protein binding of Dox was studied ex-vivo. Dox was found to be
more than 30% lipoprotein bound. The plasma distribution of Dox was refashioned by
preincubating plasma with oleic acid. With oleic acid, Dox association with lipoproteins
increased from less than 30% to approximately 70%.

Mainly the contact method or the direct addition method was adapted to incorporate

drugs into LDL particles. The loading i were optimized in terms of i

time, and stoichi of LDL-drug conj A four to six hour protocol

and 37° incubation temperature were chosen with a drug to protein ratios more than 1. The

i



effect of various wetting agents, such as Tween 20, 40, 60 and 80, Span 60, Triton-X, and
Celite 545, and ethanol was investigated for LDL-Dox conjugates in the contact method.
Tween 20 was chosen for its favorable loading efficiency (more than 5-fold compared to the
dry film method). Liposomal Dox was prepared by an extrusion technique with 24% loading
efficiency. The liposomal Dox preparation was found to be the most suitable (45 molecules
of Dox/LDL particle) compared to other methods such as the dry film method, the contact
method with Tween 20, and the direct addition method.

All these incorporation methods were found to be suitable for generating LDL-drug
conjugates without disrupting the native integrity of LDL particles when characterized by

sodium dodecyl sulphat lamide gel is [SDS-PAGE], electron

[EM], and di ial scanning imetry [DSC].
An insect lipid transfer catalyst [LTP] was studied and found to enhance drug loading
into LDL particles by at least 2 to 5-fold, depending on the drug molecules and the

The LDL-drug conj by this transfer particle were

characterized by SDS-PAGE and EM and found to be similar to native LDL. The site of
drug location in LDL was studied by DSC and UV-visible scanning. The drug was found to
be located both in the core and the outer monolayer of LDL for Dox. This kind of
enhancement was not observed with human cholesterol ester transfer protein [CETP].

Dox interference in bicinchoninic acid [BCA] protein assay method was examined

and it was found that Dox interfered [33-fold more sensitive compared to protein] with the

protein assay method. A solution to this i was also using the

iii



Bradford method.

To target macrophages [M], native LDL was modified by acetylation [acetylated
LDL, AcLDL] and Dox was loaded in AcLDL and physico-chemically characterized by
SDS-PAGE and EM. The loading efficiency of AcLDL-Dox conjugates was comparable to
that of LDL-Dox conjugates.

Different formulations of Dox were evaluated in cell culture studies using a human
tumor cervical cell line, HeLa, and a mouse M¢ cell line, J774.A1. LDL-Dox conjugates

were found to be greater than 18-fold more cytotoxic than the corresponding free drug Dox

using the [3-[4,5-dil i -2-yl]-2,5-diphenyl ium bromide], [MTT] assay

in Hela cells. When the cy icity of AcLDL-Dox conj was ined in J774.A1
cells, a more than 7-fold increase in cytotoxic effects was observed in comparison to its free

drug counterpart, Dox.

Key Words:  drug targeting; low density lipoprotein; cytotoxic agents; doxorubicin; insect
lipid transfer protein; drug loading; liposome; electrophoresis; electron

scanning calori UV-visible sanning;

LDL; macrophages; cytotoxicity; HeLa cells; J774.A1 cells; MTT assay; drug

i ;s HPLC; i cholestryl ester transfer protein.

protein assay
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CHAPTER 1:

GENERAL INTRODUCTION

L1 Current status of cancer chemotherapy

The of techniques to selectively deliver ic agents to cancer cells,
without concurrent adverse effects in healthy cells, is one of the fascinating areas of research
in cancer chemotherapy. This interest is specifically centered towards optimizing the

delivery of cytotoxic agents, which possess an intrinsic ability to discriminate cancer cells

from normal cells [Duncan, 1992]. U the administration of current cytots
agents almost invariably causes d systemic toxicities due to their non-selective
it often i of treatment, and thus failure to allow

successful eradication of cancer cells [Keizer ef al., 1985]. Moreover, maintaining low level
exposure of tumor cells to a cytotoxic drug may also induce resistance, so continued
exposure must be viewed with caution [Duncan, 1992]. Theoretically, total eradication of
cancer cells could be accomplished by total surgical removal of the tumor or complete
destruction of all cancer cells by chemo- and/or radiotherapy. Current treatment regimens

do not meet such a and new to solve this i are

The therapeutic efficacy of current cancer treatment is often complicated by several

factors [e.g, exist of i of ic cells within a tumor which
considerably differ in their morphology, immunogenecity, rate of growth, capacity to

and response to ic agents] [Calabrashi et al., 1980]. In addition,




2
the total blood flow, rate of perfusion, and vessel penetrability may vary within different
regions of the same tumor tissue [Woodruff, 1983, Poste and Kirsh, 1983; Fidler and Hart,
1982; Dexter et al., 1978). Because of these differences, an increase in dose may be needed

to reach the

within tissues. In solid tumors, the
permeability of the cytotoxic agents is often too low to be effective when administered at

usual i i 1996; Hori et al., 1993]. This necessitates

administration of maximum tolerable dose which in turn increases the dose dependent

toxicity. Different parenteral routes have been to increase the ion of

cytotoxic agents into the target areas e.g., intra-arterial to cancer tissues [Bufill ef al., 1996],

in brain and i itonium in peri i Limited

success was achieved in these parenteral approaches [Buchwald ef al., 1980; Chen and
Gross, 1980; Eckman e al., 1974].

Despite extensive efforts in i and

considerations, the overall success in routine cancer therapy has been nominal [Daemen ef

al., 1988; Blacklock et al., 1986; Levin, 1986] . CI as well as radi , has
been disappointing because of acute side effects and complications [Chiuten et al., 1986;
Collin et al., 1985] . These difficulties have urged the need for developing "specialized
systems" which may allow selective delivery of one or more chemotherapeutic agents to
cancer cells as this would prevent effects on the physiology of the normal cells. To meet
these requirements, numerous targeted drug delivery systems have been proposed over recent

decades [Naeff, 1996; Torchilin and Trubetskoy, 1995; Allen ef al., 1995, Gabizon, 1995;



3
Fidler and Kleinerman, 1994; Allen, 1994; Jones, 1994; Jalil, 1990; Pozansky and Juliano,

1984; Tomlinson, 1986 to 1991].
12.  Targeted drug delivery
Theoretically, targeted drug delivery systems can improve the outcome of

chemotherapy due to the following processes [Table 1.1]: [1] by allowing a maximum

Table1.1.  Rationale for drug targeting*

Exclusive delivery to specific compartments.

Access to previ i ible sites [e.g., i

infections].

Protection of body from unwanted deposition which would lead
to untoward reactions, metabolism, etc.

Controlled rate and modality of delivery to pharmacological
receptor.

in the amount of active principle employed
*[After Tomlinson, 1987]

fraction of the delivered drug molecules to react exclusively with cancer cells, without
having any harmful effect on normal cells; and [2] by allowing preferential distribution of

drug to cancer cells. The first process can be classified as absolute drug targeting. In the



4
second process, complete eradication of cancer cells is not possible without some degree of
destruction to normal cells; this process therefore falls in the category of partial drug

targeting.

Drug may be delivered by [1] carri and/or [2]
routes. In the former case, after localization in the target tissue, the drug carrier is taken up
by the target cells and the drug is released intracellularly in a controlled manner. In the latter
case, the drug is released from the carrier extracellularly and hence the drug action inside the
target cells is not influenced by the ability [or inability] of the carrier to be taken up by these
cells. From this discussion, it is clear that carrier-dependent targeted delivery may allow
utilization of drugs which are active intracellularly, but are normally discarded due to their

poor i uptake. In such situati iate selection of a drug carrier may

allow greater influx of drug to the intracellular components and hence increase the overall
efficacy of drug delivery. Although the concept of a magic bullet pioneered by Ehrlich
[1956] may still be an unrealized dream in the context of specific delivery of cytotoxic agents
to tumor cells, a number of carrier systems have been proposed over the years to achieve
partial or complete drug targeting. For example, first order targeting whereby the carrier
takes the drug to a particular organ; second order targeting whereby the carrier is directed

towards a particular diseased part of an organ; and third order targeting where the carrier

takes the drug molecule into the cell by whatever ism that may be hypothesized.
Significant advances have been made with the identification of many delivery

systems that achieve very effective organ/compartmental [first order] drug targeting.
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Liposomes, parti and i which can

deposit a large percentage of an intravenous [IV] dose into the liver or lung [Gabizon, 1995].
One potential advantage of liposomes as drug carriers is that they are easy to load with drugs,
both lipid- and water-soluble [Crommelin ez al., 1995]. Early in vitro experiments with

were ing, but when drug: ining i were admini: to
animals, the liposomes were recognized as non-self and hence rapidly removed from the
circulation by the reticuloendothelial system [RES] [Poste, 1983; Woodle, 1995; Allen et al.,
1995]. A major problem with liposomes as drug carriers for treatment is the lack of a
homing device to direct liposomes to tumor cells [Crommelin er al, 1995].
Immunoliposomes were proposed to increase the targeting potential of liposomes. So far,
very little success has been achieved in vivo [Mori and Huang, 1995]. A more frequently
encountered limitation of liposomal delivery systems is their relatively low stability, both in
vitro and in vivo [Naeff, 1996; Poste, 1985 and 1983; Allen and Cleland, 1980]. Stability
problems and variable delivery to the tumor have been identified as major limitations of
liposomal formulations of cytotoxic drugs [Janknegt, 1996; Codde e al., 1993]. In short,
this approach holds promise of regional delivery of cytotoxic drugs for treatment of primary
or secondary disease, but clinical success has not been achieved.
To achieve tumor-specific [second order] targeting it is necessary to identify unique

features of tumor cell biology that will concentrate drug[s] within the tumor. From the

of ivi ibodies are very ive as drug carriers. Most approaches

have sought to prod ibodies that will interact ially with tumor cell
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surface antigens [Magerstadt, 1990]. Although tumor cells do express tumor enhanced, or
specific-antigens, true tumor-specific antigens probably do not exist [Daemen et al., 1995].
Another problem is the existing circulating antigens that could bind and neutralize the
antibodies before they reach the tumor site. Also, the coupling of drug molecules to
antibodies may interfere with antigen recognition and/or with the activity of the drug. Other
potential limitations are: limited tumor access of these relatively large macromolecules;
tumor cell heterogeneity; and the human antimouse antibody response experienced in
patients [Duncan, 1992]. Even when using antibodies of the highest affinity and specificity
arelatively small fraction of administered dose is delivered to the tumor in vivo [possibly less
than 0.1% dose administered in man] [Gupta, 1990], but it is encouraging that this relatively
small localization can theoretically be put to good use, exemplified by the antibody-directed

enzyme prodrug approach [Springer ef al, 1991]. Immunoliposomes, the artificial

of lij and antibodies, have drawn great attention recently [Mori and
Huang, 1995]. Most of these immunoliposomes deliver drugs to the vicinity of the cells but
fail to internalize the agents into cells. This reduces the efficacy of anticancer drugs that act

intracellularly at the DNA level and must enter the cells by endocytic mechanisms. Repeated

of i i were i ive in ing the survival of tumor bearing
animals [Mori and Huang, 1995]. A spectrum of other cell surface receptors have been
proposed as candidates for tumor selective targeting and examples of those explored
experimentally are listed in Table 1.2.

There are many factors to consider when designing systems to target cell surface
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receptors: the homogeneity of receptor expression withira a tumor, the number of receptors
available per cell and their ligand affinity; the ity of up- and

following exposure to the targeting ligand; and not leasst the cellular fate of the receptor
ligand complex. In particular knowledge of the number wf receptors expressed at any time
is crucial as receptor saturation would obviously decrease efficiency of targeting [expressed
asa £ the dose admini if the dose givem per bolus was increased without

prior consideration of this point. Considering all these low-density i
[LDL] receptors seem to be the most realistic approach which will be discussed in detail

elsewhere in this text.

13.  Criteria of a drug carrier
My primary goal is to propose a targeting carrier feor cytotoxic drugs. Theoretically,
a good drug carrier for in vivo use should meet the following criteria:

1. the drug carrier conjugate must be stable, both dusring storage and in vivo.

2 the carrier should be bi d b and the drug carrier
must not produce unacceptable levels of toxicity «or immunological reactions.
3. the carrier should be suitable for targeting.
4. the drug carrier conjugate must allow release of the drug at the target site.
5 the carrier must not cause unspecific uptake by nontarget cells.
6. for large scale clinical use, the carrier system musst be pharmaceutically acceptable

in regard to ion h ity, cost of ease of handling and




Figure L.1.

Schematic model of low density lipoprotein [LDL]. The surface of the
LDL particle contains the polar-head groups of the phospholipids. The

aswell as 1 are between the polar-head
groups of the phospholipids. The neutral lipids, cholesteryl esters and
triglycerides, are localized in the core of the LDL particle. CHOL,
cholesterol, FA, fatty acid. [After Brewer, 1994]
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Table 1.2.  Tumor markers as ets for second order drug delivery*
Type Comments

Receptor involved in

LDL Selective delivery of cytotoxic agents to tumor cells is possible after

up- and d ion schemes di: the
text.
Transferrin The surface density of transferrin receptors has been correlated with the
receptors degree of malignancy and proposed as a tumor selective target
[Trowbridge and Domingo, 1981]. However, the broad cellular
distribution of this receptor has prevented fruitful use for drug delivery.
Growth- Many tumors have been reported to overexpress receptors for growth
factors factors such as epidermal growth factor [EGF] [King et al., 1990] and
receptors fibroblast growth factor [FGF] [Robinson, 1991]. The EGF receptor is
overexpressed in 20-30 % of breast cancers.

M and have a receptor which

stimulating  the peptide hormone MSH. Binding of MSH increases the levels of

CAMP and sti inase activity, in the [MSH]

[MSH] course of melanin production. Because of the relative selectivity this
receptor has been used as a target for MSH-toxin constructs, antibody
conjugates and other ligands [Ghanem ez al., 1988].

Cellular i ition systems

Several aspects of cellular recognition and adhesion have been proposed
as targets for chemotherapy, including laminin and fibronectin

receptors.
*[Modified after Duncan, 1992]




Figure 1.2

Cholesteryl ester

Apoprotein B-100
LDL receptor

N,

Schematic representation of the LDL receptor, a glycoprotein embeded in
the plasma membrane of most body cells. The DNA's nucleotide sequence
was determined and sites of attachment of sugar chains to nitrogen and
oxygen stoms were identified. Additionally, [1] an eleven amino acid region
enriched in arginine and lysine residues as an LDL receptor binding site and
[2] potential lipid binding regions which contain proline-enriched beta-sheets

[Knott er al., 1985] were reported. (After Brown and Goldstein, 1994).
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administration. Lipoproteins meet most of the above requirements for a satisfactory drug

carrier. This issue will be discussed later.

14.  Cholesterol and cancer
Before justifying LDL as a carrier in cancer chemotherapy brief background studies

regarding ism and cancer are In the 1930s, Muller noted that

a low plasma level was it with leukemia [Muller, 1939].

Epidemiological studies done in recent decades have demonstrated a correlation between
plasma cholesterol levels and risk of cardiovascular disease. In some of these studies,

analysis of cancer inci has shown an unexpected correlation between low

plasma cholesterol levels and cancer [Sherwin ef al., 1987; Feinleib, 1983]. Two hypotheses

have been proposed to explain this jon: [1] ia is envisaged as a
risk factor for the of mali and 2] ia is conceived as

a metabolic consequence of an existing cancer. With regard to the first hypothesis, it is
ible indivi intaining a low level excrete increased amounts

P

of biliary sterols and that bacterial metabolism of these sterols in the gut could result in an
of carcil ic sterols [Reddy, 1981]). The second hypothesis is

d by studies ing that the lowest. levels were found in subjects

who presented clinically overt cancer the soonest [within 2 years] after blood sampling [Rose
and Shipley, 1980; Cambien ef al., 1980]. The clinical studies discussed above show that

plasma cholesterol levels in newly diagnosed cancer patients are



LDL receptors,

Cholesteryl -
sﬁnoluu
oL ™ Neprotein

Figure 1.3.  Steps in the LDL pathway in vivo. HMG CoA reductase denotes 3-
hydroxy-3-methylglutaryl CoA reductase, and ACAT denotes acyl CoA:

cholesterol acyltransferase. [After Brown and Goldstein, 1986].
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related to tumor burden. It is now abundantly clear that it is cancer that brings about a.
reduction in cholesterol, and not low cholesterol that causes cancer [Kritz ef al., 1996]. The
reduced cholesterol often observed in cancer patients is the result of uptake of LDL by the

tumor and not the cause of the cancer [Kritz ef al., 1996; Lackner et al., 1989].

1.5. Fate of LDL in the body
Structurally, LDL consists of an apolar core, composed mainly of cholesteryl esters

[CE] and to a lesser extent, triacylgly [TAG], by a of

phospholipid[s] [PL] in which cholesterol and apoprotein B-100 [apo B] are embeded
[Figure 1.1 and Table 1.3]. LDLs are formed during the metabolism of very low density
lipoproteins [VLDL]. LDL is slowly cleared from the circulation via specific LDL [apo B,
and/or E] receptors [Figure 1.2] that interact with the apoprotein [Brown et al., 1986]. After
binding to the receptor, LDL is internalized and degraded in the lysosomal compartment
[Figure 1.3]. The released unesterified cholesterol can be used for membrane or steroid
synthesis. Altemnately, it can be re-esterified for storage inside the cell by acyl Co-
A:cholesterol acyl transferase [ACAT], an enzyme stimulated by available cholesterol inside
the cell. High cholesterol content can suppress the transcription of the gene for 3-hydroxy-3-
methylglutaryl Co-A [HMG-Co A] reductase, a key enzyme for de novo cholesterol
biosynthesis. High cholesterol content inside the cell downregulates LDL receptor
biosynthesis, and thus the additional uptake of LDL is inhibited [Sudhof er al., 1985] [Figure

1.4]. The expression of LDL receptors on the surface of a cell is carefully regulated by the



cholesterol status of the cell [Goldstein and Brown, 1990].

Table 1.3. Physiochemical ies and ition of human LDL*
Density 1.019-1.063 g/mL
Size 20-25 nm
Phospholipids [PL] 18-24% 800 molecules
Cholesterol 6-8% 500 molecules
Cholesteryl esters [CE] 45-50% 1500 molecules
Triacylglycerols [TAG] 4-8% 500 molecules
Protein, apo B 18-22% 1 molecule

*[After De Smidt and Van Berkel, 1990]

1.5.1. Catabolism of LDL

In normal humans, the plasma half life of LDL is 3-4 days [Spady, 1991]. The rate
of LDL uptake in hamster, rat, and rabbit, when expressed per gram of tissue, is the highest
in the endocrine organs, liver, small intestine, and spleen. Somewhat lower rates of uptake
are observed in the kidney, lung, colon, heart, and stomach. Importantly, extremely low rates
of LDL uptake are found in the major tissue compartments of the body such as skeletal
muscle, adipose tissue, skin and brain. Information concerning rates of LDL uptake in the
various organs in humans is not available. However, circulating LDL levels were found to

fall 50% in a patient with a genetic defect in the LDL receptor pathway who received a
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normal liver transplant, suggesting that the liver also accounts for the majority of LDL
turnover in humans [Bilheimer e al., 1984]. In fact, this organ accounts for the clearance

of at least 40% of the ci ing LDL. Both the liver cells and the Kupffer

cells, are involved in the uptake of LDL [Van Betkel et al., 1990].

1.5.2. Regulation of LDL receptor activity in malignant cells

Cancer cells show an increased uptake of LDL. This increased uptake is caused by
an elevated LDL receptor expressed on the cellular surface. The evidence is 2-fold:
measurements of LDL uptake by tumor cells and depletion of LDL in the blood of cancer
patients resulting from high uptake by the tumor [vide infra] [Firestone, 1994]. However,
it is not clear why LDL receptor activity is elevated in cancer cells. One possibility is that

proliferating cells have an increased demand for ynthesis [Gal ef al,.

1981; Kruth et al., 1979]. Alternatively cancer cells may lose more cholesterol from cell
membranes than do normal cells because of an accelerated membrane turnover. Finally a
defect in the regulation of the LDL receptor in cancer cells could be another explanation for
the elevated receptor activity [Vitols, 1991; Ho et al., 1978].

The first report regarding cancer and LDL demonstrated that human acute myeloid
leukemia [AML] cells take up 3- to 100-fold more LDL than normal cells [Ho et al., 1978].
Human AML cells take up 4- to 25-fold more LDL than normal white blood cells [Vitols e
al., 1984]. It was observed later that the high in vitro uptake of AML correlates with high in

vivo uptake [Vitols ef al., 1990]. Human monocytic [FAB-MS] and myelomonocytic
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Circulating

cytotoxic drug loaded LDL is taken into a cell by a receptor mediated

of LDL-drug

Figure 1.4.  Receptor

endocytosis. Once internalized, LDL release toxic drug inside the cell where

the drug exerts its cytotoxic action such as intercalation with DNA. [After

Vitols, 1990].
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[FAB-M4] leukemias and chronic myeloid leukemia in blast crisis [but not acute

Iymphoblastic leukemia] take up much more LDL than normal ey
granulocytes, or nucleated bone marrow cells [Vitols ef al., 1984].

lid t also avid for LDL. Epi id cervical cancer EC-50 absorbs

15-fold more LDL than fetal adrenal tissue [which has exceptionally high uptake] and 50-

fold more than normal ic tissue. i i AC-258 absorbs

10-fold more than normal cells [Gal et al., 1981a]. EC-50 and four other gynecologic
cancers have greater LDL uptake than normal cervical tissues [Gal et al., 1981b]. Gastric
carcinoma and parotid adenoma exceed every normal cell type in term of LDL receptor

numbers [Rudling ef al., 1990a]. Many brain tumors bind 2- to 3-fold more LDL than

normal brain, especi: i i and

[Rudling ef al., 1990b]. In most of a group of nine patients, lung tumor tissues' uptake
exceeded that of the neighboring normal lung by 1.5- to 43-fold [Vitols et al., 1992]. Other
tumors have been reported to have high LDL uptake; such as, glioma V-25IMG [Vitols er
al., 1985], G2 hepatoma [Hep G2] [Dashti et al., 1984; Havekes et al., 1983], squamous lung
tumor [Kerr ef al., 1988], and choriocarcinoma [Simpsons et al., 1979]. Most human tumors
have not yet been surveyed , so it is reasonable to suppose that many more will be found to

have i high LDL

The most sinister aspect of cancer is its tendency to spread, or metastasize,
throughout the body. This is most often the cause of death, even after resection of the

primary tumor, because metastasized tumor cells are not only difficult to find but also



Figure 1.S.  Influence of dietary fat o LDL receptor regulation in liver and tumor
cells. When taking special diets, cholesterol and fatty acids are absorbed and
processed in the intestine to become i (CM). After is of
TAG on the capillary endothelial cells, CM are converted to remnants which
are selectively internalized by liver cells. The liberated cholesterol and fatty
acids will downregulate LDL receptor synthesis in these liver cells. Tumor
cells will not be influenced by dietary fat [leRl]. AfRer this pretreatment, & high
degree of tumor specificity can be expected when cytotoxic LDL is injected
in the bloodstream [right]: » LDL receptors;:@ chylomicrons; wchylomicron
remnant receptors; Q chylomicron remnants SLDL. [After Van Berkel ef
al., 1990}
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