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The following abbreviations are used in this thesis :-

ACAT : Acyl:Cholesterol Acyl Transferase
ACR : Absolute Catabolic Rate

A-LDL : Adriamycin-LDL Complex

Apo B : Apolipoprotein B

BOP : N-nitrosobis(2-oxopropyl)amine
BSS : Balanced Salt Solution

CBE : Chlorambucill-<-cholesteryl Ester
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DMPC : Dimyristoyl phosphatidyl choline
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DNA : 6'-deoxyribonucleic acid

DNR : Daunorubicin,:daunomyéin

DOX : Doxorubicin, adriamycin

DPM : Disintegrations per minute

DPPC : Dipalmitoyl phosphatidyl choline:
EDTA : Ethylenediaminetetraacetate

FCR : Fractional catabolic rate

FH : Familial hypercholesterolemia

GI : Gastrointestinal

Glu : Glutamate

HDL : High Density Lipoprotein

HEPES : N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid

HMG Co A Reductase:
3-Hydroxy 3-methylglutaryl coenzyme A reductase

HPLC : High pressure liquid chromatography

IDx : Dose of drug which inhibits cell growth by x%
ipL : Intermediate density lipoprotein

Iv : Intravenous

LCAT : Lecithin:Cholesterol Acyl Transferase

LDX : Lethal dose which kills x% of those who receive it
LDL : Low density lipoprotein

MTX : Methotrexate

NaIOAc: Sodium iodoacetate

oD : Optical density

p : Probability

PBS : Phosphate buffered saline

R.E. : Reticuloendothelial

Rf : Distance travelled by solute / distance travelled by solvent
RNA : Ribonucleic acid

rpm : Revolutions per minute

SDS : Sodium dodecyl sulphate

SRC : Subrenal capsular

SV 40 : Simian virus 40 .

TLC : Thin layer chromatography

TCA : Trichloroacetic acid

Tris : Tris(hydroxymethyl)methylamine

WBC : White blood cell
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SUMMARY

The feasibility of using low density lipoprotein(LDL) as .a selective
drug-targeting vehicle is examined in this thesis. A number of
animal tumours are seen to express considerable receptor-mediated
uptake of the lipoprotein. The organs likely to suffer during
chemotherapy using this carrier, viz. liver and adrenals, are afforded
some protection by the administratioﬁ of bile salts and hydrocortisone
respectively. Several methods are employed for incorporating
adriamycin, chlorambucil and daunomycin into LDL and the drug-LDL

complexes so formed show enhanced cytotoxicity in vitro and in vivo.

It is likely that LDL will be a useful targeting vehicle for anticancer

agents if the level of drug incorporation can be increased.
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Despite recent advances in the design of cytotoxic agents, drug
toxicity remains a major problem in the treatment of neoplastic
disease. Consequently, there is much interest in methods by which the
fraction of the drug dose reaching the tumour may be Increased. One
such method involves packaging the drugs into macromolecular vehicles,
chosen for their ability to seek out tumour cells and deposit their
contents only at those sites. 1In theory, thias would markedly increase
the efficacy of cytotoxic therapy while minimising any harmful side

effects.

Over the years, numerous vehicles have been examined. Drugs have been
1 . 2,3 4

attached to, for example, DNA™, proteins , hormones and
monoclonal antibodies5 and they have been encapsulated in liposomes6
and liposome-antibody complexes7. In vitro experiments with
liposomes were encouragings. However, when drug-laden liposomes were
administered in vivo, the cells of the reticulo-endothelial system

. . . 8-11
rapidly removed the complexes from the circulation .  The work
reported in this thesis investigates the potential of a '"natural

liposome" - Low Density Lipoprotein (LDL) - as a vehicle for cytotoxic

drugs.

In 1978 Ho et al observed 3-100 times the normal rate of degradation
of low density lipoprotein in human leukemic cells in vitro and in 1981
Gal et al13 reported that a number of human gynaecological cancer cell
lines grown in culture exhibited a higher uptake of LDL than did the

. . . 14-23
equivalent non-neoplastic tissue. Other workers have observed

similar trends in several types of human and animal cancer cells.

Recently Vitols et al24 concluded that mononuclear cells in patients



16

with acute leukemia were capable of metabolising about 35%of the total

plasma LDL-cholesterol pool per day.

All cells require cholesterol and they may obtain this in two ways: by
endogenous synthesis or by assimilation of cholesterol-containing
particles, lipoproteins, from their environment (fig. 1). The most
important lipoprotein in this regard is LDL, the major cholesterol-
carrying particle in human plasma26. LDL consists of an apolar core
of cholesteryl esters and triglycerides surrounded by a phospholipid
monolayer containing free cholesterol and apoprotein B27. Cells may
take up this lipoprotein by two distinct pathways, one of which
involves specific high-affinity receptors on cell membranes25
Following binding to these receptors, located in coated pits28 on the
cell surface, an autoregulated sequence of events o.curs which

culminates in lysosomal degradation of the lipoprotein and

subsequent release of the cholesterocl for use in the ce1125.

The LDL particle possesses several characteristics which could be

exploited if the particle is used as a drug vehicle:

1. Neoplastic cells readily internalise and degrade LDL
by the high-affinity receptor pathway;

2. The LDL core has the capacity to store a substantial
amount of drug;

3. Drug sequestration in the core space provides
protection from serum enzymes and water; and

4. The entry of drugs into cells via the LDL pathway

. . . 23
may circumvent drug resistance mechanisms
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Until recently the feasibility of using LDL as a vehicle for cytotoxic

drug in vivo had not been investigated to any great extent. There

were‘no reports of LDL assimilation‘by solid tumours in vivo,

although several groups have documented high LDL uptake by tumour cells
12-23

in vitro . A brief outline of the plan of work for this project

is given below:

(a) The quantitative signifigance of the LDL-receptor
pathway was assessed in several animal models and
attempts were made to protect the organs likely to
suffer during chemotherapy using LDL as a vehicle.

(b) A number of cytotoxic drugs were chosen for loading
into LDL. Several methods of incorporation were
employed and the drugs were assayed by HPLC.

(c) The efficacy of the drug-LDL complexes was tested
in vitro using human cancer cell lines and in

mouse models in vivo.



SECTION 1 . : INTRODUCTION
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1.1 LIPOPROTEINS - STRUCTURE AND FUNCTION

Cholesterol is an obligatory constituent of all mammalian cells. It
is required for membrane synthesis and is also a precursor in the

30,31

metabolic pathways of bile acid29, steroid hormone and vitamin D.

Since it is insoluble in aqueous solution, cholesterol is carried in

32’33. These

complexes with other lipids and protein in plasma
complexes are known as lipoproteins and are composed of apoproteins,
cholesterol, cholesteryl esters, phospholipids and triglycerides. All
lipoprotein particles share a common structure in which apolar

neutral lipids are enveloped in a phospholipid membrane containing

27’34. Figure 2 shows a schematic

free cholesterol and apoprotein B
model of a lipoprotein. The lipoproteins are not a single species
but a heterogeneous mixture of particles of variable lipid and protein

27’34. Several classes of lipoproteins may be identified

composition
by virtue of differences in size, density (fig.3) and other physical

properties.

The five major classes of lipoproteins from human plasma, as defined

by density, are:-

1.1.1., CHYLOMICRONS — d<0.95 Kg/L

These particles are high in triglyceride and are secreted into the
lymphatic system by cells of the small intestine during the ingestion

of dietary fat 33’35.

1.1.2 VERY LOW DENSITY LIPOPROTEINS (VLDL) 4 0.95 — 1.006 Kg/L

The liver and small intestine secrete these lipoproteins into the

plasma. Like chylomicrons, their main function is to transport

triglyceride33’35.



€ cholesterol
~~ cholesteryl esters
«¢ phospholipid
L
A\

triglyceride
apoprotein

Figure 2: - Schematic diagram of lipoprotein structure.
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1.1.3. INTERMEDIATE DENSITY LIPOPROTEINS (IDL) d 1.006 - 1.019 Kg/L

IDL are produced in the plasma as intermediates in the metabolism of

VLDL36. They may be removed from the circulation by the liver or

converted to LDL in the plasma33’36.

1.1.4 LOW DENSITY LIPOPROTEINS (LDL) 4 1.019 — 1.063 Kg/L

These are the major cholesterol-carrying lipoproteins of plasma. Two-

thirds of the circulating cholesterol is contained in LDL26.

1.1.5 HIGH DENSITY LIPOPROTEINS (HDL) d 1.063 — 1.210 Kg/L

HDL are the smallest of the lipoprotein particles and their main lipid
. 33,37 . .
component is cholesteryl ester . They are involved in the

transpért of endogenous cholesterol back to the liver from extrahepatic

sites.

1.1.86 ELECTROPHORETIC PROPERTIES

Lipoproteins may also be classified according to their electrophoretic
mobility relative to the major plasma globulins35. Thus chylomicrons
remain at the origin, HDL migrate as the-<i—globulin fraction and are
termed ~<l—lipoproteins, VLDL, as -<2, pre-ﬁ}lipoproteins, and LDL,

ﬁ}lipoproteins.

The major properties and compositions of lipoproteins are summarised

in table 1.

1.1.7  APOLIPOPROTEINS

Thirteen apolipoproteins have been isolated from human plasma39 and
the functions and primary sequences of many have been determined. They
are commonly classified by the system of Alaupovic39 into structurally

and functionally related
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lipoprotein metabolism arises from their ability to interact with key
enzymes and cell membrane receptors. The cardinal properties of

apoproteins are shown in table 2.

1.2 LIPOPROTEIN METABOLISM

Two classes of lipids with distinct physical properties are carried
by the lipoprotein transport syétem: the apolar lipids (cholesteryl
esters and triglycerides); and the amphipathic lipids (cholesterol and
phospholipids). These are orggnised into pseudomicellar structures
in which the apolar lipids are sequestered from the bulk agueous phase
in the hydrophobic interior of lipoprotein particles (fig.2) Prior to
their use in the cell the apolar lipids must be metabolised to yield
free cholesterol and fatty acids4l. The majority of triglycerides
are removed by adipose tissue or muscle where their fatty acids are
stored or oxidised to provide energy. Cholesteryl esters are
transported to all cells of the body where they yield sterol for
inclusion in membrane structures and as precursors of steroid

30,31 and bile acidszg.

hormones
Cholesterol present in the circulation may originate from dietary
intake or from endogenous synthesis in the liver and extrahepatic

s42’43. The two "types" of cholesterol are initially

cell
transported in different pathways - the "exogenous'" and '"endogenous"

routes.

1.2.1. EXOGENQUS LIPID TRANSPORT

Dietary lipids are absorbed by cells of the small intestine and

secreted into’ the lymphatic system as large triglyceride-rich

3,35

chylomicrons3 The nascent chylomicrons possess apo B and



AN
TABLE 2: HUMAN PLASMA APOLIPOPROTEINS

APOLIPOPROTEIN DENSITY CLASS MOLECULAR PROPOSED FUNCTION

' WEIGHT

AT HDL 28,000 Cofactor for LCAT

ATI HDL 17,000 Cofactor for Hepatic

: Lipase
AIV CHYLOMICRONS 45,000 ?
B-100 VvLDL, IDL, LDL 550,000 Structural protein in
VLDL, IDL & LDL.
Receptor interaction in
LDL pathway.
B-48 CHYLOMICRONS, 210,000 Structural protein of
REMNANTS chylomicrons
CI . VLDL, HDL 6,500 ?
CII VLDL, HDL 10,000 Cofactor for Lipoprotein
Lipase.

CIII VLDL, HDL 10,000 ?

D HDL3 20,000 ? Cholesteryl ester
exchange protein
interaction

E2---E4 VLDL, LDL, HDL 35,000 Receptor interaction in

chylomicron remnant
pathway

F HDL 30,000 ?

G VHDL 75,000 ?

H CHYLOMICRONS & 50,000 ?

VLDL
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apo AI and AII on their surface and obtain further apoproteins (apo C
and apo E) from HDL upon entering the bloodstream. In the course of
their metabolism 90% of the chylomicron apo C returns to HDL44 while
apo B, an essential structural component of chylomicrons, remains with
the particle throughout its lifetime in plasma45. Chylomicrons are
too large to pass through the endothelial barrier46 and enter
interstitial fluid. Their triglyceride is hydrolysed in the
plasma compartment, yielding free fatty acids immediately adjacent to
the cells which use them. This is accomplished by the action of
lipoprotein lipase (E.C. 3.1.1.34) an enzyme which is attached to the
luminal surface of capillary beds in muscle and adipose tissue. The
lipase is activated by apo CII47on the chylomicron surface and the
products of the reaction pass into adjacent adipocytes or muscle cells.
Having lost much of its core, the chylomicron now has an excess of
surface phospholipid which is shed and assimilated by HDL. The
triglyceride—depleted particle, known as chylomicron remnant, is
composed mainly of cholesteryl esters, with apo B and apo E as the
major apoproteins. This lipoprotein is removed rapidly from the
circulation by a receptor mechanism which recognises apo E on the
particle surface48’49. Following binding the remnants are subject

to endocytosis énd transferred to lysosomes where they are degraded.
The average half-life of chylomicrons in the circulation is only a

few minute550’5l

and consequently, in normal individuals, they are
abundant only in post-prandial plasma. In this way dietary cholesterol
finds its way to the liver, the major organ involved in regulating
cholesterol homeostasis. Dietary cholesterol in excess of immediate
metabolic requirements is secreted in bile, both as free cholesterol

29,32,50,51. Much of the

and in the oxidised form of bile acids
former material is reabsorbed in the gut, transferred to chylomicrons

and eventually returned to the liver, thus completing an enterohepatic
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circulation, (fig. 4). Each time the cycle is completed a portion of
the cholesterol is lost from the gut. Typically, humans acquire about
1 gfam of cholesterol each day, 800 mg from endogenous synthesis and
the remainder from dietary sourcessl. This is balanced by the faecal

loss of neutral and acidic steroids.

1.2.2. ENDOGENOUS LIPID TRANSPORT

Fatty acids and carbohydrates are converted to triglyceride in the liver
and this 1lipid is incorporated into lipoproteins prior to its secretion
into the circulation. Similarly, cholesterol and cholesteryl esters
are packaged in lipoproteins for delivery to extrahepatic cells. As
noted above, some of the cholesterol is obtained from the diet and the

27,52 from acetate under the

remainder is produced endogenously
regulation of 3-Hydroxy-3-Methyl-Glutaryl Coenzyme A Reductase

(HMG CoA Reductase, E.C. 1.1.1.34) the rate-limiting enzyme in
cholesterol»biosynthesis53

VLDL are the major lipoproteins synthesised in the liver and when
released into the bloodstream they, like chylomicrons, bind to
lipoprotein lipase and, under its action, lose much of their tryglyceride.
Apo CII is again required for activation of the enzyme47 and is mainly
acquired by transfer from plasma HDL44. The apo B of VLDL remains an
integral component of the particle throughout the delipidation cascade

to IDL and LDL45. The apo B of chylomicrons (termed apo B-—48)54
synthesised in the small intestine is known to be different from the

VLDL apo B (apo B—lOO)54 of hepatic origin. VLDL catabolism is much
slower than that of chylomicrons, (half-life 1-3 hoursSG) due possibly

to their lower efficiency of binding to lipoprotein lipaseSl. Again
excess surface phospholipid and cholesterol is transferred to HDL.

The particles produced by the action of lipoprotein lipase are the

triglyceride—deficient and much smaller intermediate density
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36,55 which, like VLDL have Apo B as the major

apoprotein, with trace amounts of apo C and apo E45. At this stage,

lipoproteins (IDL)

there is some removal of the IDL from the plasma by the liver56. The
remainder is metabolised to LDL, which are smaller particles, rich in
cholesteryl ester, and containing apo B as the only apoprotein. The
site of this second stage of conversion is uncertain but it is thought
to occur in the liver. The acquisition of too much cholesterol by
extrahepatic cells necessitates its export into the plasma. This

is thought to be achieved by transfer of the sterol from the cell
surface to HDL57 and within the lipoprotein it is esterified by the
action of Lecithin : Cholesterol Acyl Transferase (LCAT). The
cholesteryl esters so formed are eventually transferred to VLDL, IDL
and LDL via the agency of lipid transfer protein857’58. Several
genetic disorders result in elevation of one or more of the lipoprotein
fractions. Such defects contribute to about 20% of all myocardial

infarctions occurring in those under the agé of 6059.

1.2.3. THE LDL RECEPTOR PATHWAY

In man, LDL carries more than two-thirds of the total plasma bhcleSterOlZG.
Plasma LDL has a half-life of the order of 2-3 days and delivers
cholesterol to all cells of the bodyGO. Cells may obtain the
cholesterol they require by endogenous synthesis of the sterol from
acetate units or from LDL. When available, LDL is usually the
preferred source. The lipoprotein is assimilated by high-affinity and
low—affinity routes. On binding to specific high-affinity receptors

in coated pits on the cell surface, LDL is rapidly taken into the cell
by endocytosis61 (fig.5). The endocytic vesicle so formed migrates to
the interior of the cell and fuses with lysosomes, exposing LDL to
hydrolytic enzymes which release cholesterol, fatty acids,

monoglycerides and amino acids. onlesterol taken up in this way
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regulates geveral intracellular events which collectively mediate
cholesterol homeostasis within the cell, i.e. the activity of
HMG CoA Reductase, the rate-limiting enzyme in cholesterol
biosynthesis, is reduced62’63 and Acyl : Cholesterol Acyl Transferase
(ACAT) activity is increased64 so that LDL cholesterol may be
esterified for sforage as cytoplasmic lipid droplets. A further
consequence of receptor-dependent LDL uptake by the cell is the
suppression of receptor synthesis, which prevents over-accumulation
of cholesterolsS. Thus, by the use of these three mechanisms, the
intracellular and extracellular sterol concentrations may be
constantly balanced to maintain a stable cholesterol environment within
the cell. About half of LDL cholesterol assimilation is
accomplished via the receptor pathway in man. Low-affinity routes,
e.g. bulk absorptive endocytosis, account for removal of the remainder
of the LDL from plasma. One such route is thought to involve the

6,67 and when plasma LDL-cholesterol levels

reticulo-endothelial system6
are high, macrophages ingest LDL and can become '"foam cells' which are
characteristic components of atherosclerotic plaquesGB.

The exact proportion of cellular sterol which comes from receptor-
mediated LDL uptake in each type of cell is uncertain but it is thought
that de novo synthesis is sufficient for cells with a very slow rate of
cholesterol turnoverzs. However, cells which are heavy users of

0,31 29,50

cholesterol, e.g. adrenals3 ’ and liver , preferentially obtain

cholesterol from the LDL receptor pathway.

l.2.4. THE LDL RECEPTOR

LDL receptors from bovine adrenal cortex were purified by Schneider
et a169 in 1982 and have been observed in a number of human and animal
cells (table 3). The receptor molecule was found to be an acidic

glycoprotein, with an apparent molecular weight of 164,000 on SDS



TABLE 3: CULTURED CELLS WHICH OBTAIN CHOLESTEROL VIA THE

LDL RECEPTOR PATHWAY*

HUMAN

.. MOUSE & RAT

HAMSTER

DOG & SWINE

cow

Fibroblasts

Fibroblasts transformed by SV40¥
Smooth muscle cells

Endothelial cells

Lymphoblasts

Burkitt lymphoma cells

Acute myelogenous leukemia 0611812
HelLa cells

Epidermoid cervical carcinoma(EC-—SO)13
Endometrial adenocarcinoma(AC—258)13

Glioma cellszo

Hep-G2 Hepatoma cells14

Non-small-cell lung carcinoma (L-DAN)#

Adrenal cells(Y-1 clone)
Teratocarcinoma cells

L cells

L1210 leukemia cells

P388 leukemia cellsl44

Chinese hamster ovary cells

Fibroblasts

Fibroblasts

Smooth muscle cells

Adrenocortical cells

Endothelial cells

* From reference 28 unless otherwise stated

Simian Virus 40

This thesis, Section 2.4.8
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polyacrylamide gel electrophoresis. The protein chain is composed
of 839 amino acids and may be divided into 5 domains, each with a
particular function7o. The NHz—terminal 322 amino acids constitute
the first domain. This section contains many cysteine residues whose
sulphydryl groups are‘bound in disulphide links, thus conferring
rigidity and stability on this part of the receptor. Overall the first
domain is negatively charged and probably provides the site for
interaction with the éositive arginine and lysine residues known to
be crucial in the binding of apo B and apo E7l. Second and third domains
are 350 and 48 amino a;ids long respectively. The third domain is
immediately adjacent to the cell and probably serves to extend the
receptor so that binding sites are clear of the membrane. The fourth
domain spans the plasma membrane. This region of the receptor has 22
amino acids, all of which are apolar. The carboxy terminal end of the
receptor forms the fifth domain which projects into the cytoplasm. It
is thought that this sequence binds to clathrin or a clathrin-
associated protein, enabling the receptor to be incorporated into coated
pit328. The carbohydrate chains are attached, two through N-linkages
to asparagine and 18 via O-linkages to serine and threonine72. The
exact location of these chains on the protein backbone is unknown. The
LDL receptor is synthesised as a lower molecular weight precursor in
the rough endoplasmic reticulum and converted to the mature receptor
in the Golgi complex by addition and modification of the carbohydrate
side chains73. It is4inserted into specialised areas of the plasma
membrane, which allows it to function as an effective transport
mediator. These areas are called "coated pits”74. In 1976 Anderson74,
in collaboration with Goldstein and Brown, showed that, in cultured
human fibroblasts, LDL receptors were found almost exclusively in these
regions of the plasma membrane. The characteristic feature of these

indented segments of the plasma membrane is a cytoplasmic surface lined
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predominantly with the protein clathrin of molecular weight 180,00075.
Continually forming and pinching off, coated pits are transient in
nature and their lifespan is less than five minutes76. Their rate of
formation and internalisation is not affected by the presence of LDL

or LDL receptors28 and each pit contains receptors.for many different
maoromolecules28

Unlike LDL, the receptor molecule is not degraded on fusion with
lysosomes within the cell. Instead, it returns to‘the cell surface

and into the coated pitsZB. This was demonstrated by blocking the
synthesis of new receptors with cycloheximide and observing that there
was no reduction in the rate of binding or internalisation of LDL by
human fibroblasts over several hours65. The coated pit, enclosing the
LDL-receptor complex, forms an endocytic vesicle which breaks away from
the plasma membrane. The endosome, containing the LDL, which has lost
its clathrin coat and its complement of receptors28 is carried through
the plasma to fuse with a primary lysosome74 where its contents are
exposed to hydrolytic enzymes. Here apo B is enzymically degraded to
its component amino acids and cholesteryl esters are hydrolysed to yield

fatty acids and unesterified cholester0126.

1.2.5 SPECIFICITY OF LDL RECEPTORS IN VITRO

The receptor binds LDL by interaction with apo B on the particle's
surfacezs. This binding is dependent on a limited number of
functionally significant arginine and lysine residﬁes and it can be
abolished by modification of these particular residues on the
lipoprotein79. Studies with human fibroblasts by Mahley et al78’79
showed that, in addition to apo B, the LDL receptorlcan bind apo E-
containing lipoproteins, viz. chylomicrons and IDL. This property was

discovered in experiments where dogs and swine were fed a high

cholesterol diet which caused the appearance of an HDL species, HDLC,
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which is high in cholesteryl ester and contains apo E as the only

. 78 125 . .
apoprotein . I-apo E—HDLC, when placed in the culture medium of
human fibroblasts, was taken up by LDL receptcrs with 10-25 times the
affinity of LDL8 . It was also observed that the receptors became
saturated by HDL at 25% of the number of LDL particles required for
saturation. Pitas et al8o deduced that the enhanced affinity of HDLC

was due to the fact that four apo E molecules in each HDL particle

bound to a receptor on the cell surface.

1.2.6 HEPATIC LIPOPROTEIN RECEPTORS

The liver is known to remove chylomicron remnants, VLDL, IDL, and LDL
from the plasma by receptor-mediated mechanism581. Although as noted
above, chylomicron remnants may be recognised by the LDL receptof; most
are removed from the plasma by interaction with a receptor which is
distinct from the former. Apo E binds to this receptor and initiates
endocytosis and degradation of the lipoprotein of which it is part.
Cholesterol so obtained by the cell suppresses HMG CoA Reductase82 as
in the LDL'receptor pathway. In dogs 1251— apo E-—HDLC is rapidly
cleared by the liver via the ''chylomicron receptor pathwéy".

Clearance is retarded By preventing receptor binding by modifying the
lysine residues of apo E. Liver uptake of HDLC is saturable and
subject to competition from chylomicron remnant548. The observations
that LDL does not compete for chylomicron remnant uptake, and LDL
receptor—-deficient animals and humans have normal chylomicron
metabolism, indicate that the two receptors are distinct. This is
further illustrated in familial dys—F}hyperlipoproteinemia, where a form
of apo E is synthesised which is not recognised by receptors, and
remnants and IDL persist in the plasma, but LDL is metabolised as
norma184.

A summary of the properties of tha LDL receptor is given in table 4.



TABLE 4: PROPERTIES OF THE LDL RECEPTOR#

LOCATION: Concentrated in regions of cell surface
membrane called clathrin coated pits

BINDING CAPACITY: Saturation at SOFg of LDL protein per mL

BINDING AFFINITY: Kn - 2pg of LDL protein/mL at 4°C
' -10-15pg of LDL protein/mL at 37°C

BINDING SPECIFICITY: AfTinity for LDL more than 200-fold higher
than for HDL. Affinity forGEanine HDLC
23-fold higher than for LDL .

NUMBER OF BINDING
~SITES PER CELL: 7,500-15,000 at 4°C, 1,500-70,000 at 37°C

69

MOLECULAR WEIGHT: 164,000

RATE AT WHICH BOUMD LDL IS

INTERNALISED INTO THE CELL: ty
2

— 3 minutes at 37°C

RATE OF TURNOVER OF

RECEPTORS : ty — approx. 20 hours
SELETAVAD 4 '
BINDING CHARACTERISTICS: Requires divalent cations
Aboliched by chemical medification of 37
lysine and arginine residues of apoB & apoE
BINDING .pH OPTIMUM: 7.5
ENZYME TOLERANCE: Sensitive to proteases.

Resistant to glycosidases.

METABOLIC REGULATION: Receptor synthesis repressed by LDL,
cholesterol or oxygenated sterols.

# Data from reference 25 except where otherwise indicated
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1.2.7 THE LDL RECEPTOR PATHWAY IN VIVO

Results of in vitro experiments examining the regulation of LDL
metabolism within the cell cannot be quantitively extrapolated

to apply to the in vivo system. In order'to calculate the uptakes

of LDL by the receptor pathway in various cells in vivo it would be
necessary to know the exact LDL concentration at the surfaces of
extravascular cells and the extent of receptor expression in each

cell type. Also, the LDL concentration in human interstitial fluid85
is known to be high enough for suppression of cultured human fibroblast

LDL receptors. Other methods have therefore been devised for the

study of receptor mechanisms in vivo.

Since the lipids of LDL are constantly exchangingge, their labelling
yields data of limited value in following the kinetics of the intact
LDL particle. Instead, the apoprotein moiety of the LDL is usually
trace-labelled since it remains with the particle throughout its
lifespan in the plasma, and the amount of apo B per particle is
39,87 . .
constant . Thus apo B metabolism reflects the metabolism of the
whole LDL particle. In typical experiments donors are injected with
. . . 125_ 88
their own LDL which has been labelled with I . Blood samples
~are ‘'withdrawn at intervals and the clearance rate of LDL determined
from serial measurements of plasma radiocactivity. Iodotyrosine,"
generated in the degradation of LDL is rapidly filtered from the
circulation by the kidneys. When results are expressed as percentages
of initial radicactivity, a decay curve for LDL catabolism may be
constructed @ig.G). This allows calculation of the fractional catabolic
88 125
rate (FCR) of apo B . The decay curve for human I-LDL was found to

be biexponentia189 and this phenomenon may be explained with the use

of a simple two-compartment model (fig.7), with intra- and
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extravascular pools. The first compartment contains approximately
two-thirds of the total LDL pool. This encompasses LDL in the
intravascular pool and in rapidly exchanging tissue spaces. The
remaining LDL is located in slowly exchanging extravascular spaces.
After 5-6 days the two pools have equilibrated and coﬁsequently the
decay curve becomes monoexponential89. The FCR and apo-LDL
concentration together are used to calculate the absolute catabolic
rate (ACR), commonly expressed as mg Apo-LDL/day/Kg bédy weight. In
the steady state the ACR is equivalent to the rate of synthesis of apo
B89. Although this method allows investigation of toﬁal LDL kinetics
in vivo, it reveals no information about the extent of the contribution
of the receptor pathway to LDL catabolism. .

As mentioned previously, the lysine and arginine residues on the
binding site of apo B may be chemically modified so that the binding
of the apoprotein to its receptors is abolishedgo’gl. Consequehtly,
LDL modified in this way cannot gain entry to cells by the receptor
pathway. It may enter only by non-receptor-dependent mechanisms and
therefore modified lipoprotein is cleared much more slowly from the
plasmagz, (fig.6). The clearance of LDL by the receptor pathway may
then be expressed as the difference between total LDL removed

(native LDL) and the removal by receptor-independent methods

(modified LDL). Using this approach, it has been shown that the

LDL pathway makes a significant contribution to cholesterol metabolism

, 91,92,95

in man , and several animal species Reborts of the
proportion of LDL cleared by receptor vary according to the method
employed to modify the receptor-recognition site of apo B. Values
are in the range 30-60% of the total LDL catabolised.

Studies conducted using 1,2-cyclohexanedione (CHD) - modified LDL

91,96,97

appear to underestimate receptor activity The partial

reversal of CHD-modification has been shown to occur spontaneously at
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pH 7.4 in vit“ogl’98, but this seems not to affect significantly the
results obtained in vivogg. Reductive methylation of the lysine

. .  pr - 100 . .
residues of apo B yields a stable modified LDL . This complex is,

however, rapidly cleared from the plasma in man and dogs, with a
half-life of only a few minutesloo suggesting that it is recognised-
as a foreign particle. In some species (rats, rabbits, monkeys),
however, methylation is successful in retarding the removal of LDL
from plasma and gives a reasonable estimate of LDL clearance by
non-receptor routesgl’gz’lOl. More recently, LDL whose lysine
residues have been glycosylated has been used as a tracer. Estimates
of receptor-LDL uptake by this method indicate that more than 50% of
plasma LDL is metabolised via the receptor pathway94.

The above methods have also been used to assess the effects of genetic

defects, drugs, and hormones on LDL catabolism93’94.

For example,
. 102 . 103 .
cholestyramine and thyroxine have thus been shown.to stimulate

the LDL receptor pathway in man and animals and thereby increase LDL

catabolism.

l1.2.8 SITES OF LDL CATABOLISM IN VIVO

Different types of cells have different requirements for cholesterol,
therefore, the degree of expression of cellular LDL receptors is
variable. Several methods have been developed to assess tissue
receptor activity in vivo. Assays on isolated cell membranesso

have shown that the receptors are present on most tissues (table 3),
although the majority have relatively low activity6l. Those tissues
which actively utilise cholesterol, such as liver, adrenal glands and
ovaries are all high in receptorsel. Adrenals have a rapid throughput
of cholesterol which they use as a precursdr for steroid hormonesBO’Sl.

Similarly, ovanries require cholesterol as a substrate for hormone

synthesis, while the liver utilises LDL cholesterol in the synthesis

.
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of bile acids and lipoproteins.
A second method of determining tissue receptor status is to use
non-degradable markers of LDL catabolism (fig.8). The radioiodinated
LDL commonly used in kinetic studies is degraded by the cell, releasing
iodotyrosine which is rapidly excreted by the kidneys. Thus the
tissue uptake values obtained using this tracer reflect only the
catabolism occurring immediately prior to assessment. Non-degradable
tracers have the advantage of remaining inside the cells they have
entered and give a cumulative assessment of LDL catabolism over the
time-course of the experiment. Pittman et al have used 14C—sucroselo4

and 125I—cellobiose—tyraminelo5 covalently bound to LDL as cumulative

probes of the metabolic fate of the lipoprotein. Alsc, Stein et al 106
have studied the metaboclism of LDL whose core has been loaded with
non-degradable lzsl—cholesterol linocleyl ether. Regardless of the
tracer used, such experiments have indicated that the adrenal glands are
the most active tissues in LDL receptor-mediated uptake per gram

weight but, due to its size, the liver makes the largest contribution

to receptor catabolism of LDL, removing over 50% of plasma LDL by this

99,104,106,107
process .
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1.3.1. HYPOCHOLESTEROLEMIA IN CANCER

Hypocholesterolemia has been observed in many cases of cancerlog’log.

In 1930 Muller reported hypocholesterolemia as a frequent finding

in cases of leukemiallo. Since then several epidemiological studies

have been conductedlll. Of these 15 provided evidence that men in
the lowest quintile of plasma cholesterol concentration were at
increased risk of cancer and 12 showed no such relationship. Hence
hypocholesterolemia, although common in cancer victims, cannot be used
as a predictive factor. Until recently, there was considerable
controversy as to whether the low plasma cholesterol observed in
cancer patients is a cause of the neoplasm or an effect of its
112

presence. Bases et al showed that plasma cholesterol levels
returned to normal in leukemic patients receiving successful
chemotherapy, so supporting the latter argument. Further studies

. 113 114 , .. . .
conducted in 1980 and 1982 , indicated that most subjects with
low plasma cholesterol who died of cancer,.did so within 1-2 years :of
detection of the hypocholesterolemia and the concensus view now is

that hypocholesterolemia in these patients was probably a consequence

of cancer present, but undetected, at the time of blood sampling.

1.3.2. PLASMA LDL CHOLESTEROL

Ginsberg et al115 examined the cholesterol content of lipoprotein
fractions in groups of hypocholesterolemic-leukemic patients and
normal subjects. The lowering of plasma cholesterol in the former
was mainly due to a decrease in LDL cholesterol. The plasma
concentration and metabolism of VLDL were found to be normal but the
catabolic rate of LDL was significantly increased. They postulated

that the increased mass of actively proliferating neoplastic cells had
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elevated cholesterol requirements and so metabolised large quantities
of LDL. This agrees with the findings of Gal et allG'that ¢ancer
cells in culture exhibit high LDL receptor uptake and endogenous
cholesterol synthesis when in a logarithmic growth phase. Gilbért
et all16 later showed that plasma cholesterol le&els in a patient
with chronic myelocytic leukemic fluctuated inversely with diseése

activity. This is further evidence that hypocholesterolemia is an

effect of cancer rather than a cause.

1.3.3. LDL RECEPTOR ACTIVITY IN NEOPLASTIC CELLS IN VITRO

Ho et al in 197812 showed the rate of receptor-mediated degradation
of LDL was 3-100 times higher than normal in mononuclear cells from
patients with acute myelocytic leukemia,than in those from normal
subjects. In these cells there was also a higher rate of endogenous
synthesis of cholesterol. Despite the increased cholesterol
availability in these cells, the cholesterocl:protein ratio was 50%
lower than normal. This implies a rapid turnover of cholesterol,
which may be attributable to a rapid efflux of the sterol from the
cells or, more probably, to a high rate of utilisation of cholesterol
for cell growth and replication. The LDL receptor pathway in four
human gynaecological cell lines was observed by Gal et all6 to ﬁe
subject to all the regulatory mechanisms observed in the pathway in
human fibroblasts65.\ Furthermore, the rate of receptor-mediated
degradation of LDL was found to vary according to the cell density in
the cultures, with cells in log phase exhibiting the highest rate of
LDL degradation. These workers later reported fifty times the LDL
receptor activity in cultured neoplastic gynaecological tissue as
compared to the equivalent non-neoplastic tissue culturesla. The
cancer cells also had elevated HMG CoA Reductase activity and overall

the neoplastic cells were metabolising much larger quantities of
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cholesterol than their non-neoplastic counterparts. When the same
cell lines were propagated in mice, the tumours had 15-30 times more
binding capacity for LDL than any of the vital organs. Tumour cells
may therefore exhibit a much higher uptake of LDL tﬁan "normal"
tissues and LDL, on the basis of. these observations may therefore
constitute a good vehicle for the delivery of cytotoxic drugs or
radioisotopes selectively to cancer cells. The classic LDL receptor

14,117 and

pathway has also been observed in human hepatoma cells
Leydig cells118 in vitro, and LDL has been shown to provide cholesterol
for steroid hormone synthesis in the latter.

More recently, Vitols et alllghave correlated leukocyte LDL receptor
activity and plasma cholesterol levels in leukemic patients. Mono-
nuclear cells were isolated from the blood of healthy donors and from
patients with leukemia. Elevated receptor-mediated degradation of
LDL was observed in cells from leukemic patients and there was an
inverse relationship between plasma cholesterol and receptor activity.
On analysis of the chromosomes of leukemic cellslzo, those taken from
patients with significantly higher LDL receptor activity were found to
have an extra chromosome 8. On the basis of this finding Lindquist et
allzo postulated that chromosome 8 may include genes of importance in
the expression of the LDL receptor pathway. Further studie524
revealed that leukemic cells in the bloodstream are capable of the
catabolism of 35% of the plasma cholesterol pool per day. They

conclude that the increased assimilation of LDL by leukemic cells may

be the cause of hypocholesterolemia in acute leukemia.
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1.4 CURRENT APPROACHES AND PROBLEMS IN CANCER CHEMOTHERAPY

The factors which influence drug efficacy in the treatment of diseases
other than cancer apply equally in the management of cytotoxic therapy.
As with any type of drug, absorption, binding, distribution, metabolism
and excretion all affect the overall success of failure of treatment
but, in addition, other properties of cytotoxic agents are important.
For most anticancer agents the difference between an ineffective dose
and a lethally toxic dose is very small, that is, these drugs have a
very narrow therapeutic rangelzl(fig.g). Many of the drugs commonly
used are relatively unstable and are effective at very low concentrat-
ions. Some agents work only on cells at a particular stage of the
cell cyclelzg Major organ dysfunction is not uncommon with cancer and
may complicate chemotherapy since the absorption, excretion, etc. of
the drug may be consequently modified, leading to increased toxic
effects unless the dosage is changed accordingly. One way of improving
cancer chemotherapy is to look for highly specific agents, but to-date
there are no drugs which are completely specific for malignant cells.
This is due to the lack of a qualitative difference between '"normal"
and "cancer" cells. For specificity, cytotoxic drugs rely on
quantitative differences in distributionlza, the presence of target
biochemical reactions within neoplastic 08115124’ and differences in
cell kineticleS. In general, tumours possess a large proportion of
actively dividing cells and it is these cells which are most sensitive
to cytotoxic therapy. Other rapidly dividing cells in the body,

7
including bone marrowl.ga’l2

and gastrointestinal tract epithelium128
usually suffer the toxic effects of chemotherapy. A second method of
obtaining better results with the anti-cancer compounds has been to take

advantage of their dose response curve (fig.9) .which has been shown in

. 121
animal models to be very steep. |The number of tumour cells which
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survive may vary by several orders of magnitude between toxic and non-
toxic doses. It is on this basis that high-dose chemotherapy is

justifiable, despite the often inevitable myelosuppression and

mucositis.

1.4.1 PHARMACOKINETICS

In order for any cytotoxic agent to be therapeutically effective, it must
penetrate the tumour cell cytoplasmic membrane. Once inside, it must
be present in sufficient concentrations and must be exposed to tumour
for an adequate length of time. Physical and chemical properties of
the drug determine tissue distribution and dictate its metabolism and
excretion. These factors contribute to the concentration-time profile
of the drug within body fluids, different tissues, cells and subcellular
compartments.

The observed kinetics of many antineoplastic agents can be explained by
a simple two compartment model (fig.7). This model assumes that the

drug is distributed unevenly between a central compartment, of small
volume, and a peripheral compartment of larger volume. Drug enters the
central compartment and is rapidly distributed among the body fluids

and tissues which it comprises. Although the two compartments are
""theoretical spaces" and do not correspond directly to specific
anatomical sites, the central compartment can be said to consist of
serum and the extracellular fluid of well-vascularised tissues. Drugs
in the.serum and tissues within this compartment equilibrate rapidly.
The peripheral compartment, in contrast, equilibrates very slowly with
serum. This compartment is thought to consist of the more poorly-
perfused tissues e.g. muscle, skin, fat and some tumours.

Drug may enter or leave the system only by the central compartment.

The apparent volume of drug distribution for each compartment is

dependent on the extent of blood flpw to each tissue, the ability of
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.

the drug to penetrate the tissues and the drug's affinity for them.
The peripheral compartment serves as a reservoir for the central
compartment. As drug is excreted from the central compartment, it

is replaced by drug from the peripheral compartment.

1.4.2. DRUG ADMINISTRATION

There are several routes by which antineoplastic agents may be
administered. Theimethod by which a particular drug is given depends
on its stability, solubility and sclerosant characteristics. Some

drugs are unsuitable for oral administration because they are

destroyed by enzymes or low pH in the gastrointestinal tract, or
precipitate at acidic pH. Others cannot be given intravenously because
they are insoluble in agueous solvents.

Oral administration is convenient and suitable for many drugs, e.g.
chlorambucil. However, gastrointestinal (GI) function is frequently
abnormal in cancer patients as a result of pre-existing GI complaints,
the presence of abdominal tumour or side effects of treatment. Even in
the absence of GI complications there is great variability in absorption
of drugs between pafients.

Intramuscular, intraperitoneal, intrathecal and subcutaneous routes are
less commonly used. Anthracyclines, for instance, cannot be given by
these routes since the high local concentration of drug generated may
cause bleeding and tissue necrosis around the injection sitel29. Intra-
thecal injection ié useful in cases where drug would not otherwise
penetrate the blood-brain barrier in sufficient concentrations.
Intravenous drug administration is the most common of parenteral methods.
Drug is injected directly into the central compartment and a stable high
drug concentration may be maintained over a defined time by continuous
infusion. Drawbacks to this approach are the possibility of

thrombosis or infection and drug extravasation may cause necrosis at the
.



38

injection site. Intra-arterial injection may be given to induce a high
local drug concentration at the tumour. However, this requires

surgery and a sizeable tumour artery must be located. This procedure,
like IV administration, carries the risks of infection and thrombosis.
Also, the administration of drugs iike cyclophosphamide by this method
is of no added benefit, since the drug requires enzymic activation in

. . 130,131
liver microsomes .

1.4.3. DISTRIBUTION, METABOLISM AND EXCRETION

The distribution of cytotoxic drugs in different tissues of the body
depends on the chemical structure and physical properties of the drug

in question. Polar drugs have difficulty in crossing lipid membranes
and hence are largely excluded from the central nervous system. VThe
concentration of drug in a particular organ is dependent on the size

of the organ, the rate of blood flow through it, and the lipid
solubility and polarity of the drug. Certain sites are relatively
impermeable to polar drugs, e.g. central nervous system, testicles, large
tumours. There may be other pharmacological "sanctuary sites" in which
the penetration of particular drugé is limited. Response rates to
chemotherapy in metastic breast cancer are higher in some metastases
than otherslaz., This may be a result of biochemical and kinetic
differences between sites, but it is likely that drug distribution is
important. A "third space" has been described where drugs may
equilibrate very slowly with the Eentral compartment. This third com-
partment probably includes pleural or peritoneal effusions. The rate
of drug elimination from patients with these "extra' reservoirs may be
so greatly prolonged as to producé increased toxic side effects.

Many cytotoxic drugs are extensively metabolised. Some require
enzymic activation, e.g. cyclophosphamide becomes a potent alkylating

agent only after metabolism by micqosomal enzymes in the liverlso’lSl.
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Nucleic acid antimetabolites are activated in several sites in the
. . 133 .. .
body, including tumour cells . It is important that the sites of

123,124 may result

activation function properly. Organ dysfunction
in a prolonged half-life of the ineffective férm of drug, with a
failure to attain sufficiently high levels of the metaboiised active
agent. Conversely, in the case of drugs destroyed on metabolism or
inefficiently excreted, toxic levels of drug may persist in the body
for dangerously long periods.

Some drugs are excreted as the active drug, therefore impairment of

the excretion of these drugs leads to increased toxicity.and doses must
be reduced accordingly. Anthracyclines are excreted in bile135 and
consequently any blockage of the biliary tract, e.g. gallstones,
reduces or prevents excretion and anthracycline concentrations may

rise above the safe therapeutic limit. Similarly, drugs excreted via
the kidney are more likely to reach toxic levels and may even produce

nephrotoxicity if administered to patients with kidney dysfunctionlSG.

1l.4.4. CELL KINETICS

Growing tumours may be composed of both proliferating and non-
proliferating cells, and within the former subpopulation, the cells may
be at various phases of the cell cycle122 (fig.10.) Thus in the
optimisation of drug schedules account must be taken of the kinetics of
tumour growth, since certain agents may be markedly more effective at
particular stages of the cell cycle. As an alternativé to classificat-
ion by their mode of action, anticancer drugs are commonly classified
according to the stage of the cell cycle during which they are most
toxic. Thus three classes of cytoxic agent are defined:—

1) cell cycle non-specific

2) cell cycle and phase-specific

3) cell cycle non-phase-specific
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The first of these classes includes YLirradiation and niftrogen mustard,
and these agents are toxic to both dividing and non-dividing cells.
Methotrexate, vinblastine and cytosine-arabinoside belong to

the second category. Drugs of this type are ineffective against
cells which are not actively proliferating. The third type of

drug e.g. cyclophosphamide, nitrosoureas, actinomycin D, is much
more toxic to proliferating than non-proliferating cells. Since

most tumours are composed of cells in various stages of the éycle,
drugs from each of the above categories are commonly given in
combination in order to maximise the proportion of tumour cells

under attack during treatment. 4Consequently combination Chemétherapy

is usually more effective than single-agent therapy.

1.4.5. DRUG RESISTANCE

Drug resistance is often a complicating factor in the treatment of
cancer. The resistance may occur in normal tissues as well as
tumour and may be intrinsic (e.g; bleomycin and cytosine arabinoside
are not effective against bone marrow and bowel cancer respectively)
or acquired. Resistance may be conferred by a combination of
pharmacological, biochemical and kinetic factorsl37. One beneficial
aspect of acquired resistance is that normal cells may develop an
increased tolerance of chemotherapy with repeated drug treatments.
Acquired resistance138 is often due to induction of drug metabolisml
and changed kinetics, in both normal tissues and tumour. Another
mechanism of resistance in tumours isg believed to be a result of

mutation, whether induced by drugs or irradiation therapy. In

general, normal tissues are less susceptible to mutation since they
contain a relatively smaller proportion of dividing cells than tumours.
The frequency of mutation increasés with tumour size and is variable

between different tumour types.
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1.4.6 DRUG TARGETING

Thus there are a number of problems which beset the clinical oncologist
in his efforts to rid the patient of cancer cells and retain normal ones.
There are two obvious ways of improving the benefit/risk ratio of
cytotoxic drug therapy:-

(1) Improved Drug Design - drugs or prodrugs should be designed so that

they have a high affinity for the site at which their action is required,
or are only converted to their active form at that site. This should
markedly increase the efficacy of therapy while minimising any harmful
side effects. However, this approach is limited by the strength of
the target/agent relationship which is generally far from ideal.

(2) The Use of Targeting Vehicles - As long ago as 1906, Ehrlichlsg

proposed that molecules with an affinity for certain tissues could be
used as carriers for therapeutic agents. By encapsulating drug within
a vehicle, the diétribution, uptake and overall efficacy of the drug

may be beneficially altered so that tumour cells are damaged substantially
more than normal cells. The ideal vehicle would deliver drugs only to
their site of action and, once there, they would be passively released
or internalised upon recognition of their target.

In addition to drug selectivity, numerous other factors, e.g. distribu-
tion, kinetics may act to reduce the intrinsic activity of a highly
selective drug. Thus it is preferable to target drugs within some

sort of carrier system. Drug vehicles should be non-toxic, biodegrad-
able and of size and shape to allow the incorporation of many drug
molecules, without evoking a response from the host's immune system.

They should have a high affinity for their target site, while ignoring

irrelevant areas. There must be a mechanism by which the drugs enter
the cells along with, or after release from, their carrier. Several
types of drug carrier have been investigated. These fall into three

main categories: drug-antibody complexes; drug-macromolecule complexes;
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and drug micrdspheres.

1.4.7. DRUG-ANTIBODY COMPLEXES

Drug—antibody complexes often have improved toxicity against malignant

Cellss’l4o’l4l’142.

Binding of the immunoglobulin to its antigen

on the cell surface is thought to initiate endocytosislAI, followed

by lysosomal degradation of the antibody-drug complex and release of
the free drug inside the cell. Isolation and purification of target-
specific antibodies, however, remains difficult and it is also

possible that the antigenic specificity of the tumour may change during
its progression. Furthermore, drugs may distort the antigen-binding
site, and render the complex susceptible to removal by the reticulo-
endothelial system. The drug-antibody interaction may be subject

to competition from endogenous circulating antibodies against target

cells and the host may even develop an allergic reaction to the drug-

antibody complex.

l.4.8. DRUG-MACROMOLECULE COMPLEXES

Phagocytes and some malignant cells are able to actively endocytose
macromolecules. Among the many macromolecular carriers which have
been studied are DNA, albumin, liposomes and LDL. Deprez-de Campeneere
and co—workersl have studied daunorubicin (DNR) and doxorubicin (DOX)
linked covalently to DNA. In mice with leukemia, both complexes were
more effective than the native drugs and the overall toxicity of
DOX-DNA was significantly less than that of doxorubicin. Cornu et

143 | .. . .
al have shown drug-DNA complexes to be effective on certain tumours
in man. Proteins such as albumin have also been used as carriers.

. . 144 . . . .

ﬁfmmntln coupled to albumin was selective in damaging kidney

proximal tubules and liver sinusoidal cells in vivo. Daunorubicin

covalently bonded to albumin3 was found to be more effective than the
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free drug, both in vitro and in vivo. The major drawback cf drug-
protein carriers is that liver and kidneys will suffer during
chemotherapy since they constitute the main sites of protein
endocytosis.

A great deal of work has been done with drug-liposome complexes,

where the drugs are carried entrapped in libid vesicles6. Although
liposomes provide a protective environment for the drug, they are
leaky and small drug molecules may easily diffuse out into the plasma.
This has been overcome to some extent by incorporating drug-
macromolecule complexes e.g. DNA, poly—L—Glu145 into the liposomes.

In early work, the size of the lipsomes used (pm) precluded their
entry to small capillaries and induced their rapid clearance from the
plasma by cells of the R.E. Systems_il. Recently, much smaller, more
stable particles have been synthesised, but the liver, spleen and lungs
remain the major targets for liposomes in vivog_ll. Inclusion of
monoclonal antibodies in the liposome surface has increased the
specificity of the carrier and, consequently, the efficacy of the
drugl46. In the case of methotrexate in liposomes conjugated with
antibody to L929 murine fibroblasts7, a 10-fold increase in drug
efficacy in vitro was observed. Another promising macromolecular
drug carrier is LDL. LDL is, in effect, a "natural liposome'" and as
such has many of the advantages of liposomes, with the added benefit
that its removal from the circulation by the R.E. system is likely to

present less of a problem. The potential of LDL as a drug vehicle is

discussed fully later (1.4.10).

1.4.9. MICROSPHERES
These are relatively large (0.2-300 um) microspherical colloids of
polymers such as albuminl47. They are employed in the controlled

localised release of drugs. Their target is dictated largely by their
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size. Very small microspheres are cleared from the circulation
by macrophages of the R.E. system and are ultimately delivered to
Kuppfer cells in the liver. Particles 7-12 Pm become trapped in the
lungs. Liver and spleen filter out particles 2-12 pm - Particles
larger than 12 pm stick in the first capillary bed they encounter.
Thus large microspheres will become entrapped in tumour vasculature
. .. . . 148
if they are injected into the arterial supply of the tumour . A
high local concentration of drug is therefore achieved with reduced
effects on non-target tissues. Microspheres 1-2 pm may be coated with

. 149 . . .
magnetic substances and directed to the required sites by external
. . ~ . . . . . 150

application of two-dimensional magnetic fields. Senyei et al

demonstrated that magnetic carriers of doxorubicin can achieve high

levels of drug in fthe tumour with no drug in any other organ.

1.4.10 STRUCTURAL AND FUNCTIONAL ADVANTAGES OF LDL AS A VEHICLE

FOR CYTOTOXIC DRUGS

Low density lipoproteins are particles composed of an apolar core of
cholesteryl esters and triglycerides surrounded by a phospholipid

27,34_ The

monolayer containing free cholesterol and apoprotein B
proportions of each of the lipids is shown in table 1. The apolar
lipid core contains approximately 1500 cholesteryl ester molecules and
provides an excellent site for sequestration of lipophilic molecules.
Since the studies of Rudman et allSl, it has been observed that
numerous lipophilic agents partition into the lipoprotein fractions

in vivo. Gal et all3 indicated that LDL might prove to be a suitable
vehicle for targeting of cytotoxic agents. Membrane fractions from
human tumour cells (EC50), after propagation in mice, were found to
have 15-30 times the affinity for LDL expressed by vital organs of the
153,154

mouse. Studies in our own laboratory152 and by other workers

indicate too that mouse tumours in vivo have a high affinity. for LDL,

.
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which they obtain by the high-affinity receptor pathway. Cell

. . 13,
experiments have shown that the LDL pathway in neoplastic cells 14
has all the characteristics of the classic LDL receptor pathway
described by Goldstein and Brown in cultured human fibroblastsGl. On

binding to its receptors on the cell membrane, LDL is rapidly
endocytosed and degraded in the lysosomes liberating its charge to the
inside of the cell (fig.5). LDL has the potential to act like the

. \ s : 155 - 44 + b A
"ideal" drug vehicle in many respects , providing adequate amounts of
drug for therapeutic activity can be incorporated into the lipo-

protein.

1.4.11 IN VITRO STUDIES WITH DRUGQLDL COMPLEXES

Recently numerous groups have reported successful arrest of fibroblast
or tumour cell growth in vitro using antineoplastic agents carried in
LDL.

Using '"reconstituted" LDL156, Mosley et a118 delivered the photo-
sensitising agent, pyrene, via the LDL receptor pathway. Subsequent
exposure to U.V, light led to cell death, since pyrene activated in

this way produces oxygen radicals. Human A431 epidermal carcinoma
cells, SV40-transformed human fibroblasts and chinese hamster ovary
cells were among those killed using this method. Fibroblasts from a
patient with familial Hypercholesterdlemia (FH) which had no LDL receptors,
were-unable to take up LDL by the receptor pathway. Consequently,
pyrene accumulation in these cells was very low and they were not killed
after exposure to U.V. light. In léter experimentslg, chinese hamster
ovary cells pre-incubated with pyrene were exposed to LDL containing
photoprotective azo dyes, scavengers of singlet oxygen. After U.V.
irradiation, cells exhibiting high LDL receptor activity were undamaged
by the pyrene and it was established that the photoprotective dyes were

delivered to the cells by a receptgr-dependent process.
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In 1983, Rudling et alzo showed that cellular accumulation of LDL
containing the anthracycline Aclacinomycin A was dependent on LDL
receptor activity in cultured human glioma cells. LDL accumulation
was found to be highest when the cells were proliferating rapidly. The
recéptor—dependent uptake of drug-LDL was subject to competition from
native LDL but not HDL. Chloroquine, an inhibitor of LDL degradation
caused increased LDL receptor uptake. The drug-LDL complex inhibited
growth in glioma cells but not in FH fibroblasts.

Firestone et al15 synthesised a number of lipophilic derivatives of
cytqtoxic agents with a view to reconstituting them in LDL. Two of
these derivatives, both steroid nitrogen mustard carbamates, reconstit--
uted well with LDL and were able to arrest the growth of chinese
hamster ovary cells and SV40-transformed human fibroblasts at low drug
concentrations. Using one of these compounds, (N—[[[Z—[pr(oleoyoxy)—
androst—S—en—l7ﬁ}yl] propyl] oxy] carbonyl]—N,N—bis (2—chloroethyl)—
amine), the growth of 98% of the cells was arrested at 10 Pg/mL of the
drug in LDL. However, only 50% of these cells were actually killed.
Increasing the drug concentration gave no enhancement in cytotoxicity.
There were two possible reasons for this: 1) saturation of the LDL
pathway; and 2) inefficient hydrolysis of the drug-steroid bond in the
lysosomes. A second derivative (N—[[ [4—[SB—(oleoyloxy)androst—S—en_
17p—y]J pentyl] oxy] carbonyl] —N,N-bis—~(2-chloroethyl)amine) was
synthesised, in which the steric congestion around the drug-steroid
liﬁk was reduced, so facilitating the rapid enzymic liberation of free
drug within the cell. This derivative, when reconstituted with LDL

was able to kill 100% of the cells at concentrations of 5 Fg/mL and

above.

. cqs . . . . . 21,22
Lipophilic derivatives of adriamycin were used by Vitols et al for
reconstition in LDL. In cultured human fibroblasts, accumulation of

(N_(N—retinoyl)—L—leucyl doxorubicin—l4—linoleate)—LDL21 was measured
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and found to be equivalent to the theoretical uptake implied by the
observed rates of LDL assimilation and degradation. As in the afore-
mentioned studies, FH fibroblasts showed little or no uptake of the
drug-LDL complex. Drug-LDL complexes whose receptor-binding ability
had been aﬁolished by methylation were nét assimilated by the cells.
The drug-LDL complex was found to inhibit growth of normal fibroblasts.
In human white blood cells from normal and acute myelocytic leukemia
patients, the u?take of AD~-32—LDL22 was many times higher than the
amount which could have been assimilated by the receptor pathway alone.
Therefore, in this system, the authors concluded that non-specific
mechanisms were responsible for the accumulation of a large proporticn
of the drug. This was analgous to the results of Remsem and
Shireman157 who observed that the carcinogen benzo(a)pyrene, when
carried within LDL, was able to enter cultured fibroblasts in significs
ant amounts even in the absence of LDL receptors, apparently via a
rapid distribution of the compound between lipoprotein and cell
membrane. .

Daunomycin was incorporated into LDL by Iwanik et al23 using a simple
incubation procedure. After fluorescence quenching with DNA and KI,
they concluded that the daunomycin had partitioned into two domains of
the LDL particle viz. the core and the surface. An interesting finding
was that the complex was toxic to both daunomycin-sensitive and
daunomycin-resistant P388 leukemic cell sublines. In both cases

more drug entered the cells when daunomycin-LDL was administered than
when free daunomycin was used. Subfractionation of subcellular
organelles showed the drug to be located mostly (86%) in insoluble
nuclear material when native daunomycin was used. After exposure to
the drug-LDL complex, some of the drug was found in the plasma membrane
and nuclear membrane fractions, but the majority (65%) was in the

mitochondrial-microsomal-~lysosomal membrane fraction and insoluble

.
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nuclear pellet. The daunomycin distribution in organelles correlated
well with the distribufion of 125I—labelled native- and daunomycin~LDL.
In subsequent worklss, the same group showed the LDL-drug complex to
be more cytotoxic than the native drug at shorter exposure times.
Uptake of daunomycin-LDL was subject to competition from LDL but not
HDL. On analysis of the DNA content of treated cells it was apparent
that cells exposed to daunomycin-LDL had accumulated in the GZ—M phase
of the cell cycle, whereas those given daunomycin were evenly
distributed in each phase, thus illustrating the enhanced cytotoxic
effects of the daunomycin-LDL delivery system.

Halbert et all7 linked methotrexate (MTX) covalently to the apo B moiety
of LDL. The complex was thirty times less active against murine
leukemia in vitro than native drug. It is likely that the drug
binding to apo B caused distortion of the protein molecule, so
preventing its recognition by the LDL receptor, although it has been
reported159 that other covalent methotrexate-macromolecule complexes
are less active than MTIX when tested under similér conditions.

Anofher possible explanation for this decreased cytotoxicity is that
methotrexate is not being efficiently hydrolysed from LDL and
insufficient concentrations of free MTX are being released inside the

cell.

1.4.12 LDL AS A CYTOTOXIC DRUG VEHICLE 'IN VIVO

From the results of the many cell experiments with drug-LDL complexes,
it is apparent that LDL has potential as a drug vehicle. It carries
drug in appreciable quantities primarily to cells which express
specific LDL receptors. On binding to the receptors, the drug, inside
LDL, is internalised by endocytosis and transferred to the lysoscmes.
Here the complex is degraded releasing the drug, freekto apply its

cytotoxic action within the cell. LDL is an endogenous particle and as

.
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a carrier, it is not susceptible to the possible resistance mechanisms
and allergic responses that some other macromolecular drug vehicles
evoke.
For LDL to act as a drug-vehicle in vivo it is.crucial that:
1) the structure of the particle is not
changed in such a way that it is
rendered "foreign';
2) the conformation of apo B is
maintained to allow efficient
binding to LDL receptors.

15,18,19,21,22,157 used LDL which had been

freeze—-dried and reconstituted with drug by Kreiger's methodleo. This

Some of the above studies

procedure was originaily developed for replacing cholesteryl esters

in the core of LDL with their labelled counterpartsl56. The particles
produced act like native LDL in vitro but, when injected in vivo, they
are recognised as foreign and cleared rapidly from the circulation by
cells of the R.E. system.

Masquelier et al161 found that when AD-32-LDL was injected into mice,
98% of the complex was removed from the plasma within 90 minutes. By
comparison only 40% of injected native LDL was removed. High relative
uptakes of AD-32-LDL were found in liver, kidneys and spleen, indicating
that removal of the complex was mediated largely by the R.E. system. In.
an effort to reduce the rate of ‘clearance of the complex, the method of
drug incorporation was modified. Lyophilisation of LDL with 25%
sucrose instead of starch, followed by reconstitution with AD-32 as
before, produced a particle which acted like native LDL in vivo. The
possibility of using a complex in which AD-32 was covalently linked to
lysine residues on apo B was examined. As reported by Mahley82,
modification of mcre than 15% of the lysine residues greatly inhibits

apo B-receptor interaction. Consequently, degradation of the drug-LDL



50

particle decreased with increasing conjugation of drug to protein.

The authors concluded that drug could be incorporated into LDL,
producing particles which acted like LDL in vivo.

The use of LDL as a drug vehicle is, of course, not without its draw-
Backs. Drug-LDL has the potential to harm any of the cells in the
body, since they all utilise LDL to some extent. Organs which, under
normal circumstances, use large quantities of LDL, namely adrenal glands
énd liver, are likely to suffer along with tumour during chemotherapy,
unless steps are taken to protect them. Drug toxicity will be
limited by the rate of the receptor mechanism and it is therefore
possible that the receptor pathway could become saturated before toxic
drug levels are reached within the target cells. Drug uptake via

LDL would also be subject to dietary influence, since cellular drug
accumulation would obviously be lowered when receptor expression had
been downregulated in response to dietary intake of cholesterol, and
vice versa. Another potential drawback is the current lack of
techniques for making synthetic LDL which acts like the endogenous
particle in vivo. Preparation of native human LDL requires fresh,
unfrozen plasma, which would ideally come from the patient who is to
receive chemotherapy. However, this may not always be practical,
aﬁd unless a substantial proportion of the 1500 cholesteryl esters in
each LDL particle is replaced by drug, the quantity of LDL required to
administer a therapeutic drug dose may be too large in terms of both
'the volume of plasma required and the induced rise in the level of

plasma cholesterol following re-injection of the drug-laden LDL.
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1.5 CHLORAMBUCIL, ADRIAMYCIN AND DAUNCMYCIN

Three drugs, namely chlorambucil, daunomycin and adriamycin - (fig.1l1),
were incorporated into LDL in the course of this project and the
following section outlines the modes of action, toxicity and pharmaco-

‘kinetics of each of them.

1.5.1. CHLORAMBUCIL

:Sulphur mustard poisoning in World War I was observed to cause: a
combination of gastrointestinal tract ulceration, lymphoid tissue
dissolution and bone marrow aplasia. The toxic effects of nitrogen
analogues of sulphur mustard on lymphoid tissue were studied by Goodman,
Gilman and Dougherty in 1942 and their observations on transplanted
lymphosarcoma in mice162 prompted them to undertake clinical trials

with the nitrogen mustards, the first of the antineoplastic
chemotherapeutic agents. Since then many nitrogen mustard derivatives
have been synthesised, although few have had any more cytotoxic

activity than the original compound.

All nitrogen mustards are considered chemically unstable. However,
modification of the side chain increases the stability of some analogues.
For example, chlorambucil (fig.ll), the phenylbutyric acid derivative of
mechlorethamine (fig.ll), is stable enough to be prepared in tablet

form and administered orally, while cyclophosphamide (fig.ll), is

stable and inactive prior to activation by the cytochrome P450 system

in the liver130’163. In contrast, mechlorethamine is so hygroscopic
that it is prepared as dry crystals and reconstituted with water only,

immediately prior to injection.

1.5.2. CHEMICAL ACTION OF CHLORAMBUCIL

The nitrogen mustards act by virtue of their ability to form carbonium

ions which subsequently participate in electrophilic attack on



‘souttoAoeayjue pue sjusBe FurleIAMIEB 2WOS JO S2Jn3oNJls TBITWIY) T 2and14g

HAIWVHdSOHJOTOAD

T
~ NAt
N—d&0 oH .
—tHo—Hd” /m.llfu\
NIDAWYIHAV*HO = ¥
NIDAHONOYG ‘H = Y . ANIWYHIAYOTHOIW
1D—FHI—THD .
VZ- °HD
D— HI—"HD
TIONWVHOTHD

t T S
p—tHo—"HD
: Vzl@lwnfful.?)luo\wx
—U\InIu uIU / .

SUNITOADVYHHINY SINIDV ONILVIANIV



52

s - . 164 , . . . cie oo 4 .
bioclogical molecules (fig.12). They readily form covalent bonds

with amino, sulphydryl, hydroxy, carﬁoxy and imidazole groups. Many
cell sites are susceptible to this method of alkylation, including
DNA, RNA and enzymes. Therefore, cell function and viability may be
greatly affected by nifrogen mustards. The alkylation of DNA,
however, is thought to be the main mechanism of the cytotoxic action
of these agents. By altering DNA, alkylating agents disrupt basic
cellular process. Théy interfere with mitosis and cell division in
rapidly proliferating tissues.

Nitrogen mustards exert their effects on cells at all stages of the
cell cycle but toxicity is usually expressed in the S-phase wi%h
blockage at the G2 (pre-mitotic) phase165. However, synchronised
cells in culture are generally more sensitive in late G, or S-phases
than G

mitosis or early G This is possibly because polynucleotides

2’ 1°
are more susceptible to alkylation in the unpaired state, during DNA
replication (S-phase), than in the -< -helical conformation. Cells
accumulated in the G2‘phase continue to synthesise cellular materials,
without dividing. Lethal toxicity may be the result of damage to many
cellular sites, for example, glycolysis, respiration, protein synthesis
and nucleic acid synthesis are all processes which may be affected.
Non-proliferating cells may later differentiate, without further
mitosisg, to adult cells. Slowly proliferating cells are more likely
to recover from alkylation since the effects of alkylated DNA may not
be of great importancé prior to mitosis. Slowly dividing cells there-
fore have a much longer time in which to attempt DNA repair and so
overcome the effects of the alkylating agents.

Interaction of bifunctional agents like chlorambucil with DNA tends to
have toxic effects, whereas monofunctional agents cause only mutations

. . 4 . )
or carc1nogene51516 . Bifunctional molecules have the ability to

cross-~link two DNA chains. This is potentially more harmful than
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mono—alkylation, where the modified DNA may be compatible with the
continued life of the cell and may be successfully passed to the next
generation. DNA repair may recover the monoalkylated DNA, whereas
highly cross-linked DNA is much more difficult to free from the damag-
ing alkyl groups. High-dose chemotherapy circumvents the DNA repair
system to some extent by causing formation of extensively cross-linked
DNA, whereas DNA damage during low--dose therapy may be easily
corrected.

Due to their properties of lipophilicity, acid dissociation, aﬁd
stability in aqueous solutions, alkylating agents are able to cross
cell membranes. This is crucial to their activity, as are the two
(2~chloroethyl) groups. Several different groups have been used as
the third substituent on the nitrogen in an attempt to increase drug
selectivity and decrease overall toxicity, with varying degrees of
successl64. A degree of specificity may be obtained because of the
inherent difference in proliferation rates between normal and neo-
plastic tissues. Since normal tissues proliferate more slowly, the
effects of alkylating agents are not immediately apparent and these

cells may repair their DNA successfully before division occurs.

1.5.3. CHLORAMBUCIL - THERAPEUTIC USES AND TOXICITY

Chlorambucil is commonly used in the treatment of leukemia, Hodgkin's
Disease and malignant lymphomas. Administration of the drug is
usually oral, in doses of 0.1-0.2 mg/Kg daily. Absorption from the
gastrointestinal tract is variable but is generally complete within

2 hours. There is little information on the metabolism, distribution
and elimination of chlorambucil. Toxic effects of chlorambucil are
most apparent in bone marrow, gastro-intestinal tract, skin and

occasionally in the liver166.
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1.5.4. RESISTANCE TO ALKYLATING AGENTS

There is little information available on the possible mechanisms of
resistance to alkylating agents but it has been widely observed that
acquired resistance to one alkylating agent confers cross-resistance
to all other5137. The acquisi£ion of resistance has generally been
observed to be slow, and is thought to be a result of several mutations,
not just a single one.as is the case with antimetabolites. In
resistant cells, there is a decfease in the permeability of the cell
membrane to the drug. Production of nucleophiles is increased to
compete with DNA for alkylation.e.g. administration of cysteine137
reduces the antineoplastic efficacy of alkylating agehts and several
resistant animal tumour cells have increased free thiol concentrations
as compared to sensitive cells. It is likely too that

resistance is potentiated by an increase in the activity of the DNA

repair system.

1.5.5. PHARMACOKINETICS OF CHLORAMBUCIL

Alberts et al167 observed in man that chlorambucil was rapidly absorbed
from the gastrointestinal tract and cleared from plasma with a terminal
phase half-life of 92 minutes. On administration of chlorambucil at
0.6 mg/Kg, the peak drug concentration was found to be 1.1 Pm/mL
plasma. The major metabolite of chlorambucil, phenylacetic acid mustard,
was seen in plasma within fifteen minutes of drug administration.

168

Comparison of gastrointestinal and IV routes of administration of

chlorambucil showed peak plasma concentrations to be higher after IV

injection. Peak plasma concentrations were observed 40-70 minutes
after gastrointestinal administration. Thereafter, decay curves for
the drug were identical in both cases. Two metabo