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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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difficult to kill with standard Therefore, parti is the small
but growing body of evidence that tumor cells that are either exceptionally metastatic
[Schroeder et al., 1984; Cambien et al., 1980], aggressive [Muller et al., 1989; Rudling et
al., 1986; Peterson et al., 1985], or undifferentiated [Zyada et al., 1990; Ponec et al., 1985;
1984] are also exceptionally high in their LDL requirements. If this is borne out in future
studies, LDL based therapy will be even more valuable than it presently appears.

Some tumors, however, do not internalize great amounts of LDL, e.g., AML [Vitols
et al., 1984], chronic lymphocytic leukemia [CLL] [Juliusson and Vitols, 1988], several
colon adenocarcinomas [Fabricant and Broitonan, 1990], Lewis rat renal carcinoma
[Clayman et al., 1986], cervical cancer EC-168 [Gal et al., 1982], epithelioid carcinoma A-
431 [Anderson ef al., 1981], and guinea pig leukemic lymphocytes [Saint-Marie et al., 1986).

The latter three have ample LDL receptors, but internalization is deficient Thus, it is

important to show not only binding but also i ization of LDL before ing that
a given cell type is ripe for LDL targeting.

It is noteworthy to mention that some noncancerous pathogens have also been found
to have high LDL requirements and therefore are candidates for LDL based therapy [Bakker,
1995; Coppens et al., 1993, 1992, 1988; Bennet and Caulfield, 1991; Chaudhuri, 1989
Peterson and Alderete, 1984]. This non-neoplastic potential of LDL therapy will not be

discussed here.



Cholesterol

A) Normal B) Bile Acid
Supplemented

Figure 1.6. Rationale for the use of 2 bile acid supplements in the downregulation

of LDL receptor uptake in liver. [After Brown and Goldstein, 1986].
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1.5.3. Up- and downregulation of LDL receptors in cancer patients
It is not possible to obtain an absolute tumor specificity since normal cells also
express LDL receptors. The organs most likely to suffer from the cytotoxic effects of LDL-
drug conjugates are those with a high LDL uptake, such as the liver because of its size and
LDL receptor content, and the adrenals whose uptake per gram is particularly high The
protection of the liver and adrenals is nevertheless desirable. The extent of liver toxicity is
hard to predict since many drugs are degraded to less toxic metabolites in the liver. Although
a LDL-drug conjugate may accumulate to large amounts in the liver, it is possible that the

organ may metabolize and excrete the drug without suffering heavy damage [Vitols, 1991].

As indicated by animal studies, it may be possible to circumvent adrenal and liver
toxicity by pretreatment with steroids [Hynds et al., 1984] and bile acids [Dolecek et al.,
1996; Angelin et al., 1983] [Figure 1.5]. Down regulation in the uptake of LDL by liver can
be achieved by feeding saturated fats [Spady and Dietschy, 1985], cholesterol with
hydrogenated coconut oil [Spady and Dietschy, 19851, and fasting [Shimano ef al., 1988],

‘which is said to downregulate LDL receptors on healthy but not tumor cells [de Smidt and

Van Berkel, 1990] [Figures 1.5 and 1.6]. Two new ies were by
[1994]. The first strategy would be delivering cholesterol as acetylated LDL [AcLDL],
methylated LDL [MeLDL], or oxidized LDL [OxLDL] to the liver through the scavenger
receptor pathway. Cholesterol liberated from this pathway enters the metabolically active

pool [Fox and Dicorleto, 1986] and thus presumably functions normally in downregulating
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LDL receptor expression. Therefore, the liver which is rich in scavenger [Pitas er al., 1985]
and normal LDL receptors, might be down-regulated by cholesterol loaded AcLDL, MeLDL,

or OxLDL which would not LDL receptor ion on tumor cells

[Firestone, 1994]. Sinusoidal epithelial cells of the spleen, bone marrow, and ovaries also
take up AcLDL [Pitas er al., 1985] and might be down-regulated at the same time. The
second strategy is related to using angiotensin Il Angiotensin II increases the uptake and
receptor number of LDL in the adrenal gland [Leitersdorf er al, 1985]. Therefore,

enzyme inhibi (ACEI), which prevent angiotensin II formation,

might then reduce LDL uptake by the adrenals.

Increasing the activity of LDL-mediated endocytosis in tumor cells would also be
beneficial, provided normal cells were not concomitantly upregulated. LDL receptor activity
is indeed stimulated in normal cells by 3-hydroxy-3-methylglutaryl Co-A [HMG CoAl-
reductase inhibitors [Shaw ef al,. 1990; Bilheimer et al., 1983; Kovanen e al., 1981], or bile
acid sequestrants [Reihner ef al., 1990; Bilheimer ef al., 1983; Kovanen er al., 1981],
verapamil [Filipavic et al., 1986], cachectin, and some growth factors [Horada et al., 1990],
tissue growth factor [TGF]-8 [Nicholson and Hajjar, 1992], tissue necrosis factor [«-TNF],
and IL-1 [Hamanaka, 1992]. Compactin is reported to upregulate LDL receptors on Hep-G2
cells with little effect on normal human fibroblasts [Cohen ef al., 1984]. Oncostatin M
potently upregulates LDL uptake by Hep G2 cells, more than normal cells [Grove ef al.,
1991]. It is difficult to verify without clinical studies whether upregulation of tumor LDL

receptor activity by the above methods would or would not be therapeutically beneficial.
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1.6. Evaluation of LDL as drug carriers
Effective anticancer therapy requires a tumor specific carrier. LDL was proposed as

a targeting vehicle in 1981-82 [Counsell and Pohland, 1982; Gal et al., 1981] and has been

reviewed several times since then [Van Berkel, 1993; Vitols, 1991; Peterson et al., 1991; de

Smidt and Van Berkel, 1990; Catapano, 1987]. The advantages of using LDL particles as

drug carriers are:

L they are endogenous and can avoid such typical carrier problems as immunological
reaction and rapid plasma clearance due to uptake by RES; they have relatively a long
half life in plasma and tissue fluids [in human t, is 2-4 days];

2. their intracellular uptake [>70%] via receptor mediated endocytosis enables the
release of the incorporated drug in specific tissues;

3 the lipoprotein particle is totally biodegradable;

4. their small particle size allows penetration from the vascular to the extravascular

compartment; and

5. they provide a bi ible vehicle for lipophilic drugs, which is of special
importance if the drug is prone to decomposition.

Although the LDL favorable i ing loading factors,

immunogenicity, toxicity, and applicability to disease processes, there are certain

d in using Ii ins or LDL as drug carriers, for example,

1. their complex naturc and

2. their potential to produce cytotoxicity to normal cells through defective targeting.
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1.6.1. LDL particles as carriers of cytotoxic agents
The potential of LDL as carriers for cytotoxic agents compared to other available

cari tly in pment will be in this section. Growing interest in the

use of drug delivery in cancer chemotherapy has been in part due to the limited progress in
the successful development of effective new drug entities, but is also due to the realization
that new approaches must be adopted if we are to achieve an improvement in therapeutic
activity [Connors, 1989]. As pointed out earlier many different systems have been explored
: low molecular weight prodrugs [Walker er al., 1989], macromolecular carriers,
immunoconjugates [Baldwin ef al., 1990], natural [Sezaki e al., 1989] and synthetic
polymers [Krinick et al., 1991], vesicular or particulate systems, liposomes, [Rahman ef al.,
1980], nanoparticles [Couvier ef al. 1990], microparticles for regional therapy [Kerr and
Keye, 1991], polymeric implants [Word ez al., 1989], and use of devices such as infusion
pumps [Blackshear, 1989].

Several of these technologies have been tested clinically [infusion pumps are in

routine use], but it is certainly true that many [i ing i ji and lij

have, as yet, failed to realize their promise clinically. Liposomes are attractive drug carriers

because they are easy to load with drugs of different
have another attractive property since they specifically interact with the antigen. Ideally one
should try to combine the attractive features of these two carrier systems. At least some of

the problems d with 1ij and antibodies as drug carriers could be avoided

using LDL as a natural liposome that is taken up into cells by a specific receptor-mediated



phospllolipkl

Figure 1.7.

Sites of incorporation of drugs and other active [and inactive] moieties

onto or into LDLs: [1] surface attachment; [2] penetration into the PL-

1 yer; [3] ilization at the CE: interface; or
[4] solubilization in the lipid interior of the particle. [After Florence and
Halbert, 1991].
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Since several malij cell types express more LDL receptors than normal
cells, selective uptake and cytotoxicity is possible as discussed earlier. In fact, one human
trial of LDL-vincristine conjugates in Europe warrants further investigation of this approach

in cancer chemotherapy [Breeze ef al., 1994; Filipowska et al., 1992].

1.6.2. Sources of LDL for large scale use as targeted carriers in cancer chemotherapy

An advantage associated with LDL mediated cancer chemotherapy is the easy
availability of lipoproteins clinically in addition to commercial source[s]. There are mainly
two sources of human LDLs, [a] LDL isolated directly from the patient [Yamamoto et al.,
1992; Franceschini ef al., 1991, Schultis et al., 1990; Behm et al., 1989; Saal et al., 1986;
Parker et al., 1986; Wieland and Seidel, 1983; Goldstein and Brown, 1977] and [b] LDL
isolated from plasma of other individuals [Edelstein and Scanu, 1986; Schumaker and
Puppione, 1986]. The use of plasmapheresis for the isolation of LDL and the preparation of
LDL-drug conjugates from the patients’ own LDL has also been proposed [Lundberg and

Suominen, 1984].

L7 ion of bie i active into L

The nature of cytotoxic ds iation with li ins is a complex

This topic is the main focus of this section. There are at least four potential sites for

covalent i ions [Figure 1.7], which have analogs in the sites of

uptake into or onto lipoprotein system([s]:
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s [N Adsorption onto the surface either to the protein moiety or to PL head groups.
2. Incorporation into the PL. monolayer.
<12 Incorporation into the interface between the lipid core and the PL monolayer.
4. Incorporation into the lipid core.

Adsorption may be mediated by ic or ic i i The

principle hydrophobic interaction will be with the apoprotein, whereas electrostatic
interactions may occur between the PL charged groups and oppositely charged solutes [Chen
et al., 1987; Davis and Illum, 1986; Willmott ef al., 1985] as the result of partitioning
between the largely aqueous external phase and the particle, the ultimate destination [i.c.,
depth of penetration] of the solute will be determined by its polarity. Amphiphilic solutes
are likely to be sited in the PL monolayer or in the lipid interior, provided they are miscible
with the CE-TAG core. Lipophilic molecules will partition into the lipid core, while
lipophilic, polar molecules will straddle the core and the PL region.

The surface of drug has certain dit in the case of

LDL, the LDL particles generally show a greater tendency to aggregate, possibly because of

the loss of sur harge. Any ionic drug izes the surface charge if bonded
with apo B protein. The most serious problem is the potential interference with the receptor

specificity of the system if drugs are bound to the apoprotein [Mahley et al., 1977].

1.7.1. Effect of drug location in LDL

The apolar core of the lipoprotein provides an ideal domain for highly lipophilic



28
drugs. Drugs that are stored in the core of a lipoprotein carrier are protected from the
environment during transport. This will prolong their plasma half life and stability if the
drug is readily degraded in plasma. Furthermore, a drug that is located inside the lipid
moiety of a lipoprotein carrier will not disturb the recognition: of the apoprotein present on

the surface of the particle.

Drugs, for example, amphiphili may not bee i into the apolar
core, but into the more amphiphilic PL shell. In this case, the compound is not shielded from

the environment during transport and it may also affect the spexcific uptake of the carrier by

the receptor dependent pathway.
1.72. igning of drugs to i into LDL parti
An imp: of the i ilicity of 2 drug i the ibility of

its ability to penetrate membranes and reach its site of action. This can be done by choosing
‘molecules with high octanol/water partition coefficients [P] or #hose molecules with distinct

liophilic and

philic regions [i.e. amphipathic]. Some highly lipophilic drugs [e.g.,

ins i i ine, and estradiol] i

spontaneously into lipoproteins [Yoo ez al., 1986; Iwanik et al.. 1984; Yanovich et al., 1984;

Ramsen and Shireman, 1981]. However, most of the drugs tkat are currently used for the

treatment of diseases are too philic for i i For i

these drugs have to be rendered more lipophilic by the coupling of lipophilic groups. A

‘water soluble drug can be rendered amphipathic by covalent Einkage via acyl ester, amide,
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or ester to bi i lipophilic i groups such as fatty acid,

cholesterol, diacylglyceride (DAG), or PL.

Several studies suggest that if a compound is provided with certain groups that render
it compatible with LDL's PL coat or lipophilic core, this will facilitate more drug
incorporation in LDL. Oleyl, retinyl, and cholesteryl were proposed as suitable groups for
this purpose [Marsh, 1974]. However, this suggestion was proven null and void as

compounds with these groups did not show higher incorporation efficiency. Later, Shaw et

al, [1989] avariety of with dissimilar that had lipophilic

Any lipophilic drug is i suitable to load into LDL and there is no strict

structural requirement considered to optimize drug loading efficiency [Barel et al., 1986;
Candide ef al., 1986; Reyfitmann et al., 1984; Counsell ef al., 1982].

To deliver a drug that will be pharmacologically active by the LDL mediated

pathway, the following conditions have to be met.

[1]  The drug needs to possess a high affinity for the lipid moiety of the
lipoprotein carrier, either of its own, or after the attachment of hydrophobic
residues.

21 The [derivatized] drug should remain firmly associated with the carrier
during transport in the circulation.

31 If present, the hydrophobic anchor attached to the drug needs to be removed
in the lysosomes.

[4]  The parent drug should be released from the LDL carrier in the lysosomes but
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should not be deactivated.
It is equally important that the released drug is able to pass the lysosomal membrane
and become available in the cytoplasm. Also, the MW of drugs should not be too high, since

lysosomal membrane permeability may then become a problem..

1.7.3. Limitations in loading drugs into LDL particles

1.7.3.1. Restoration of apo B protein integrity: When using synthetic or semisynthetic
colloidal drug carriers, modifications can be made to the system to optimize carrying
capacity, biodegradability, and perhaps targeting potential It is unlikely that such
approaches can be made with LDL particles, since the equilibrium state of the particle will
be perturbed.

In the native particle the apo B is so arranged that approximately half of the molecule

is exposed to the aqueous environment and the remainder resides in the lipid coat. Any

to this "coat", parti through interaction with amphipathi might
well alter the conformation and the binding capacity of the apoprotein to the LDL receptor.
The effects of additives such as drug molecules on the function of the particle is to some
extent dependent on changes in the relationship between the apoprotein and the particle, and

they may be vital to the success of targeting.
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1.7.3.2. Partitioning of drugs both into core and surface monolayer: The lipoproteins
in solution represent a discrete colloidal lipid phase possibly in the form of a microemulsion
Lipid soluble materials should readily partition into the core of the lipoprotein particle.
Indeed, it appears that a range of lipid-soluble materials has this ability to partition into
lipoprotein particles; simple partitioning does not seem to have been utilized to any great
extent to transfer drugs into lipoproteins except for LDL. Daunomycin (DNM) has been
bound to LDL through the incubation of LDL with glass beads coated with the drug [Twanik
etal., 1984). The drug was found to be present both in the internal core of the particle and
on the surface [Iwanik er al., 1984]. Studies of the selectivity of anthracyclines for
negatively charged PL membranes [Burke ef al., 1988] were consistent with a mode of

binding is ing both ic and ic i i in with the

findings of Henry et al., [1985]. The electrostatic interactions involve the amino group of
the sugar moiety and the ionized phosphate groups of the PL, hydrophobic interactions with

the ine ring and the interior of the bilayer.

Molecules that are taken up into the monolayer also have the possibility of altering
the distribution of the particle by [a] altering the surface charge or [b] adding new receptors
to the surface. This technique has been used for the synthesis of Tris-Gal-Chol, which

interacts with galactose receptors [Kempen ef al., 1984]. In the lipoprotein pathway, it is

known that exchange of surface consti ins and PL] takes place among
lipoprotein species [Tall and Small, 1980} Material may move from the original lipoprotein

in which it was incorporated to another. Additionally, the apoprotein in the surface layer



may be affected by inthe ition, which would alter
the physi i ies of this layer 1979] and might diminish any
targeting specificity that the li i

1.8. Incorporation methods

One of the fundamental problems in utilizing LDL-mediated targeting is the
development of a satisfactory drug incorporation method. Generally, the drug incorporation
method into LDL must meet two basic requirements:

m jon of a stable, ing LDL-drug conjugate and

[2]  retain the natural integrity of the apo B protein.

The second i restricts the i iti [pH, diel

constants, temperature, use of metal ions, exposure to air, vortexing, etc.] [Fong. ef al.,
1985]. Even small changes in parameters such as pH and dielectric constants may alter the

three dimensional structure of apo B in such a way that LDL will lose its receptor recognition

Four main methods for the i ion of drugs into LDL can be distinguished.

1.8.1. Reconstitution methods

The delipidation group of

methods involves a more rigorous handling
of the lipoprotein. LDL can be freeze dried in a starch [Schouten ef al., 1988, Glass e al.,
1985; Soltys er al., 1982] or sucrose [Forester ef al., 1983] "frame" and subsequently

extracted with organic solvents, followed by reconstitution with the drug [Lundberg, 1987].
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Other delipidation methods utili [Rifici et al., 1984] or enzymes [Fidge. et al,,
1985] to prepare soluble apo B-PL conjugates that can be reconstituted with the particular
drug [Masquelier et al., 1986; Krieger et al., 1979]. The delipidation methods are not very
efficient and LDL particles with only limited amounts of incorporated drug result. Recovery
of apo B was usually less than 40% and the reconstituted LDL-drug conjugates were larger
than native LDL and passed through 0.8 pm filters but not 0.45 pm filters [Shaw ez al.,

1987]. Moreover, the method is very tedious and the physiological behavior of the

reconstituted LDL needs to be moni ively, because modification can oceur easily.
L8.LL Solvent extraction: This method was first reported by Krieger et al. [1978].
The includes ilization and heptane ion of LDL, mixing the resulting

apo B PL preparation with drug and extracted LDL neutral lipids, and finally solubilization
of reconstituted LDL-drug conjugates by addition of buffer followed by purification by
centrifugation and filtration. The conjugate remained stable during dialysis, density gradient
centrifugation, and gel filtration. The reconstituted LDL retained its 8-mobility on agarose
gel electrophoresis and its ability to be precipitated by both an antibody to native LDL and

by heparin manganese. The Krieger method has been used to incorporate a variety of

into the fLDL, including dioleyl methotrexate [Krieger et al.,
1979], 25-hydroxy-cholesteryl oleate [Krieger ef al., 1978], cholesteryl nitrogen mustard
[phenesterine] [Firestone et al., 1984], and pyrene coupled to a derivative of cholesteryl

oleate [Mosley et al., 1981].
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A major limitation of this method is that the LDL-drug conjugate was more rapidly
removed from plasma after IV injection than native LDL [Masquilier er al., 1986). This was
overcome by using sucrose instead of starch and a plasma disappearance rate equal to that
of native LDL was obtained [Masquilier et al., 1986]. However, the amount of AD32
incorporated in LDL was lower with this modified Krieger method [100 molecules/LDL
particle] than with the original one [400 molecules/LDL particle]. The recovery of drug in

the final preparation in this modified method was low [Shaw e al., 1987; Lundberg, 1987].

1.8.1.2. y:d ilizati D [e.g., sodium deoxycholate] can be
used for the delipidation and solubilization of the water insoluble apo B from LDL [Atkinson
and Small, 1986]. The apo B-detergent conjugate was then isolated by gel filtration and used
for reassembly of LDL with a neutral lipid [or drug] microemulsion. Such a method has
been applied to the incorporation of cholesteryl oleate [Lundberg and Suminen, 1984] and
a cytotoxic steroid mustard carbamate [Lundberg, 1987] into the core of the reconstituted
LDL particle. Detergent solubilization methods are rather tedious for routine LDL-drug
conjugation. The conjugates prepared by this method are less than satisfactory since upon
aging at 4°C the turbidity of the preparations slowly increased. Complete detergent removal
was not successful. The method was not considered useful since the stability of the LDL-
drug conjugates was poor and the removal of detergent was not complete. However, by these
procedures an optically clear preparation of reassembled LDL was obtained, which was

stable as determined by density gradient ultracentrifugation and gel filtration. The LDL
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particles had a mean diameter of 22 nm and exhibited B-migration during agarose

In vivo, a consi portion of a reconstituted LDL preparation was
cleared rapidly from the plasma [in mice], indicating uptake by the RES [De Smidt and Van

Berkel, 1990].

1.8.1.3. ic digesti ic delipidation of LDL [Lundberg, 1987] was

proposed as a more gentle method. The CE core was hydrolyzed with sterol ester hydrolase
[EC 3.1.1.13] in the presence of egg yolk phosphotidylcholine [EYPC] vesicles and albumin
in order to bind the reaction products, free cholesterol and free fatty acid. In vitro results
were encouraging in terms of stability and cytotoxicity. However, no in vivo studies have

been performed.

1.8.2. Transfer/Contact methods

The essential step in the contact method is physicochemical transfer of drug
molecules from a solid surface into LDL particles [e.g., the wall of a glass tube, glass beads
or small siliceous earth crystals such as Celite 545] [Seki et al., 1985). The procedures
involve evaporation to dryness of the drug in organic solvent as a thin film on the support

and then i ion with a L i ion in the presence of the necessary

preservatives such as antioxidants, antimicrobial agents, dark room, and inert gas. After
completed incubation [usually at 37°C] the lipoprotein-drug conjugate can be purified by

Sephadex G-120-15 column chromatography [Iwanik ez al., 1984] or by centrifugation [3000
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pm for 10 min] if Celite 545 is employed [Seki ef al., 1985]. For sterilization and removal
of aggregated complexes a 0.20 pum filter can be used.

This method is increasingly used to incorporate drugs [Shaw et al., 1987; Seki et al.,
1985]. The successful partitioning of a number of different structured drugs into LDL or

modified LDL has been reported [Shaw ef al., 1987]. They include hexadecylmethotrexate

[55 1! DL], AD 32 [100 DL], i i i

[140 LDL], arabi ine-5-[r
[90 molecules /LDL], and DNM [6 molecules/LDL]. However, contact methods apparently
can only be used for drugs that exhibit the right physicochemical characteristics for
partitioning into the LDL.

This method is technically simple and rapid. The native integrity of the LDL
molecules and stability of the drug is restored. The biological behavior of the conjugates
seem to be acceptable both in vitro [Twanik et al., 1984] and in vivo [Seki e al., 1985]. The
dry film method meets the requirements for simplicity and rapidity that must be placed on

any practically useful method.

1.8.3. Miscellaneous transfer

Hynds et al. [1985] performed a simple exchange between LDL and a drug-lipid
‘microemulsion. Up to 30 % of the chlorambucil used was recovered in LDL by this method.
‘When the inhibition of protein synthesis was tested on human glioma cells in culture, the

conjugate was found to be more effective than il jtself. A similar technique was




37

used to incorporate 9-methoxy-ellipticin into LDL [Via et al., 1982]. The drug was

into a dis 1y i choline, yl oleate
microemulsion, and the latter fused with human LDL. The LDL-drug conjugate was more

effective than the free drug to kill L1210 and P388 leukemic cells in vitro.

1.8.4. Direct/Aqueous addition

This is the simplest of the i ion methods. Conjugation of drug and

lipoprotein was accomplished simply by addition of an aqueous solution of the drug to the
lipoprotein preparation, followed by isolation of the conjugate by dialysis, gel filtration and

ultrafiltration. Such measures gave i ion of 15-450 of i in A

per LDL particle [Rudling et al., 1983], 3-5 Dox per high density lipoprotein [HDL] [Shaw
et al. 1987], and approximately 130 photofrin I per LDL [Candide ef al., 1986]. This
method can only be used on a limited extent number of drugs since a delicate balance
between lipophilicity and water solubility is required. Unfortunately, the rapid and easy
incorporation of drugs into the lipoprotein is usually accompanied by a high rate of leakage
of the drug from the carrier [Rudling, er al. 1983]. In addition, drugs conjugated with
lipoprotein by aqueous addition will undergo a fast transfer to other lipoproteins and cells

[Van Berkel. 1990]

1.8.5. Facilitated transfer

This is a relatively ited method. The exchange of strongly lij ilic lipids,
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like TAG and CEs, from lipoproteins to cultured cells in plasma free medium is extremely
slow [Ekman and Lundberg, 1987]. However, the addition of transfer mediators like
solvents [Fielding and Feilding, 1991; Fielding ez al., 1979] or lipid transfer proteins [Tall,
1986] can appreciably increase the transfer rate. A corresponding approach may be
applicable also to lipophilic drugs and LDL particles.

Dimethylsulfoxide [DMSO], has been used for the incorporation of labeled CEs into
lipoproteins and has also been tested for incorporation of AD 32 into LDL, but with inferior
results compared to that obtained by the modified Krieger method. Use of the cholesteryl
ester transfer protein [CETP] present in plasma [Tall, 1986, Blomhoff er al., 1984] has been

| in ing two drug dioleoyl idine and dioleoyl

methotrexate, from dry film into LDL particles in one study [De Smidt and Van Berkel,

1990b]. However. the method has been used to label acetylated LDL with [“C]

cholesteryloleate 49 and to i [H] yl ether into LDL

[Bijsterbosch and Van Berkel, 1990]. The method has proven to be successful for

like yloleate. Far less i has been gained with the
incorporation of foreign molecules like drugs. The structural requirements of various
compounds to serve as a substrate for the transfer proteins have to be defined more explicitly

in order to comment on the potential wider application of this method.
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1.9. Statement of reserach problems
Anticancer drugs could, more discriminatingly, be delivered to neoplastic tissues by
means of LDLs. However, two major obstacles to this strategy have been identified. The

first i ion is the low i of drug loading into the core of LDL particles without

disrupting its innate integrity; and the second is the possible exchange or transfer of loaded
drug([s] among lipoprotein subspecies in plasma According to the existing loading
only 5-100 drug. ‘with MW less than 300 can be accommodated into

an LDL particle in its endogenous form. Drug molecules, if attached to the surface of LDL
particles simply due to hydrophobic interactions, may be displaced spontaneously by the

excess amount of PL in biologi and lij ins in the fluids.

In addition, drug[s] may undergo exchange and transfer among lipoprotein subspecies by
lipid transfer protein[s] even if drugs have very hydrophobic properties [Morton, 1990;
Wasan, 1990-96]. All these factors will contribute to decrease the drug concentration at
tumor site[s]. Moreover, merely giving a higher dose of a LDL-drug conjugate with a low
drug concentration cannot be practical at killing tumors due to saturation of the LDL receptor
pathway as mentioned earlier. Therefore, loading large quantities of hydrophobic drugs into
the oily core of LDL is i ive to achieve a i effective ion and

targeting effect To ish this, the itation of bit i [es] are

required to establish an effective anticancer drug targeting system.
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1.10. Rationale of these studies

1.10.1. Selection of drug candidates

Dox, with a broad spectrum of antitumor activity, continues to be of major
importance in cancer treatment [Neidle, 1992; Arcamone, 1980; Arcamone ef al., 1974;
1975] and tends to be the standard against which new drugs are judged [Neidle, 1992]. Itis

of value, either alone or in ination, in the treatment of ic leukemia,

ry tumors, and soft tissue

breast cancer,

Unfortunately, many of the low growth fraction carcinomas common in older patients [lung,
‘breast, colerectal, and bladder tumors, for example] are poorly responsive to this agent. Dox
produces a range of dose dependent toxic reactions such as, cardiotoxicity,

and i inal toxicity. These dose dependent side-effects are

related to widespread biodistribution of this drug in the non-tumorous tissues in addition to
tumor tissues. The most commonly used formulation is Dox-HCI, even though liposomal
formulations are currently in clinical use [Janknegt, 1996]. I speculate if Dox association
with lipoproteins could be increased, it would decrease its distribution to plasma albumin

resulting in decrease i icity and increase cy ity.

Polyiodinated cholesteryl iopanoate [CI] has been proposed as a nonhydrolyzable CE
analogue and as a radiotracer for in vivo studies regarding LDL uptake. When drug and CI
are incorporated together into LDL particles, in vivo uptake of LDL-drug conjugates in

different tissues could be determined by quantification of CI inside the tissues. Unlike
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naturally occurring CEs, this compound is not a substrate for CE hydrolase and can therefore
be trapped intracellularly. This will help to determine total CI uptake from CI loaded LDL.
Since an insect lipid transfer particle [LTP] could load a large amount of CE into LDL, I
speculate that a substantial amount of CI could be incorporated into LDL for the
development of an in vivo tracer for LDL uptake studies. It can be developed into a
diagnostic agent for early detection of tumors. In conclusion, I propose to use Dox and CI

in my studies to incorporate into LDL particles.

1.10.2. Development of analytical methods
I have radiolabelled CL. Radiochemical methods such as gamma counting are

available for its ification. High liquid ch [HPLC] method

is different from radiochemical methods in respect to its potential to quantitate the integrity,
stability or purity of a drug. I developed a reverse phase HPLC methods for the

of CL. I propose that a colorimetric method for Dox could be

developed by the addition Cw** using bicinchoninic acid [BCA] protein assay kit. The

enhancement could make the imetric method to the

method. If successful, this new method is expected to be technically simple and cost-

effective.

1.10.3. Drug association to lipoproteins

Thereisi i i i ins may be important in the binding of very
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lipophilic and/or basic compounds [Danon and Chen, 1979]. The interaction of lipophilic

compounds with plasma lipoproteins has been shown to influence the pharmacokinetics and

organ distribution of a number of 1j it ds. It has been that the

of several including icin B [Amp B] [Wasan et al., 1990~

1996; Wasan and Lopez-Berestein, 1993b] with plasma lipoproteins modifies their

tissue distribution, and ical activity. Wasan ef al., [1994a-c]

have demonstrated that Amp B initially associates with the HDL fraction upon incubation

in plasma. in A enters the ic core regions of lij

where it may be distributed according to its high octanol /water partition coefficient [log P>
2.8] [Yang and Elmquist, 1996; Lemaire and Tillement, 1982; Tillement et al., 1978].
Studies have shown that anthracyclines are bound to human plasma protein to an

extent of 50-85% [Eksborg et al., 1982]. The binding of lipoproteins and different

anthracycline analogs could be ascribed to i i i of Ii

[Chassany ef al, 1996; 1994]. In conclusion, the binding of certain classes of drugs to

lipoproteins indicates that lipophilic can be is in i

especially LDL particles. To test the preference of Dox for LDL, I propose to study ex-vivo

plasma distribution of Dox.
1.10.4. Physicochemical factors and drug loading
I i earlier that Li ili readily partition into the core of the

lipoprotein particle. However, simple partitioning does not seem to produce a significant
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driving force to facilitate transfer of the drugs into LDL. Contact methods apparently can
only be used for a limited amount of drugs that exhibit the right physicochemical
characteristics for partitioning into the LDL. Hynds et al. [1984] performed a simple
exchange between LDL and a drug-lipid microemulsion. A similar technique was used by

Samadi-Baboli ef al.[1990; 1989]. In this ique, drug was i intoa

microemulsion, and the latter was fused with LDL. Based on these findings, I hypothesized
that drug molecules if suspended with the aid of a suitable wetting agent or incorporated in
the liposome would be more readily incorporated into the LDL when compared to the dry
film method Liposomal formulation of drugs was used to further investigate LDL-drug
interactions and their effect in drug loading. Several factors affecting drug loading into LDL

particles, such as, i ion time, stoichi of LDL-drug conji were

to ine favorable loading

1.10.5. Physi i ization of LDL-drug

The success of LDL-mediated approach could be ascertained from findings of

advanced biochemical and bi i i such as, sodium dodecyl sulphate-

polyacrylamide gel is [SDS-PAGE], electron mi [EM], and di
scanning calorimetry [DSC]. In vitro characterization is imperative to have insight into the
in vivo behavior of LDL-drug conjugates. I, therefore, propose to characterize the LDL-drug

conjugates using SDS-PAGE, EM, and DSC.



1.10.6. Use of biological transfer catalysts
A number of loading techniques have been discussed earlier. With all of these

techniques, the key question is whether it is possible to incorporate a lipophilic drug into the

core of a lipoprotein particle, in sufficient fon, and without disrupting the native
integrity of LDL. Exploiting a suitable promoting factor has been considered essential for
successful drug loading into LDL particles. An insect lipid transfer particle will be examined
as a promoting factor in the loading strategy and the rationale for this is discussed here.

The of ic materials it with Lj ins in the

circulatory system is a dynamic process that is mediated by transfer factor{s]. In humans, a
67 kDa glycoprotein called CETP mediates the exchange and transfer of CE and PL among
lipoproteins [Tall, 1986]. Human microsomal TAG transfer protein [MTP] is responsible
for TAG lipid movement in VLDL formation within the lumen of microsomes [Wilson et
al., 1991; Breiter er al, 1991]. In insects, lipid transfer between insect lipoproteins
[lipophorins] is accomplished by a transfer factor found in hemolymph and other tissues. In
the tobacco hornworm, Manduta sexta, a high MW protein called [LTP] was discovered to
be a multifunctional lipid transfer catalyst [Ryan 1986a-b]. Preliminary experiments suggest
that part of LTP has a functional similarity to a subunit of human MTP. It has been
suggested that one of the three subunits of LTP [apoLTP III, 55 KDa)] might function like
protein disulfide isomerase [PDI], which is involved in the process of protein folding and
unfolding [Wetterau et al., 1992; 1991]. This mechanism may be responsible for the

carrying capacity of LTP for its substrates.
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The rate of h: of lipophili between lij ins is

slow [Ekman and Lundberg, 1987]. However, the addition of transfer mediators like CETP
[Tall, 1986] can appreciably increase the transfer rate. A corresponding approach may be

applicable to incorporate lipophilic drugs into LDL particles although CETP was not

lin ing drug i ion into LDL particles [de Smidt and Van Berkel,
1990]. The reason for this failure could possible be the high substrate specificity of the
human CETP. Compared with human CETP, insect LTP has unique characteristics. LTP

can transfer lipids idirecti from one lj in to another. The rate of this

transfer process is much faster than that of human CETP. LTP was found to be efficient in
loading hydrophobic compounds into a tightly packed LDL particle. The various substrates
transferred by LTP include diacylglycerol [DAG], TAG, PL, cholesterol and CE, and
hydrocarbon wax [Liu ef al., 1991; Singh e al., 1991; Ryan, 1990; Ryan. et al,, 1990;]. The
lack of substrate specificity of LTP provides a good ground to speculate that the transfer of

hydrophobic anticancer agents into LDL may be possible using LTP as a transfer catalyst.

‘When human LDL was used to accept the lipid: iated with other li in sub

the capacity of LDL as a lipid sink was greatly enhanced by LTP [Ryan e al., 1990]. It was
found that each LDL particle could bear an additional 600 DAG molecules [MW 665] inside
the lipid core without altering its basic structure [Liu and Ryan, 1991]. Itis likely that the
eight intramolecular disulphide bridges in the apo B protein [[nnerarity e al., 1979], which
has 4536 amino acids, forms a protein matrix for the LDL particle, may undergo significant

conformational changes by an unfolding/refolding process in order to accept additional lipids
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into its core. If this holds true, the risk of dilution of the LDL-drug conjugate, via exchange,

or redistribution of the drug into the circulatory LDL lipid pool would be reduced.

1.10.7. i i ion of LDL-drug

Our long term goal is to establish LDL as a targeted carrier in cancer chemotherapy.
Before the onset of a preclinical trial in an appropriate animal model, evaluation of a
formulation in a suitable tissue culture model is essential Biological evaluation of this
formulation in cell cuture was important to verify my hypothesis that LDL-Dox conjugates
were internalized by a receptor mediated endocytosis process by cells. Therefore, this new
LDL-Dox formulation would be more effective than existing formulations of Dox. I propose
to evaluate different formulations of Dox in a well characterized tumor cell line, HeLa. In

addition, a modification of LDL by acetylation was found to be effective at selectively

targeting cancer and/or i ions i i cells (Shaw ez al., 1988; 1987]. 1
hypothesize that if LDL is modified by acetylation, when drug is incorporated into this

modified LDL, the modified LDL-drug conjugates will be, preferentially, taken up by a

mouse M¢ cell line, J774.A1.
1.10.8. Drug interference in protein assay method
In LDL based ic and i ic research, it is often

necessary to quantitate the apo B protein associated with LDL-drug conjugates. Common

‘methods for the assay of proteins in biological fluids include Lowry, Bradford, and the BCA
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assay methods. All of these methods are potentially interfered with by a variety of chemical
components, including drugs, buffers, and metal fons. It is imperative that the method used
to determine protein concentrations is not interfered with by any component other than
protein. Before selecting any colorimetric protein assay method, I propose to test all drug
candidates for any possible interference in the analytical method. This forms the basis for

drug interference studies using common protein assay kits.
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Specific objectives of these studies

To examine LDL as a potential targeting carrier for cytotoxic agents in cancer

chemotherapy, my specific goals were as follows:

Physicochemical characterization of LDL-drug conjugates.

Al

A2.

To investigate hydrophebic binding of Dox with human lipoproteins and

il igate the suitability of Dox as a i for loading in LDL.

To load Dox into LDL and evaluate drug incorporation techniques in terms

of i i it time, stoichi of LDL-drug
conjugates], process parameters [the dry film method with or without wetting

agents], and i i aqueous ion or

solution of drug formulations].

To ize LDL-drug conjt using physi ical and advanced

techniques such as SDS-PAGE, EM, and DSC.

To optimize variables in enhancement of Dox and CI loading using insect LTP.

Human CETP was also considered as a possible transfer factor.

To evaluate the icity of LDL-Dox conj to

conventional formulation, Dox'HCL in saline in vitro on tumor cells; HeLa cells,

using [3-[4,5-di i 2-yl]-2,5-diphenyl jum bromide], [MTT],
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assay.

To modify LDL via ion and in vitro ization of modified LDL-Dox

and biologit ina M¢ cell line, J774.A1.

To assess drug interference in protein assay using conventional kits [Lowry,

Bradford, and the BCA assay kits].
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CHAPTER 2:
EVALUATION OF FACTORS AFFECTING DRUG LOADING INTO LDL
PARTICLES

2.1. Introduction

A number of parti such ibodies [Mori and Huang, 1995; Edwards
and McIntosh, 1986], microspheres [Jalil and Nixon, 1992; Juliano, 1985], liposomes [Allen,
1995; 1994; Mayhew et al., 1984] and other macromolecules [Duncan, 1992; Sezaki and
Hashida, 1985] have been proposed as targeting carriers to deliver cytotoxic drugs. There
are many obstacles to the successful delivery of drugs using these carrier moieties. Ideally,

the drug-carri jugate must avoid uptake in vivo by the RES. This is

especially important for a carrier designed to target non-RES cells, such as tumor cells of
non-RES origin. Cells of the RES are extremely effective in removing foreign materials
from the blood. These carriers [>100 nm)] are rapidly removed from the circulation in a
single pass through the liver [Tllum ef al., 1984]. These particulate carriers must also have

the correct surface istics to avoid izati ivation, and uptake

by the RES [Davis and Illum, 1986, Poste, 1983]. The particulate carriers must also be able
to escape from the vasculature in order to reach their site of action; particles [>50 nm] are
unable to achieve this except in the liver, spleen, and bone marrow where the endothelial
cells of the blood capillaries are discontinuous. Also, the large scale manufacturing of

artificial carrier systems poses another obstacle for their potential application in therapy with
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regards to the safety, validation, reproducibility, and scaling up. This implies that an
endogenous particle [<50 nm] with natural abundance and availability, and a capacity to
carry drugs, may solve many problems related to artificial carrier systems such as

immunocompatibility, targeting and large scale i An end¢

carrier, LDL, has been proposed as one such carrier system to deliver cytotoxic agents. The
potential of LDL as a drug carrier has been discussed earlier [see Chapter 1]. However,
despite many efforts, no practical regime of a cell selective delivery of a LDL-drug conjugate
has so far been marketed. Failure to obtain stable, therapeutically effective LDL-drug
conjugates, is one of the major reasons.

1 have mentioned earlier that the physico-chemical factors of drugs may influence
their entrapment into LDL particles since the transfer of drugs into LDL particles is
accomplished by either by means of physical diffusion or a partitioning of the drug between
the different phases of the LDL. Hydrophilic drugs will not attach to the lipoproteins or
diffuse into the lipid core of LDL. Lipophilic drugs are, therefore, good candidates for this
approach of drug delivery.

An i ivative, Dox, was i in these studies [Figure 2.1]. As

indicated earlier in Chapter 1, the clinical potential of Dox is often limited by its toxicity, and
considerable efforts have been made in recent years to find new derivatives or delivery
vehicles for Dox with a more favorable therapeutic index [Lameh et al., 1988; Seshadri er
al., 1986; Isreal et al., 1985; Isreal and Potti, 1981; Isreal and Modest, 1977; Arcamone et

al., 1974; 1975]. To achieve site specific drug delivery of Dox to tumor cells, attempts have
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been made to load Dox or its lipophilic analogues in LDL [Westesen et al., 1995; Masquelier
et al., 1985; Shaw et al., 1984]. Although in vitro data for cytotoxic agents using LDL were
encouraging, once tried in vivo the efficacy was not as promising [Tokui et al., 1995; De
Smidt and Van Berkel, 1990]. In the present study, attempts were undertaken to load Dox
in a favorable way so that the LDL-drug conjugates would follow the normal metabolic fate
of LDL in vivo.

In these studies, the effects of different physical factors to enhance drug loading into

LDL particles were ined in terms of i ion time, and LDL-drug molar

ratios [stoichiometry]. The dry film method was most efficient in terms of generating LDL-
drug conjugates which are similar to native LDL in vitro and in vivo [De Smidt and Van
Berkel, 1990]. This method was considered to evaluate the effect of different surfactants
and additives in drug loading. Additionally, a comparison was made among different
formulations of Dox such as aqueous solution or liposomal preparation to examine their
effects on drug loading into LDL particles. In short, I investigated different physico-

chemical factors which influence drug loading into LDL particles. The physico-chemical

characterization of LDL-drug conj using ad d bil ical and

techniques such as SDS-PAGE, DSC, EM will be discussed in the proceeding chapter.
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22. Materials and methods

2.2.1 Materials

Dox [DoxHCl, Adriamycin was from Adria L ies Ltd.
[Mississauga, Canada]. High purity EYPC, oleic acid, Spans, Tweens [20, 40, 60 and 80],
Celite 545, Triton-X were purchased from Sigma Chemical Co. [St. Louis, MO]. All HPLC
grade solvents were from Fisher Scientific [Ottawa, Canada]. Two buffers were used.
Phosphate-buffered saline [PBS] which consisted of 137 mM NaCl, 3mM KCl, 8 mM
Na,HPO,, and 1.5 mM KH,PO,, adjusted to pH 7.4 with 2M NaOH [Fisher Scientific].
Dialysis buffer [Tris] containing 150 mM NaCl, 50 mM Tris, and 0.3 mM EIDTA, was

adjusted to pH 7.4 with 2M HCI [Fisher Scientific].

2.2.2. Preparation of LDL samples
Fresh human plasma was obtained from the Canadian Red Cross [St. John'ss, Canada].

To avoid multiple enzymatic degradations, a cocktail [2 mL sodium azide 2.5%%, 0.5 mL

1M, 2.5 mL ide [PMSF], 0.2 M] was imamediately
added to 500 mL of the plasma as described before [Edelstein and Scanu, 1986). LDL
[density 1.019-1.063 g/mL] was isolated from plasma by density gradient ultracenstrifugation
in KBr using a L8-70M ultracentrifuge [Beckman, Fullerton, CA] with a Ti-60 =zone rotor
at 37,000 rpm and 8°C for 40 hours. To remove excess KBr, the LDL was dialyzed against

the dialysis buffer for 24 hours followed by filtration through a Millipore memborane filter
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[0.20 uM pore size] [Milford, MA]. The LDL was stored at 2-8°C for no more than two

weeks before use.

223. Analysis of LDL

The LDL protein content in native or LDL-drug conjugates was determined by the
Bradford method using bovine serum albumin [BSA] as the standard. Cholesterol and TAG
‘were measured using Sigma reagent kits based on procedure numbers 352 and 336 of Sigma
respectively. Lipoprotein purity was assessed by SDS-PAGE [see Chapter 3, section 3.2.3].
The presence of a single band was considered to indicate the absence of any additional

d

proteins as inants or ion by-pi

2.2.4. HPLC assay of Dox

‘The Dox concentration in LDL was measured by reverse phase HPLC. The Beckman
HPLC system consisted of two 110 pumps, one Detector 166, one Autosampler 105 and in-
line System Gold software for running the system and for quantification [Beckman,
Fullerton, CA]. A Phenomenex C,s Bondclone [3.9X150 mm] with a guard column [3.9X30
mm] was used [Phenomenex, Torrance, CA]. Dox was eluted with acetonitrile: 40 mM
phosphate buffer, [28.5:71.5, v/v] pH 4.0 at a flow rate of 1 mL/min [Brown et al., 1981,
Eksborg et al., 1978; Isreal er al., 1978]. The compound was assayed by a UV detector at
254 nm. Standard curves were made using standard solutions of Dox in the mobile phase

ranged 0.20 to 10 pg/mL. Five to 50 uL of samples were injected in duplicate. All
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measurements were based on peak area response of the drug as calculated using the system
Gold Beckman software for HPLC. Standard curves were made in every set of experiments

to ensure the accuracy of the analysis.

224.1. General extraction method: Fifty uL DoxHCI [3.45 mmoles] was
made alkaline with 100 pL 0.05 N NaOH and extracted with 2 mL chloroform. The

precipitated portion was removed by centrifugation at 1000x g for 5 minutes. The extraction

was carried out three times followed by i ion as i before. Th
organic layers were evaporated to dryness under a stream of nitrogen. The dried sample was

then i with the iate solvent to make standard Dox solutions.

To extract Dox from biological samples such as plasma or LDL, 50 uL NaoH [0.5
M] was added to 1 mL samples. Acetonitrile-0.1 M H,PO, [4 : 1] [0.5 mL] was then added
to the samples [0.5 mL] in a stoppered centrifuge tube; the mixture was vortex-mixed for 30
seconds then centrifuged at 1000x g for 5 min to pellet the precipitated protein. The

[5to 50 uL] was and the peak areas with those

from standards prepared by the addition of drug to ifuged LDL- or pl
0.1 M H,PO, [5:4:1] mixture.

The extent of recovery of Dox from plasma and LDL [Isreal er al., 1978], was

by ing the slope of the ion line of the plasma/LDL extracted Dox

with that obtained in the standard solution of Dox.
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Slope of plasma extracted Dox

Y y=100 X
Slope of the standard Dox

2242. Data analysis: Calibration curves of peak area vs concentration of Dox:

were analyzed by linear regression analysis to obtain the equation of best fit. The correlation

ion, [R?], was Interday variations in the analytical precision
were assessed by using a two-way ANOVA regression model with the calculation of p
values. Intra-day comparisons were done by a Student's t-test and by calculating the p values.
‘When p>0.05, the difference in the mean values of the groups [two groups in student’s t-test]

was not considered statistically significant.

225. ination of partition ient [P]

The method described in Bijsterbosch ef al., [1994] was followed. Aliquots of 10
pg/mL of extracted Dox or DoxHCI was dried in a 4 mL stoppered glass vial. Then, 1 ml
1-octanol and 1 mL PBS buffer [pH 7.4] were added, and the mixtures were shaken for 16
hours at room temperature by a Wrist Action Shaker [Burrell, Pittsburgh, PA]. Samples of

the octanol and the aqueous phase were then assayed by HPLC, and the P [concentration in

in PBS] was

2.2.6. Incorporation of drugs into LDL

The dry film method was modified to enhance the efficiency of drug loading.
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DoxHCI [3.45 mmoles] was converted to free Dox with NaOH [0.05 M] and then extracted
with chloroform. An aliquot of the chloroform solution of free Dox was dried down under
a stream of nitrogen gas in a test tube. When the chloroform was completely removed, the
drug formed a thin dry film at the bottom of each test tube. LDL was then added and the
‘mixture was incubated in the dark with continuous gentle shaking at 37°C for up to 24 hours.
In another experiment, DoxHCL was directly added to LDL for incubation [direct addition
method]. The LDL-drug conjugates were isolated by a single ultracentrifugation step ata
density of 1.063 g/mL at 40,000 rpm for 40 hours using a 60 Ti or 75 Ti Beckman rotors.
The LDL-drug band at the top was then aspirated and subjected to dialysis for 24 hours to
remove KBr and free drug. The LDL-drug conjugates were filtered through a 0.20pm
Millipore filter and stored at 2 to 8°C for no more than two weeks before use. The

identification of the LDL was accomplished by a protein, a cholesterol and a TAG assay.

The ions of Dox was ined by the HPLC method as described above.

2.2.7. Use of wetting agents

A number of wetting agents were examined for their effects on the drug loading
efficiency of Dox. First, a wetting agent, i.c., Tween 20 was added to the chloroform
solution of Dox. The mixture was thoroughly agitated with a vortex mixer, the solvent was
evaporated under a stream of nitrogen, and saline [0.9% NaCl] was added such that the
Tween 20 constituted less than 3% of the final volume. The solution was vortexed again and

placed briefly under nitrogen to remove any residual chloroform. LDL was then added to the
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drugs suspended with Tween 20 and incubated as mentioned in the dry film method. Other
wetting agents including different grades of Tweens and Spans, Triton X, or surface

increasing agent, i.e., Celite 545 were examined using the same protocol.

228. P ion of il vesicles [MLV]

The ion of h and multi-I; d vesicles of EYPC:Dox [15:1]

mixture in Tris buffered solution, [145 mM NaCl, 10 mM Tris-HCI, pH 4.0], was done by

of i A mixture [1:1, v/v] containing Dox and

EYPC was evaporated to dryness under nitrogen at 40-45°C. The lipid-drug film was
evaporated for at least 2 hours. Subsequently, glass beads and the hydration medium [pH
4.0] were added. Nitrogen was passed through the hydration buffer for about 15 min. The
film was vortexed three times with 1 minute intervals at 55°C and left, after complete
dispersion, in a refrigerator for one night. At this stage, 1 mL of the dispersion contained
about 40 pumol of phospholipid [EYPC] and 2.5 mg of Dox. This suspension was incubated
with LDL to make LDL-Dox conjugates. The liposomes, mainly MLV, were sized by
sequential extrusion through a double polycarbonate membrane filter, with pore diameters
0f0.22 um [Millipore] under nitrogen pressures of up to 15,000 psi. This was done at least

10 times to obtain homogenous MLV according to Olsen ef al. [1982].

228.1. Separation of free Dox: Free Dox [nonliposome associated Dox] was

removed by dialysis at 4°C. The dialysis membranes [MW cut off, MWCO, 12,000-14,000]
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‘were soaked with deionized water for at least 15 minutes and rinsed extensively before use.
After this, less than 10% of the total amount of Dox was in the free form. All liposome
dispersions were kept protected from light at 4-6°C under N,. Freshly prepared liposomes

were used for loading experiments.

2.2382. D ination of loading capacity: The ion of neutral Ij

was achieved by ultracentrifugation for 3 hours at 40,000 rpm using a Beckman 75Ti rotor.

After destruction of the liposomes by addition of Triton X-100 and subsequent heating, Dox

'was assayed by HPLC. P ipid content was i ing to the of

Rouser ez al. [1966].

2.2.83. Stability of liposomes: The ratio of free Dox to liposome associated Dox
was measured as described above. In the case of plasma incubations, freshly prepared
liposome dispersions were mixed at a 1:1 ratio with human plasma and incubated at 37°C.

Chemical stability was monitored using HPLC.

2.2.9. Distribution of Dox over plasma [lipo]proteins: Sequential flotation
ultracentrifugation

For the redistribution studies, DoxHCI [100 pg] was added to 2 mL of human plasma

and the solution was incubated for 4 hours at 37°C under N, while shaking continuously.

In a separate study, plasma was preincubated with oleic acid [20 mg/mL of plasma] for 2
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hours before incubation with plasma. After the incubations were complete, the samples were

1o p ifuge tubes. Their solvent densities were adjusted to 1.006

g/mL by KBr. ing i ion [L7-65 Beckm: with a 75 Ti rotor at

50,000 rpm for 17.5 hours at 8°C the VLDL-rich and VLDL-deficient fractions were
recovered. Following this initial spin the VLDL-deficient fraction was adjusted to a solvent
density of 1.063 g/mL with KBr and respun at 40,000 rpm for 17.5 hours at 8°C to separate
the LDL-rich fraction from the rest of the fractions containing HDL and LPDP. The latter
fraction was adjusted to a solvent density of 1.21 g/mL with KBr and respun at 50 000 rpm
for 21.4 hours at 8°C to separate the HDL and LPDP fractions. All isolated lipoproteins and
lipoprotein deficient fractions were dialyzed against the dialysis buffer [2 L] for 18 hours

before analysis. The MWCO of the dialysis tubing used was 12,000-14,000.

2.3. Results

2.3.1. Chemical analysis of lipoprotein
No significant difference between native LDL and LDL-drug conjugates were found

in terms of protein, total cholesterol, and TAG content. The results from LDL preparations

used in this study in Table 2.1 are in with reported literature data (Westesen et al.,

1995).
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2.3.2. HPLC analysis of Dox
Typical chromatograms are shown in Figure 2.2a to 2.2.c. Figure 2.2a shows the
chromatogram of Dox in mobile phase, and Figure 2.2b shows Dox after being extracted
from plasma and Figure 3.2c shows the chromatogram of a Dox spiked human LDL sample.
The retention time of Dox was 4.77 minutes. A calibration curves for Dox is shown in
Figure 2.3.  Peak areas obtained with human plasma samples with the five different
concentrations of Dox over the concentration range of 10 to 300 ng/10 uL were linearly

related to the spiked concentrations. The equation of best fit for the line was:
3 2
Y =-0206 +1.67x 100 X R" =100

‘Where Yis the peak area of Dox and X is the Dox concentration [Figure 2.2]. The coefficient
of determinations ranged from 99.7 to 99.9%, and the CV of the slope determined on five
separate occasions was 2.02 % [Table 2..3]. The minimum detection limit for Dox was
found to be 5 ng [10 pL from 0.5 pg/mL standard solutions]. The peak height detected at
this minimum concentrations was more than three times that of the noise.

The % recovery was calculated [n=5] and found to be more than 92% from plasma
and 94% from LDL. Peak areas obtained with LDL spiked with four and five different
concentrations of drug over the standard concentration range [Table 2.2] were linearly related
to the spiked concentrations. The reproducibility of the method was determined by both
intra- and inter-day variability studies [Table 2.4]. The %CV’s for the interday variability

were 4.19, 1.25, and 3.67 for the spiked Dox of 1, 5, and 10 pg/mL respectively. A two-way
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ANOVA regression model showed no significant difference [p>0.05] between
determinations performed from day to day, over fifteen days. The intra-day % CV [n=6] for

three test samples was 6.35, 3.29 and 3.77, respectively. Performance of one way ANOVA

on intraday showed no signi iati [p>0.05]. Thus, the HPLC
method described here was statistically valid and proven appropriate for my experimental

protocols.

2.3.2. P of candidate drugs

The octanol/PBS partition coeffcient (P) gives a measure of the lipophilicity of the
candidate drugs. Dox [2.5 #0.12, P values are expressed in mean +SD of three
determinations] in the free form was found to be more hydrophobic [>5 fold] than the salt
form [Dox'HCI] [0.052 £0.03]. This difference in their lipophilicities should result in a

different affinity for LDL.

2.33. Method of drug loading
I have compared the incorporation rate of Dox into LDL particles by different loading
methods. The incorporation was performed by the contact method. I have loaded Dox

[average 35 molecules/LDL particles] more efficiently into LDL compared to its close

analogue, in [DNM] [7 DL particle] [Shaw et al., 1987]. Figure 2.4

shows the i of density it ion to separate LDL-drug conjugates obtained

by the dry film method from the incubation mixture. In addition, dialysis was used to
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remove excess free drug from the LDL-drug conjugates after incubation or
ultracentrifugation [Figure 2.5]. The essential step of this loading method is the partitioning
of the drug from a solid surface to the lipoprotein. The contact area can be greatly enlarged
by using glass beads or Celite, the latter being used for this series of experiments. All
conjugates were successfully prepared by the dry film method and were passed through 0.20

pm filters with negligible losses of apo B.

2.3.4. Factors influencing drug loading
2.34.1. Incubation time: I studied the effect of incubation time on Dox loading

[Figure 2.6]. Drug loading is mainly a partition or diffusion mechanism which is a time

Tinvestigated the effect of drug loading on incubation time up to
24 hours. It was found that drug loading reached a plateau after 5-6 hours. In the literature,
different incubation times were reported ranging from 2 to 24 hours [Tokui ef al., 1994;
Hossaini ef al., 1994; Schultis et al., 1991; Vitols et al., 1990; Samadi-Baboli et al., 1990;

Shaw et al., 1987; Masquilier et al., 1986]. I observed that about 50% of the drug was

within the first 30 mis and an additional 25% of drug was loaded in the next
90 minutes of incubation [Figure 2.6]. This suggests that the strength of the strong
hydrophobic interactions of the drug with LDL may be the rate limiting factor in drug
loading. A further time dependent improvement [25% of total loading] of drug loading
occurred in the next 2-4 hours which was assumed to be mainly due to partitioning and

diffusion processes of the drugs into LDL. Since approximately 70% of the drug was
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incorporated within 4 hours, an incubation time of 4 to 6 hours was adopted for subsequent

loading i I suggest that is time may be a factor which needs attention

in order to optimize loading parameters.

234.2. Incubation temperature:  Most drug loading studies reported were
at the normal physiologi of 37°C. The use of physiological
temperature is relevant as the final ions will this in vivo.

Temperature was expected to be a factor influencing the drug loading into LDL, because

increased temperature results in an increase in ‘motion and

the interaction between drug molecules and LDL. Also, temperature has significant
influence on the fluidity of the LDL particles, and as a result, affects the molecular dynamics
of the particles. I tested drug loading at different temperatures including 4°, 22°, 37°, and
60°C [Figure 2.7]. A further increase in temperature was not considered as apo B protein
was found to undergo irreversible denaturation at 80°C [Prassl et al., 1995]. Figure 2.8
shows DSC thermograms of native LDL which starts to denature at temperature above 45°C.
As speculated, a higher drug loading with a higher temperature was observed [Figure 2.9].
This observed effect could best be attributed to the thermal transition behavior of LDL

components at different temperatures as will be discussed in the next chapter, section 3.3.4.

23.43. Use of Wetting agents.  Drug loading using the dry film method was not

efficient. I hypothesized that drug transfer from an aqueous solution or suspension would
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be better compared to drug transfer from a solid surface into LDL particles. To make an
aqueous suspensions of lipophilic Dox, I used a variety of wetting agents and examined their
comparative efficiency in loading Dox into LDL particles. All of the wetting agents resulted
in a higher incorporation rate than the dry film method [Figure 2.9]. However, I observed

i i in the i ion rate of drug as a function of the nature of the

wetting agent. The rate of Dox incorporation ranged from 7 p1g/mg LDL protein to 30 pg/mg
LDL protein corresponding to an average of approximately 6 to 32 molecules of Dox

incorporated by LDL particles [Figure 2.8].  The results obtained with Tweens in

Dox prior to their i ion with LDL wer i or superior [in terms of
recovery of Dox and LDL protein] to those obtained with other agents such as sodium
deoxycholate, Spans, and Triton X-100. The loading efficiency with different grades of
Tween was not statisically significant [p>0.05]. However, the latter experiments were
performed using Tween 20 as the wetting agent. Tween 20 is being used in a variety of
pharmaceutical formulations to suspend drug and is an approved excipient for parenteral use

[Leyland, 1994].

2.3.44. Use of lij i Li were used as a delivery

vehicle to load LDL with Dox to see whether a better loading in LDL particles could take
place. Liposomes, mainly multilamellar vesicles [MLV], were made without cholesterol
[unstable liposomes] so that they would release their contents once in contact with LDL

particles [Storm et al., 1989]. MLV were chosen as the encapsulated aqueous volume is of
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‘minor importance to achieve a high loading capacity as Dox associated with the lipid bilayers
[Gabizon, 1995; 1989; Rahman et al., 1989; Crommelin and Bloois, 1983; Goormaghtigh
et al., 1980; Goldman et al., 1978]. The preparation of MLVs was first reported by

Bangham and coworkers [Bangham et al., 1965]. Their method has proven to be very

popular and suitable for the ion of a variety of MLV were

appropriate for my studies as they had higher i ? iency in loading

drugs [Basu, 1994]. The extrusion method was adopted to obtain a uniform size distribution

of liposomes. An acidic hydration medium h for the ion of D
as pH 4.0 is favorable for extrusion compared to pH 7.4 [Crommelin ez al. 1983] and and it
was reported that the decomposition rate of liposomal Dox is much higher at pH 7.4 than at
pH 4.0 [Beijnen ef al., 1986; Janseen et al., 1985]. Dialysis is a common procedure to
remove free drug from the liposomal drug, even though this procedure is time-consuming,
it is simple and effective and was used in this study. The following aspects concerning the
stability of the liposomes were examined: [1] retention of entrapped contents; [2] influence
of plasma on the release rate of Dox from liposomes; [3] chemical stability of the
encapsulated drug.

Aggregation occured during storage at 4-6°C for over a period of 4 weeks. The
absence of electrostatic repulsion is likely to account for the tendency of the liposome to
aggregate. About 35% of the amount of drug was lost over a 4-week period [Table 2.6].

Plasma induced leakage was rather high for the Lij The highest i ion was

achieved when this liposomal preparation was incubated with LDL [Figure 2.10]. This is
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likely because of the better interactions of liposomes with LDL. The phospholipid layers of
MLVs interact because of their instability with the LDL and drug is presumably released on
the surface or in the vicinity of LDL, from where it diffuses easily into the core of LDL
[Vingerhoeds ef al., 1994]. This study demonstrated the use of liposomes as a lipid drug
donor in drug loading studies with LDL. The highest amount of drug incorporation was
possible with the MLV preparations [Figure 2.10] and this method may be expanded to

incorporate lipophilic drugs into LDL particles.

2.35. ichi y of LDL-drug

To study the stoichiometry of the i i T added different amounts

of drug to fixed amounts of freshly isolated LDL [Figure 2.11 ]. As the amount of drug was
increased, the drug/LDL protein ratio of the conjugate increased until a plateau was
approached at approximately 30 pg Dox per mg LDL [32 drug molecules per LDL particle]
[n=5] [Figure 2.9]. In all cases, the stoichiometry of LDL drug levels was confirmed after

reflotation at a density of 1.063 g/mL. HPLC analysis revealed that the compound did not

nor degrade and constituted more than 95% of the i drug. This study

indicates the need to optimize the molar ratio of a drug and LDL to maximize the loading

efficiency.

2.3.6. Stability of LDL-drug conj after i ion and dialysis

The colloidal stability of the LDL-drug conjugates was excellent and no change in
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particle size or any aggregation was noted during storage of sterile preparations at 4°C for
several months. However, for this study, all preparations were used within 1 week and
during this period of time no change in physical characteristics was noted.

LDL-drug conjugates showed good physical stability as examined by density
gradient ultracentrifugation [Figure 2.4], in accordance with the results obtained with Dox.
The recovery of apo B in the final LDL-drug preparations was very good [~90%]. The
values [mean + SEM] for the recovery of Dox was satisfactory: 84 + 4% [n=4]. In fact, the
high recovery of drug is an important advantage of the contact method.

‘When the LDL-Dox preparation was subjected to ultracentrifugation, a uniform peak
was found [Figure 2.4]. In various preparations the incorporation of Dox varied from 0.2 to

0.6% of the added drug.

2.3.7. Plasma protein binding of Dox: ial flotation i

In order to analyze the distribution of Dox in plasma, the compound was incubated
with 2 mL of freshly prepared human plasma for 4 hours at 37°C. The solution was then

analyzed by density gradient i ion [Figure 2.12]. il 78% of Dox

was recovered in the fraction at density>1.21 g/mL [lipoprotein deficient, albumin rich

fraction]. The other 22% had distril over the li i ining fractions.

Pretreatment of human plasma with oleic acid and subsequent incubation with Dox
resulted in a significant decrease from 78 to 33% in Dox in the fraction having d>1.21 g/mL.

[p<0.01] [Figure 2.12]. The HDL- and LDL-containing fractions show a 3-fold increase in
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Dox activity, and the VLDL/chylomicron-containing fractions [d<1.006] show more than
2.5-fold change in Dox content [Figure 2.12]. A concentration dependent increse in
redistribution pattern was observed with preincubation with different amount of oleic acid.
‘With 1 mg oleic acid preincubation, the effect was less pronounced [data not shown] than
that achieved with 3 mg oleic acid preincubation [Figure 2.12]. The redistribution of Dox

in different plasma lij ins by oleic acid that Dox had for

lipoproteins.

24. Discussion

The use of the LDL receptor pathway has not been tested adequately in site specific
drug delivery due to lack of a suitable loading procedure to prepare a stable LDL-drug
conjugate [Firestone, 1994]. A number of loading methods have been described [Lundberg,

1991]. The major limitation of the methods is either instability of LDL-drug conjugates or

low i i iency. i ing of LDL via itution was reported
to increase drug incorporation during their loading [Shaw ez al, 1987]. These include
extraction of the lipid core by use of organic solvents, detergents, or enzymes, and the use
of microemulsions to reconstitute LDL particles [Samadi-Baboli ef al., 1990; Masquelier et
al., 1986]. These reconstituted particles were found to be larger in size [more than 45 nm,
twice the size of native LDL] and less stable than native LDL. The dry film method was
considered to be the method of choice and was used for the first time in human trials with

vincristine. [Filipowska et al., 1992; Breeze et al., 1994]. However, organic solvents were
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used in these studies which is viewed as a disadvantage because of the possibility of protein
denaturation.

‘Wetting agents were used to i very i such as CI [De

Forge et al., 1991]. 1 attempted to develop a better method of incorporating drug molecules
into LDL particles. An aqueous suspension or solution of a drug was found to be better
compared than solid drug in loading experiments with the LDL. I speculated that this was
due to better interactions and bonding of drugs with the LDL. In the dry film method, only
a limited surface area is available for interactions with LDL and diffusion of drugs from the
solid surface is limited. In this case, the interaction of a drug and the LDL should be stronger
than the interaction of the drug with the attached materials such as glass or polycarbonate to
allow the drug to diffuse from the dry film surface into the core of LDL particles. However,
when drugs are in solution or suspended in a medium, a large increase in surface area is
achieved and diffusion of drugs from the media into the LDL is more favorable. In the dry
film method, drug diffusion into the LDL occured mainly from the monolayer of the dry film
whereas in solution or suspension, drug diffusion occurred from all sides.

Liposomes are lipid vasicles like LDL and therefore their interactions are assumed
to be thermodynamically more favorable. When the Dox was incorporated into MLV and
the latter was incubated with LDL, drug particles were presumably released on the surface
of LDL particles from where they could diffuse into the core or intercalate inside LDL
particles. Liposomes were unstable in nature as they disintegrates when in contact with

lipoproteins. Expulsion of drugs from the liposome in the vicinity of LDL may be the main
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reason for higher drug loading efficiency. However, stealth or stable liposomes, which are
stable in plasma, may not serve as drug donors for LDL.

The physical properties of the LDL-drug complexes wesre identical to native LDL.
In this study, the Dox loading using a modification of the dry #ilm or contact method has

been significantly improved. My procedure does not involve reconstitution or the use of

organic solvents in the final i The simple incubation of drug soluti or
with LDL gave i ion only of 0.2% to 0.6% of the drug added. In
addition to higher i i iency, LDL-drug preparations were stable.

Drug incorporation involves incubation of drug and LIDL for a defined period of

time. Various incubation times were reported in the literature for different compounds, as

above. I was i in seeing how i ion time could infl drug

loading. If drug loading is time dependent it may give insights into the hydrophobic
interactions or diffusion of drugs into LDL particles. ion wime is i ly

for a more beneficial fast loading technique in which the patient’s own LDL may be infused
back with the loaded drug [plasmapheresis].
Temperature is another of the major factors which influences drug loading and all my

loading experiments were carried out at iologis Te may also

affect apo B interactions with the LDL receptor by modulating: the physical properties of

lipids and/or protein. To observe the influence of temperature on LDL lipids and proteins

1 used DSC and found no signif ions in LDL-drug conjugates due to drug loading

below 40°C. This will be discussed in more detail in Chapter 3, section 3.3.8.
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In order to examine the distribution of Dox over the different plasma lipoproteins,

drug was incubated with human plasma [direct addition method] and the mixture was
subsequently analyzed by density gradient ultracentrifugation. Seventy-eight percent of the
compound was recovered in the LPDP, and 22% associated with HDL, LDL, and
VLDL/chylomicrons. As albumin, which is one of the main proteins in the LPDP fraction,

is known to bind a variety of and I tried to examine

whether a redistribution of Dox association with albumin can be done in vitro. Albumin is
known to have high affinity sites for fatty acids [Goodman, 1958]. After saturation of these
binding sites by pretreatment of human plasma with a solution of oleic acid and subsequent
incubation with Dox, a significant decrease [from 78 to 33%] in the amount of Dox
recovered in the albumin density fraction was observed. This was accompanied by a strong.
increase [from 22 to 67%] in the amount of Dox associated with HDL and LDL. The data

suggest that an equilibrium exists between Dox bound to fatty acid binding sites on albumin

and lipoproteins present in plasma. The equilibrium can be i by that
compete for the fatty acid binding sites on albumin. This data suggest that drug distribution
among lipoprotein subspecies could be achieved; this redistribution pattern may help to

diminish adverse effects or increase the therapeutic activity of some drugs. For example, if

Dox association with plasma albumin can be i to LDL or other Lj ins, it will
help to diminish the cardiotoxicity of Dox which is related to the rapid association of Dox
with plasma albumin in vive. Simultaneously, Dox delivery to cancer cells will possibly be

increased. In short, this study demonstrated the significant role of various physical



enhancement factors that affect incorporation of drug molecules in LDL.

B



Table2.l.  Chemical composition of LDL and LDL-Dox conjugates
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Concentration Ratio’s *
Sample Cholesterol TAG Number of drug molecules/LDL
[mg of protein/mL] Mean [SD] [o=5]
Literature® 18 02
LDL-native [3.15 ] 11 03
LDL-Dox" [4.55 ] 2.0 0.6 35[10]

a. Concentration [mg/mL] ratios of cholesterol or TAG, to protein
b. Westensen ef al., 1995.

c. The conjugate was made by the contact method with the aid of Tween 20.



Table22.  HPLC analytical profiles of Dox
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HPLC parameters Mean values (n>5, CV<10%)
Retention time [minutes] 477

Detection limit [ug/mL] 025

Linear range [ug/mL] 051020

% Recovery from LDL samples >94

% Recovery from plasma samples >90




Table23.  Calibration coefficient of variation of Dox in HPLC
Conc 1 2 s 10 20 Slope B>
pg/mL Peak areas
Day 1 0386 0.597 1252 2.890 8.844 1774 097
Day 2 0377 0.587 1438 3.931 8516 1742 0.99
Day 5 0379 0.582 1425 3.943 8.147 1.667 0.99
Dayl10 0379 0.567 1.476 3.973 8.149 1.667 0.99
Dayl5s 0.374 0.595 1.481 3.867 8262 1.684 0.99
Mean 0371 0.583 145 3.916 8.149 1.666 0.99
SD 0012 0.12 0.03 .048 .083
CV[%] 32 21 2.1 12 1




Table2.4.  Inter- and intraday variations of Dox

Spiked amount 1 5 10
[pug/mL]

Inter-day variation [individual values, peak area]
Monday 0.95,0.97 4.92,4.85 23.52,2422
Tuesday 0.96, 0.98 4.95,4.78 24.85,25.12
‘Wednesday 0.99, 1.0 4.90,4.93 23.56,24.89
Thursday 1.0L, 1.1 4.95,4.90 25.15,25.56
Friday 0.98, 0.99 5.00,4.95 26.5,25.42
Mean [SD] [n=10] 0.99[0.04] 4.41[0.06] 24.87[0.91]
%CV [0=10] 4.19 125 3.67
Two-way ANOVA
p value 0.119 0.086 0.457

Intra-day variation [peak area]

All samples 0.95,0.96,0.98 4.92,487,5.12 23.56,24.51,25.10
Friday 1.12, .98, .97 4.65,4.75,4.89 24.50,25.84,26.23
Mean [SD] [0=6] 0.99 [0.6] 4.87[0.16] 25.11 [0.95]
%CV [n=4] 6.35 329 3.7
ANOVA, p value 0.29 0.12 0.18
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Table2.5.  Physico-chemical properties of Dox
Loading capacity* 26 + 4 mmol Dox/mol PL
Stability® at 4-6°C 1day 5+ 4% leakage

1 week 20+ 10% leakage

4 weeks 40 + 15%leakage

Stability” in plasma at 37°C 15 minutes 15 & 5% leakage

60 minutes 30 + 10% leakage

* Values represent the amount of Dox bound per mole phospholipids [EYPC] in the final
product.
® Leakage criteria are related to the amount of liposome-bound Dox at day 0 or at the start

of the incubation.




Figure 2.1. Chemical structure of Dox.



Figure 2.2.
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Chromatograms of Dox in mobile phase using HPLC.
Figures 2.2a. Dox in mobile phase,
Figure 2.2b. Dox extracted from plasma, and

Figure 2.2c. Dox extracted from LDL.
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Figure2.3.  Calibration curve of peak area versus concentration of spiked standard
solutions of Dox. Each point represents the mean +SD of five

determinations.



Figure 2.4.

85

Stability of LDL-Dox conj after ifugation. Density

ultracentrifugation of solutions of Dox that were incubated with LDL
according to the contact method with Tween 20. After density
ultracentrifugation at 40,000 rpm, 8°C, for 30 hours in a 75Ti (Beckman
rotor) 0.5 mL fractions were collected from top to the bottom of the tube.
Each fraction was assayed for Dox and protein concentration using HPLC
and the Bradford method, respectively. Each point represents the mean + SD

of three determinations.
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Effect of dialysis on the stability of LDL-Dox conjugates. LDL-Dox
prepared as mentioned in Figure 2.3. The top fraction was colllected and
aliquots of 0.5 mL were subjected to dialysis for the indicated time and
withdrawn for drug and protein assay were performed using HPLC (for Dox)
and Bradford assys. Dialysis was performed at 2-8°C against 2 L of dialysis
buffer. The unbound drug or salt was removed during dialysis. Each point

represents the mean +SD of three determinations.
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Figure 2.6.  Effect of incubation time on Dox loading. Five hundred ug Dox coated on

a glass vials were suspended with Tween 20 (>3% of final concentration) and

were incubated with 500 ug LDL up to 24 hours at 37°C. After incubation,

LDL-Dox conjugates were isolated from the free drug by ultracentrifugation

followed dialysis. Drug and protein assays were performed as mentioned in

Figure 2.5. Each point represents the mean +SD of three determinations.



90

Figure 2.7.  Differential scanning calorimetry of native LDL. Samples were scanned
at 0.5°C / min from 10 to 50°C. DSC sensitivity was the same for all runs.

For all samples, the protein concentration was more than 1.50 mg / mL.

Buffer baselines were subtracted. The data were normalized to the protein

Similar DSC were obtained (Similar T, and

variable transition enthalpy for samples) for LDL-Dox conjugates. Thus,

DSC thermograms for LDL-Dox were not shown.
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Figure 2.8.  Effect of incubation temperature on Dox loading. For explanation see

Figure 2.6. Each point represents the mean +SD of three determinations.
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Relative i of in loading Dox in LDL
using contact method. Control indicates the dry film method. In the contact

‘method, the dry film residue was suspended with the agents indicated before

‘were i in Figure 2.6. Each point

represents the mean +SD of three determinations.
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Figure 2.10. Relative incorporation efficiency of different methods in loading Dox in
LDL particles. See material and methods for details. The dry film and the

contact method with Tween 20 were described before. Liposomal Dox was

made using EYPC (Dox:EYPC=1:40) by the extrusion method and free dox

was isolated from liposomal Dox by dialysis method. Drug loading

efficiency of liposome was 24%. DoxHCL or liposomal Dox was directly

added to the LDL (the direct addition method) and was incubated according

to the conditions described in Figure 2.6. Each point represents the mean

+SD of five determinations.
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Stoichiometry of LDL-Dox conjugates. LDL-Dox conjugates were
prepared using Dox and constant amounts of LDL by the contact method
using Tween 20 at 37°C (see Figure 2.6). Each point represents the mean

+SD of five determinations.



Figure 2.12.
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Effect of preincubation of human plasma with oleic acid on the
association of Dox with plasma (lipo)proteins. LDL-Dox conjugates were
incubated for 4 hours at 37°C with 2 mL of human plasma (normal), or with
2 mL of human plasma that was preincubated with 3 mg oleic acid. After the
incubation, different lipoprotein fractions were sequentially isolated from

plasma using ial floatation i i All lij

fractions were analyzed for Dox content by HPLC. Each point represents the
mean +SD of three determinations. The asterisk (*) indicates statistically
significant difference between two groups when analyzed by student’s t-test

[p<0.05].



% Distribution of Dox

100

99

80
70 4
60
50
40
30
20

10

[ Control plasma

Oleic acid preincubation of plasma

*

s .
1 N
T ﬂ'l [lll

CM & VLDL LDL HDL

Plasma (lipo)proteins

T
LPDP



100
CHAPTER 3:

PHYSICO-CHEMICAL CHARACTERIZATION OF LDL-DRUG CONJUGATES

3.1. Introduction
The suitability of LDL as a carrier for Dox was tested further by investigating the

ions of the LDL-Dox conj with plasma lij ins. [ have that

Dox can be loaded into the lipid core of LDL particles. If the LDL-Dox conjugates are
unstable in plasma, the released free drug will be rapidly distributed to plasma albumin.
Therefore, a targeting effect will not be achieved. In addition, Dox loaded inside the LDL

should not undergo leakage, or redistribution, or exchange with li ins present in

plasma. This kind of premature release or leakage of the drug would make the LDL-
mediated approach null and void. I tested the carrier capacity of LDL in which LDL-Dox
conjugates would be incubated with plasma and the drug distribution between different

lipoprotein fractions would be using fal flotation ifugation in

conjunction with HPLC.

Extensive processing during drug loading was reported to influence physico-chemical
properties, surface properties, and the receptor affinity of LDL [Shaw ef al., 1987). If their
native integrity is changed, they would be recognized by the RES. Thus, it is important that
LDL retains its native properties even after drug incorporation. With the aid of different

biophysical techniques, it is now possible to characterize LDL molecules and establish their
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native integrity. For example, the size and the physical properties of the LDL-drug
conjugates can be evaluated using EM and DSC. By using electrophoresis, the native
integrity of apo B protein in terms of protein degradation can be evaluated. In Chapter 2, I
have studied Dox loading in LDL. In this chapter, LDL-Dox conjugates were studied using

SDS-PAGE, EM and DSC.

3.2. Materials and methods

3.2.1. Materials

Human plasma, LDL, Dox, LDL-Dox conjugates were described in Chapter 2.

3.2.2. Carrier capacity of LDL-Dox conjugates in plasma
In order to examine the carrier potential of LDL for Dox, LDL-Dox conjugates were
incubated with plasma for 2 hours at 37°C. After incubation, the distribution of Dox over

plasma ljj ins was ined by ial flotation i as

in Chaper 2 [section 2.10].

3.2.3. SDS-PAGE
The electrophoretic mobility of LDL and LDL-drug conjugates was examined by
SDS-PAGE. A 5% gel was run according to the method of Laemmli [1970] and stained with

Coomassie Brilliant Blue R-250 using Mini-PROTEAN I electrophoresis cell [BioRad,
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Hercules, CA]

324. EM
The particle size of native and LDL-drug conjugates was measured by EM. LDL-
drug conjugates were prepared according to the method of Forte ef al. [1968] This was

performed on a Philips EM 300 by Lisa Lee and Howard Gladney [EM unit, Medical School

Lab ies, M ial University of Canada). Samples [20-40 pg/mL ]
were negatively stained with 1% uranyl acetate and photographed at magnifications
[calibrated] of 10,000 or 50,000 or 75,000. The diameters of lipoproteins were measured on

3x enlarged photographic prints.

3.2.5. DSC

Both native LDL and LDL-Dox conj ‘were run ding to the of

Keough et al. [1991] on a Microcal 2 [model MC-2, Amherst, MA] operating at a scan rate
0f 0.5°C/min. The protein concentrations of all samples were maintained at 1.78 mg/mL. By
integrating the areas under the transition curve using Microcal software, transition enthalpies

‘were readily determined.
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33. Results

3.3.1. Carrier capacity of LDL of Dox in plasma

Ideally LDL-Dox conji should not drug, which would then be distributed
in plasma. Such stability of the LDL-Dox conjugates was tested by incubation of LDL-drug
conjugates in human plasma. More than 75% of the added drugs [Dox] in the form of LDL-
drug conjugates was found in the LDL fractions of plasma following a 2 hour incubation at
37°C [Figure 3.1]. Ultracentrifugation of the plasma at different densities was carried out

to isolate different lij i ions; free drug ities in all those fractions were

analyzed by HPLC. All other fractions contained a low quantity of drugs [less than 15%]
[Figure 3.1]. These results suggest that the drug, in the LDL particle, remained non-
exchangable in plasma. This is especially important in respect to potential applications of
LDL-drug conjugates in therapy in which LDL-drug conjugates will not dissociate or

exchange in the circulatory plasma before being taken up by cancer cells.

3.3.2. Electrophoretic mobility

The electrophoretic mobilities [a single band] of LDL-drug conjugates were similar
to the mobility of native LDL on 5% polyacrylamide gels, indicating that particles had an
identical size [Figure 3.2]. SDS-PAGE did not show any apo B fragmentation. This

suggests that the drug loading procedure did not induce any protein degradation.



333. EM
The mean diameter and the size distribution of LDL-drug conjugates compared to
native LDL was determined by EM. Negative staining of the different LDL systems with

revealed a size distribution for the native LDLs and the drug-

loaded systems [Figure 3.3]. Particle size measurements revealed that the conjugate prepared
by methods used in this study had size close to native LDL [Figure 3.4] while LDL-drug
particles prepared according to Kriger ef al. [1978] were reported to be larger [~45 nm].
Isolated particles appeared to be spherical in shape, but adjacent particles were
anisometrically deformed. The mean particle diameters were obtained from photographs
[magnification x 75000] after another x 1.5 magnification by copying. Average
measurement of 100 particles for each sample yielded a mean diameter of 22 nm for native

LDLs [20.43-22.52 nm], and LDL-Dox [20.34-22.61 nm] [Figure 3.4].

334. DSC

I monitored the thermal transition of LDL lipids by DSC which gave some insight
into the effect of temperature on drug loading as well as the site of the drug in the LDL
[Table 3.1]. LDL cholesteryl esters undergo a thermotropic transition close to physiological
temperatures, 30°C [Figure 3.5]. Below the melting temperature, [Tm], which is 25°C, the
CE exist in a radial smectic state, while they exist in a liquid state above Tm [Deckelbaum
etal., 1977]. The fact that the Tm depends on the core TG content suggests that the physical

state of the core lipids will change above Tm. This may explain why drug diffusion increases
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with an increase in temperature above Tm. However, if drug resides in the core and disrupts
the binding of core lipids, a different transition may be speculated.

Typical DSC thermograms of LDL samples alone [Figure 2.7] and in the presence
of Dox, were studied. A broad transition of core lipids was observed in the range of 24-27°C
‘with all preparations [Figure 3.5]. This non-cooperative transition behavior is inherent to
LDL samples. The apparent change in transition enthalpy of LDL samples due to drug
loading could be explained in terms of their miscibility with core lipids. When Dox was
loaded in the LDL, a decrease in transition enthalpy was observed [Table 3.1]. This result
suggests that Dox intercalates with LDL core lipids and exists as a separate entity in the core
lipid. Since Dox is not miscible, it perturbs the packing of core lipids which start to loose
some of their transition enthapy. This may be the reason for the low transition enthalpy of
core lipids of LDL-Dox conjugates. The packing of core lipid is very important as it may
influence the surface structure of LDL and hence interaction of apo B with cell membrane
LDL receptors. An altered LDL surface structure could also affect the interaction of LDL

with tissues by receptor i as well as its ibility to in vivo

modification.
Cholesterol increases the order of the surface PLs of native LDL. Philips and

Schumaker [1989] have shown that approximately 70% of the total unesterified cholesterol

is present on the LDL surface. These interact strongly
with LDL phospholipids in part because they have a high content of saturated PLs and

sphingomyelin. ApoB and core lipids have a major influence on the surface order. An
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analysis of the amino acid sequence of apo B shows that there are numerous domains
throughout its sequence which can interact with the lipid domain. An analysis of the lipid
binding properties of proteolytic fragments of apo B has shown that lipid binding regions are
widely distributed within the protein. In my studies the native integrity of LDL was restored
as no degradation products appeared on gel for LDL preparations [Figure 3.4].

The incubation temperature at 37°C seemed to have no adverse effect on physical
properties of LDL. Nevertheless, drug molecules were found to have loaded efficiently into
the core of LDL particles as evident from their transition enthalpy. Whether this drug

binding will affect receptor binding properties of LDL could be examined in vifro by

of the j in tissue cultures. My DSC results with different
samples reconfirmed previous findings. The magnitude of this change is similar to that
observed during the liquid crystalline to crystalline phase transition of PL bilayers. At higher
temperatures, for example, 60°C, a higher loading of drugs was achievable [Figure 2.8]. This
was probably due to a more fluid nature of LDL and more molecular motions of the drug
during Brownian diffusion into the LDL particles.
I conclude that neither the conformation of apo B nor its ability to bind to the LDL
receptor is likely to be affected by temperatures below 40°C. Drugs were loaded at least in

the core of LDL particles.
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34. Discussion
The use of LDLs as drug carriers is dependent on drug loading that does not
drastically altering their structure. The LDL-drug conjugates must not be recognized by the
RES, and the receptor mediated uptake by cells must not be affected, simce the main aim in

the use of LDL as drug carriers is their uptake by cancer cells. For this reason, I have

the structural istics of the drug-loaded LDL and sorxe of their dynamic

properties, as well as the state of apo B. The major finding of the presenct study is that, about

0.3 weight (wt) % of drug can be i ‘without any disturb. of the
structure of the LDLs. The leakage of drugs from LDL-drug conjugates was not significant.
These findings imply that LDL-drug conjugates will be effectively recog-nized as native LDL
by the apo B receptors that are enriched on tumor cells. Once recogmeized, the LDL-drug
conjugates should be internalized and release the incorporated drugs intracellularly. In this
'way, a targeting effect may be achieved [see Chapters 5 and 6].

To observe the influence of temperature on LDL lipids and protesins I used DSC and
found no significant alterations in LDL-drug conjugates due to drug loadling at temparatures
below 40°C. The LDL particle provides several sites for the insertion_ of drug molecules,
depending on their lipid solubility. The core is by far the best site because of its capacity and
ability to shield the drug from the extracellular enzymes. A second site for drug intercalation
is the PL. monolayer. Agents that have both polar and lipid soluble compeonents may partition
in the monolayer, between the apolar core and the aqueous environmemt. However, in this

location they would be less well protected from plasma hydrolases and wvater. Further, they
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may be able to stimulate the immune system to remove the LDL-drug conjugate from the
circulation. My DSC results showed that Dox perturbs the thermal transition of core LDL
lipids. This suggests that the drug was loaded inside the core of LDL.

The LDL used in this study had an average diameter of 21.9 = 1.21 nm [n>100
particles], in agreement with previously published results [Tucker and Florence, 1983]. After
drug incorporation, the average LDL diameter also did not increase significantly. The
amount of drug incorporated in LDL did not change its size significantly. This implies that
the incorporation of drug does not greatly deform LDL structure.

The present study showed that apo B protein of the LDL preparations retained its

native conformation when the drug was i by the ibed above. The

LDL sz . = ic LDL-d: ¢ " sa oo

advantages over the trapping of antineoplastic drugs in liposomes. The main reason for this
statement is that liposomes are subjected to destruction by blood components, primarily by
lipoproteins [Wasan ef al., 1996] and to a fast clearance from the circulation by the RES
[Janknegt, 1996; Basu, 1994]. Since the loading of the particles with drug molecules does

not i the ion of the protein of the LDL, this preparation is

expected to follow the same in vivo fate as native LDL particles in animal or human studies.
This is very important, as the use of LDLs as drug carriers depends upon the preservation of
the particles’ characteristics, such as receptor recognition and RES avoidance. The present
study indicates that, in favorable cases, such as loading with the lipophilic drug, the

characteristics of the LDL structure and its dynamic properties are entirely preserved despite
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the incorporation of significant amounts of drug [about 0.5 wt %]. In conclusion, it is
possible to load Dox efficiently into LDL particles without perturbing some of the physico-

chemical properties of LDL.
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Table3.l. C of LDL
Sample Tm (CE), °C s H,, (KI/Kg of apo B)
LDL 25 6473
LDL-Dox 26.6 1.474

* The values are the average of several heatings; the experimental error is within +10%. This

refers to the transition of core lipid peak.




Figure 3.1.
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Carrier capacity of LDL for Dox. LDL-drug conjugates were incubated
‘with plasma for 2 hours at 37°C. Different lipoprotein fractions were isolated
using sequential ultraflotation method and drugs were analyzed by HPLC
methods. Plasma was sequentially adjusted to d=1.006, 1.063, or 1.121 g/mL.
by KBr and ultracentrifuged for 40 hours at 8°C for sequential isolation of
CM + VLDL (d=1.006), LDL (d=1.063), and HDL (d=1.21). Drug was
assayed using HPLC methods. The total amount of drugs recovered in
different fractions was considered 100%. Each value represents the mean

£SD (@=3).
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Figure3.2.
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SDS-PAGE of LDL, and LDL-drug conjugates. A 5% acrylamide gel
loaeded with LDL samples was electrophoresed at 30 mA constant current for
30 minutes. The positions of a broad range of MW standards from BioRad
are shown with arrow marks. Samples were incubated for 4 hours at 37°C.
The LDL-Dox conjugates were separated by ultracentrifugation followed by
dialysis. After dialysis, samples were ubjected to SDS-PAGE. Lane 1, broad
range MW markers; Lane 2, native LDL (5 pg); Lane 3, LDL-Dox conjugates
[5 pg protein and 0.15 pg Dox] and Lane 4, LDL-CI conjugates [discussed
in Chapter 4] [LDL-drug conjugates were prepared by the contact method

with Tween 20 ].
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Figure33.  Electron micrograph of LDL ions. The LDL ons (1040

Hg i ) were applied to and

stained with 2% phosphotungstate solution. They were examined on a
Philips 300 instrument at a magnification 75,000 X, the bar represent 100 nm.
Panel A, native LDL; Panel B, LDL incubated with Tween 20; Panel C, LDL
incubated with DoxHCI [the direct addition method]; Panel D, LDL

incubated with Dox with Tween 20 [the contact method].
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Figure3.4. Particle size of LDL preparations measured by EM. Samples were
negatively stained with 1% uranyl acetate and photographed at
magnifications, 75,000 x 3. Results were mean diameter +SD of at least 100

particles diameter.






Figure 3.5.
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v of LDL-Dox LDL was

incubated with Dox for 4 hours at 37°C (the directaddition method). LDL-

Dox ji ‘were from the i i mixture by

ultracentrifugation followed by dialysis. Samples were scanned at 0.5°C /
min from 10 to 50°C. DSC sensitivity was the same for all runs. For all
samples, the protein concentration was more than 1.50 mg/mL. Buffer

baselines were subtracted. The data are normalized to the protein

Similar DSC were obtained (Similar T and

variable transition enthalpy for samples) for all other LDL-drug conjugates.
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CHAPTER 4:
EVALUATION OF BIOLOGICAL TRANSFER CATALYSTS IN ENHANCING

DRUG LOADING INTO LDL PARTICLES

4.1. Introduction

I have demonstrated earlier that drug incorporation into LDL particles can be

by ing physico-chemical factors and by designing lipophilic prodrugs.
Still, a further increase in loading efficiency without significantly changing the integrity of
LDL particle is desirable. In this section, I investigated the potential of biological transfer
catalysts to further improve drug loading.

Biological transfer catalysts are widely distributed in both invertebrates and
vertebrates. Among the catalysts, only lipid transfer proteins are considered in this study.
These catalysts facilitate the transfer of a variety of lipid components among lipoprotein
particles in vivo. LDL may act as donor or acceptor for these proteins. My primary aim was
to load cytotoxic drugs in an endogenous lipid particle, LDL. Any foreign molecule, if
transported by these proteins, is expected to follow similar transfer kinetics as the natural
endogenous substrates. However, these transfer proteins in higher animals, like humans, are
substrate specific, presumably to meet higher and specific biological demands of more
complex biochemical systems [Tsuchida et al., 1995; Ryan, 1990]. In contrast, invertebrates®

transfer proteins are generally less selective due to simpler biochemical systems. To

the potential of biological transfer catalysts to transfer cytotoxic drugs in LDL
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from a drug reservoir, transfer proteins both from humans and insects were selected for this
study.

Two different lipid transfer proteins have been identified in human plasma. One is
known as CETP [Ohnishi ez al., 1990; Morton, 1990; Morton and Zilversmit, 1982;] and the
other is phospholipid transfer protein [PLTP] [Tollefson er al., 1988; Tall et al., 1983].
While PLTP catalyzes only PL transfer between plasma lipoproteins, CETP catalyzes the

transfer of CE, TAG, and PL. When two different cytotoxic compounds, dioleoyl-

and dioleoyl: ‘were tested to ine their potential transport into
LDL by these transfer proteins from a drug reservoir, a negligible or low incorporation
efficiency was observed [Lundberg 1992; De Smidt and Van Berkel, 1990]. In order to
examine the apparent selectivity of CETP against foreign compounds, I chose to use this
protein in my studies.

Recently, insect lipid transfer proteins [LTP] have been investigated for their role in

different lipid among lipophorins [insect li ins] and human
lipoproteins [Singh et al., 1992]. One such protein has been isolated from the hemolymph
of the tobacco horn worm, M. sexta [Ryan, 1990a; 1986a,b]. This protein can facilitate net
vectorial transfer of lipid mass among lipoprotein particles. Evidence of LTP-mediated net
transfer has been obtained from studies with insect hemolymph lipophorins [Ryan et al.,

1990a; 1986a,b; Ando et al., 1990], i ilized TAG/PL mi ions [Ando

et al., 1990], human HDL [Ryan et al., 1992; Silver et al., 1990],and human LDL [Singh et

al., 1992] as substrates. Net lipid transfer occurs from the lower density lipophorin to the
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higher density lipophorin in the presence of LTP, producing, at equilibrium, a single
lipoprotein population intermediate in density between the starting lipoproteins [Ryan ef al.,
1986a,b; 1985]. LTP has also been shown to catalyze net transfer of PL and TAG from a

human in A-l- ilized PL/triolein mis ion to human LDL [Ando er al.;

1988]. Facilitated net transfer of CE, free cholesterol, and PL occurred to a much lower
extent than DAG net transfer, indicating that DAG is the preferred substrate for this protein.
However, LTP was found to transfer a number of endogenous particles with a variety of
different chemical structures. This suggests that LTP mediated transport is not substrate-
specific. I wanted to extend this approach to the loading of foreign compounds such as
cytotoxic drugs into LDL particles.

Insect LTP appears to be distinct from other plasma lipid transfer catalysts described
to date. First, it exists as a very high density lipoprotein of high MW [Mr> 670, 000]. LTP
has three apoprotein components and 14% lipid in the native particle [Ryan er al., 1988].
Although it has been shown that the lipid component of LTP is in equilibrium with that of
potential donor or acceptor lipoproteins [Ryan ef al., 1990], the precise role of individual
LTP apoproteins is not clear. A second distinguishing feature of LTP is its propensity to
catalyze unidirectional net lipid transfer versus homo or hetero exchange of lipid. In
contrast, human CETP catalyzes reciprocal random exchange of CE and TGA [Ohnishi et
al., 1995]. LTP catalyzed net transfer establishes an altered final equilibrium lipid
distribution that results in changes in the total mass of lipid associated with lipoprotein

substrates rather than redistribution of lipid classes via a simple exchange process.
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LTP may provide a useful method to alter the core content of lipoproteins depending

on the donor and acceptor composition. I proposed to load hydrophobic foreign compounds
via LTP mediated transfer into human LDL. The reaction may produce drug enriched
lipoprotein particles as stable end products. In an attempt to understand the catalytic
properties of biological transfer catalysts I have examined the ability of human and insect
transfer proteins to catalyze transfer between drugs and human LDL. In addition to Dox, I
proposed to load a CE analog, CI, into the LDL particle. This is greatly simplified by the use
of radiolabeled derivatives of CI [e.g. ™I-CI]. The utility of compounds of this type has been
amply illustrated by Stein er al. [1988]. I adopted the radioiodination procedure to

lled CI ing to the of Weichert et al., [1986]. The radioiodination

of this compound will help to quantify this compound even when CI incorporation is very
low. In short, the potential utility of biological transfer catalysts as tools to transfer drugs

into human LDL is investigated in this chapter.

4.2. Materials and methods

4.2.1. Materials

LTP and high density lipophorin [HDLp] from M. sexta were gifts from Professor

Robert O. Ryan, University of Alberta, Edmonton, Canada. Human LDL and LPDP were

isolated from plasma by using ial flotation i ion method

earlier [Chapter 2, section 2.10]. Dox was also described in Chapter 2 (section 2.1).



125
Nonradioactive CI was a gift from Professor Raymond E. Counsell [the University of
Michigan, Ann Arbor, MI]. The I used was a no-carrier-added solution of Na'™®I [5
mCi/0.1 mL] in reductant-free 0.1 N NaOH obtained from DuPont Cana:da Ltd. [Ontario,
Canada]. Tetrahydrofuran [THF] was distilled from LiAlH, under helium iimmediately prior
to use. Unless otherwise noted, starting materials, reactants and solvemts were obtained
commercially and were used as such or purified and dried by standard means.

All radioiodination reactions were conducted inside a plexiglass glove box vented
with a radio-iodine trap. Thin layer chromatography [TLC] analyses were performed on
Merck silica gel GF254 plates. The plates were monitored by UV fluorescence, or staining
with iodine vapor. The solvent system was hexane : ethyl acetate, 5:2 for CI. Column

chromatography was performed on Merck silica gel-60 [230-400 mesh] elusted with the same

solvent system. An HPLC system in conjunction with radioacti: ing was used to
determine radiochemical purity and specific activity of CI was calculated. Trhe HPLC system

was described in Chapter 2 [section 2.4].

4.2.2. Preparation of **I-CI

The radioiodination of CI was carried out using an isotope exchmange reaction in
pivalic acid as described by Weichert ef al., 1986 [Figure 2.4]. Briefly, 4-80 mg of CI was
placed in a 2 mL plasma vial which was then sealed with a teflon-lined rusbber septum and
an aluminum cap. Freshly distilled THF [100-200 uL] and aqueous Na'*I [10-50 uL] were

added in succession via a microliter syringe and a gentle stream of N, was applied to remove
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the solvents. When the residue appeared dry, the seal was removed and solid pivalic acid [5-
20 mg, dried by azeotrope with toluene and distilled under nitrogen] was added. The vial was
resealed and partially immersed in a preheated [155-160°C] oil bath. When the isotope
exchange reaction was essentially complete [usually 1-2 hours], the reaction vial was allowed
to cool and anhydrous THF [200 uL] was added with a glass syringe and the vial swirled
gently. A TLC test was performed with 1-2 pL of sample and the remaining contents were
transferred to the top of a silica gel-60 column [1 X 10 cm] and subsequently eluted with
hexane/ethy] acetate [5:2] as the solvent system. Chemical purity was determined by HPLC

and radi ical purity was ined by HPLC in conjunction with y ing using an

automatic gamma counter [LKB Wallac 1277 Gammamaster, Turku, Finland]. The *I-CI
was then stored at 4°C in a lead casing. The specific activity of the compound [cpm/ug of

CI] was counted as follow:

cpm of the eluent by the y counter
amount detected by HPLC, (ug)

Specific Activity =

4.23. HPLC assay of CI

A new reverse phase HPLC wa ped to determine CI. The principle

HPLC conditions are outlined in Table 2.1. A concentration range given in Table 2.1 was

used to make a calibration curve. All standard solutions were in chloroform. Samples were
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extracted from plasma or LDL by a direct: ipitation method using The extent

of recovery of drugs from LDL was determined as described in Chapter 2 [section 2.4.1].

4.2.4. LTP assay

The principle of LTP assay is based on the catalytic transfer of CEs from HDLp
[donor] to LDL [acceptor]. LDL has limited capacity for CEs and overloading of CE by LTP
destabilizes the LDL which aggregates and forms a turbid solution. This turbidity is
proportional to the amount of CE transferred by LTP. This turbidity is measured at 405 nm
and used for LTP assay. A time dependent CE transfer is expected which will plateau after
several hours depending on the catalytic efficiency of LTP. Also, this transfer is found to be
dependent on the concentration of LTP [Singh et al., 1992]. The protocol reported by Singh
et al., [1992] was used with minor modifications. In brief, standard assays were conducted
in 96-well microtiter plates. Unless otherwise specified, human LDL [50 pg protein] was
incubated with M. sexta HDLp [250 pg protein] for 12 hours at 37°C in the presence and
absence of LTP. The final volume of incubation was 0.2 mL in PBS. During incubation the
plates were read every 30 minutes on a plate reader fitted with a 405-nm filter. Control
samples lacking LTP were run in parallel and the absorbance at 405 nm of the control

samples was from that of LTP- ining i ions to obtain the LTP-induced

absorbance change.



128

425. P ion of LDL-drug conj using LTP

Two different methods were used for incorporation of lipophilic prodrug into LDL
using LTP. In all cases experiments were performed in duplicate or triplicate with

appropriate controls. Control samples contained 0.9% NaCl instead of LTP.

4.2.5.1. Contact method: Lipophilic CI or free Dox dissolved in chloroform were
added to glass tubes. The solvent was evaporated under N, at room temperature; the drug
was thus coated on the solid surface. After complete evaporation of all solvent, LDL was
added followed by LTP or PBS. The mixture was incubated at 37°C for at least 12 hours
under N, with continuous shaking. In certain cases, a drop of ethanol or Tween 20 was

added prior to the addition of LDL and LTP to suspend drugs.

4.2.5.2. Direct addition: This method was used for DoxHCI, because Dox is water-
soluble. Appropriate amounts of drug and LDL were added followed by the final addition

of LTP. Incubation conditions were similar to the contact method.

4.2.6. CETP mediated drug loading

This method is based on a method previously described by Blomhoff et al., [1984].
Briefly, 50 uL [50 ug] of drugs [CI, and Dox] to be incorporated in LDL were dissolved in
chloroform and the solvent was evaporated under a stream of N, to dryness in a glass tube.

The residue was then dissolved in 50 pL of acetone followed by addition of 500 uL LPDP.
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After evaporation of the acetone with N;, 300 pL of PBS was added. The LPDP-drug
preparation was then incubated with 500 g of LDL at 37°C for 4 hours in the dark with
constant gentle shaking. In the case of DoxHC, Dox was directly added to LPDP followed

by incubation with LDL as mentioned before.

4.2.7. Isolation and ion of LDL-drug

Once the i ions were the i ion mixtures were adjusted to a

density of greater than 1.063 g/mL with KBr and centrifuged at 40,000 rpm in a Ti60
Beckman rotor for 20-30 hours at 8°C. After ultracentrifugation, the LDL-drug conjugates

were collected from the top of the tube and extensively dialyzed overnight as described

before. The assay methods for the of the protein ion [Bradford

method] and the drug ion [HPLC or liquid scintillation or gamma counting] were

reported earlier in Chapters 2 and 3. The integrity of LDL-protein was determined by SDS-
PAGE [Chapter 3, section 3.2.3]. Particle size of the particles were measured by EM

[Chapter 3, section 3.2.4].

42.8. UV-visible scanning

To investigate the location of a drug, UV-visible scans were made of the free drug
and LDL-drug conjugates in the UV-visible range using a UV-visible spectrophotometer.
Only LDL-Dox was considered in this study. Two standard scans were made: [1] DoxHCL

in PBS buffer and [2] free Dox in chloroform. The spectra from LDL-Dox conjugates were
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compared with these two standard spectra. Dox spectra in the two different solvents were
considered to be complimentary to Dox in the outer aqueous environment and on the inner
lipid environment of LDL. Dox, if present in the aqueous surface layer, is expected to give
a spectra similar to the Dox’HCI spectra taken in PBS buffer. However, Dox, if present in

the core, is expected to have a spectrum complimentary to the Dox spectrum in chloroform.

4.2.9. Statistical analysis
Statistical analysis was performed between two groups using the student’s t-test and
the p value was calculated. Differences between two groups were considered significant if

p>0.05. All data are expressed as the mean + SD.

4.3.  Results

4.3.1. Preparation of I-CI
CI was successfully radio-labelled using ' [Figure 4.2]. Radiochemical yield for
CI was found to be excellent [>95 %]. The specific activity of the compound was 2000

cpm/ug CL

4.32. HPLC assay of CI

The chromatograms of different analogs in standard solutions are shown in Figures
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4.3aand 4.3b. Typical calibration curve for CI is shown in Figure 4.4. The equations of best

fit for the lines of CI was Th ient of inations ranged from 98 - 100

%, and the CV of the slope determined on the five separate occasions was less than 5 %.
Peak areas obtained with plasma or LDL spiked with four and five different
concentrations of drug over the standard concentration range [Table 4.1] were linearly related
to the spiked concentrations. In all cases, direct addition of chloroform to LDL or plasma
was sufficient to extract more than 95% of the drug from spiked LDL samples. The
minimum detection limit for the drug was 10 ng [10 uL from 1 pg/mL standard solutions]
and was suitable for my studies. The peak height detected at this minimum concentration

was more than three times that of the noise. The ibility of the method

was determined by both intra- and inter-day variability studies [Table 4.2]. Statistical
analysis of CI showed no statistically significant inter-day or intra-day variations of the

samples [p values in all cases were found to be> 0.05] [Table 4.2].

4.33. Biological assay of LTP
Inatypical LTP assay, initial quantity of lipid acceptor [LDL] is incubated with large
excess amount of lipid donor [HDLp] in the absence [control] and presence of LTP. IFLTP

is i i lipids will be from the donor to the acceptor. When

the capacity of acceptor [LDL] is reached the excess amount of lipids will promote the
aggregation of LDL and the solution will become turbid. The development of turbidity can

be spectrophotometrically quantified. In the absence of LTP, or if LTP is denatured, no lipid
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movement occurs and the solution will remain clear. My assay to verify the catalytic activity
of LTP is a modification of a method reported earlier [Singh e al., 1992]. The development
of sample turbidity was observed in terms of reaction time and LTP concentration [Figures
4.5 and 4.6]. The results showed that control lipoprotein incubations lacking LTP had a
baseline absorbance, which did not change as a result of incubation, of about 0.25 at 405 nm.
‘When catalytic amounts of LTP were added, there was a time-dependent increase following
an initial lag phase, in sample absorbance at 405 nm. This increase was linear for periods
up to 10 hours and reached a plateau for longer time periods [15 to 24 hours], suggesting a
reaction end point had been reached. When either LDL or HDLp was omitted from
incubations containing LTP no increases in absorbance were observed. As expected there

wasa i increase in at 405 nm due to the turbidity of the

solution was observed [Figure 4.6]. On the other hand, control incubations lacking LTP did
not show an increased absorbance at 405 nm. The control absorbance was found to be 0.025
throughout the time period [Figure 4.5]. These data suggest that LTP was catalytically
effective. However, the catalytic efficiency was less than expected when compared with the
results of Singh ez al., [1992]. LTP catalytic activity is also temperature dependent and the
greatest efficiency was reported at 37°C [Singh ef al., 1992]. Based on these data, I proposed
to use 50 ug of LTP per mg of LDL protein and long incubation times of 9-15 hours for
studies involving drug loading.

4.3.4. Physicochemical properties of LDL-drug conjugates

The efficiency of incorporation of drugs into the LDL was evaluated by density
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ultracentrifugation, SDS-PAGE, and EM as discussed in Chapter 3. All LDL-drug
conjugates showed only one band indicative of apo B of LDL [Figure 4.7]. The particle size
of most LDL-drug conjugates [24 + 2 nm)] change significantly when compared to native
LDL [21 % 1 nm] [Figure 4.8 and 4.9]. However, the change in particle size is small in

magnitude.

4.3.5. Contact method

The dry film method is good in generating stable LDL-drug conjugates as indicated
in Chapter 3. The essential step of this method is the partitioning of drug from a solid
surface to the lipoprotein. This method was not found to be very effective in loading drugs
in LDL particles. Interestingly, when LTP was used to enhance drug loading, a 3- to 5-fold
increase in drug loading was observed for Dox [Figure 4.10]. This effect was not observed
with CL. Figure 4.10 shows that LTP has potential to enhance drug loading at least 2 to 5
fold. However, further optimization of this method was necessary to enhance loading with
more hydrophobic compounds such as CL. This prompted me to modify the dry film method.
I considered that increased interaction of LDL and drug was essential for LTP’s activity, as
the catalyst would act at the interface of the drug molecule and the LDL particle. In order
to solve this problem, I proposed to use organic solvents or surfactants to solubilize or
suspend the drug molecules before incubating them with LDL and LTP. Results are

discussed below.
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4.3.6. Organic solvent aided method.

In order to optimize contact between drug and LDL, 50 pL ethanol was added to
solubilize the drug before incubation with LDL and LTP. LTP was found to be
approximately 2-fold more active in ethanol solubilized than the control without ethanol for
CI [Figure 4.10]. A small amount of ethanol was found not to denature apo B protein. No
degradation bands appeared on gels after SDS-PAGE and no visual turbidity was apparent
[data not shown]. It is worth mentioning that the first clinical trials of VCR were performed
using preparations made by the dry film method with the aid of an organic solvent,
dichloromethane [Breeze ef al., 1994; Filipowska et al., 1992]. The results from human
trials indicated that small amounts of organic solvents may mot induce significant
denaturation to apo B protein of LDL, as LDL-drug conjugates had favorable
pharmacological effects.

The dry film method is good in generating stable LDL-drug conjugates as indicated
in Chapter 3. The essential step of this method is the partitioning of drug from a solid
surface to the lipoprotein. This method was not found to be effective enough in loading
drugs in LDL particles. Interestingly, when LTP was used to enhance drug loading, a 3- to
5-fold increase in drug loading was observed for Dox [Figure 4.10]. This effect was not
observed with CI. Figure 4.10 shows that LTP has potential to enhance drug loading at least
2to 5 fold. However, further optimization of this method was necessary to enhance loading

with more i like CI. 1 i that increased interaction of LDL

and drug was essential for LTP’s activity, as the catalyst would work at the interface of the



135
drug molecule and the LDL particle. In order to solve this problem, I proposed to use
organic solvents or surfactants to solubilize or suspend the drug molecules before incubating
them with LDL and LTP. Results are presented below.

4.3.7. Organic solvent aided method.

In order to optimize contact between drug and LDL, 50 pL ethanol was added to
solubilize the drug before incubation with LDL and LTP. LTP was found to be
approximately 2-fold more active than the control under these conditions for CI [Figure
4.10]. A small amount of ethanol was found not to denature apo B protein. No degradation
bands appeared on gels after SDS-PAGE and no visual turbidity was apparent [data not
shown]. It is worth mentioning that the first clinical trials of VCR were performed using
preparations made by the dry film method with the aid of an organic solvent,
dichloromethane [Breeze ef al., 1994; Filipowska et al., 1992]. The results from human
trials indicated that small amounts of organic solvents may not induce significant
denaturation to apoB protein of LDL as LDL-drug conj! had favorable

effects.

4.3.8. Detergent aided method.
1 have already demonstrated that the detergent aided method is more efficient in
loading lipophilic drugs into LDL compared to the dry film method. Results from ethanol

solubilization were encouraging; however, complete solubilization of lipophilic drugs by
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ethanol was not considered as I observed that apo B denatured at higher concentrations.
Alternately, to suspend the drug, I attempted to use Tween 20 which was already found
effective in loading Dox into LDL. This wetting agent was already found suitable to deliver

N ds in fon. The sui

and safety profile of this detergent
is discussed elsewhere in the literature [Leyland, 1994]. To test whether LTP worked better
in this system, I have used CI. A 3-to 5-fold difference in loading efficiency was observed

[Figure 4.11].

4.3.9. Direct addition

This method generates stable LDL-drug conjugates. It has been reported that the
LDL-drug conjugates were found to leak from the lipid core or to be loosely attached to the
PL outer-layer in preparations using this method [Firestone, 1994; Shaw ef al., 1987;
Lundberg, 1987]. However, in my experience with cell culture studies [see Chapters 5 and
6], I found the LDL-drug conjugates were stable enough to generate cytotoxic effects in
cultured cells indistinguishable from the effects of LDL-drug conjugates made by the dry
film method. The direct addition method was found suitable to load DoxHCl. With LTP,
the loading efficiency was improved at least 3- to 4-fold [Figure 4.11]. In one case, the
loading efficiency for Dox in the presence of LTP was found to be 22-fold higher than that
of the control without LTP. This result indicates the importance of modifying incubation

conditions in enhancing drug loading in LDL.



137

43.10. Enzymatic transfer via CETP
Figure 4.12 shows the relative incorporation efficiency of drugs using this method
compared to the contact method with or without LTP. Uniform LDL-drug conjugates could
be generated without any further improvement to the loading efficiency of the compounds.
‘This once again confirms the previous finding of low incorporation efficiency of CETP [De
Smidt and Van Berkel, 1990b]. Compared to the dry film method, no significant
incorporation was observed [Figure 4.10]. I conclude that CETP was not effective in

enhancing drug loading into LDL under my experimental protocols.

4.3.11. Location of drug

UV-visible scans were carried out in two different solvents to compare the spectra
of LDL-Dox conjugates. I hypothesized that Dox in LDL would have corresponding spectra
either to the spectra of Dox in chloroform or Dox'HCI in PBS. Dox in the two different
environments behaves differently. There are two different environments in LDL, the central
lipid core and the outer aqueous PL monolayer. UV-visible spectra of LDL-Dox conjugates
were similar to those of Dox in chloroform. Drugs were loaded into the oily core of LDL.
UV-visible spectra of Dox and LDL-Dox are shown in Figure 4.13. The spectra #1 and #2
of panel A were the Dox/LDL-Dox in the absence and in the presence of LTP. Clearly, LTP
induced significant increases in the amounts of Dox associated with LDL in comparison to
conventional spontaneous transfer. The increases ranged from 3-4 fold. With further

refining of the conditions [see below], more Dox can be packaged into LDL. When the
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spectra of Dox/LDL-Dox were compared to that of Dox-HCl in saline, a peak at about 543
nm became evident in Dox/LDL [#1 and #2] while Dox-HCI [#3 and #4] only showed a very
weak shoulder [panel B]. To explore the possible contribution of this peak in Dox/LDL-Dox
samples, the spectra of different concentrations of both the Dox base in chloroform and the
Dox-HCl in PBS buffer have been scanned [panel C]. The spectra of Dox in chloroform [#5,
#6 and #7], had 543 nm absorption peaks, while Dox-HCI solutions in PBS buffer [#8 and

#9] only showed this These results that Dox

with LDL was more like the Dox dissolved in chloroform than in aqueous medium. The Dox
might be dissolved in the oily core of LDL. This is the preferred location where Dox would
not be leaked out in the general circulation while the surface bound compounds would be
quickly displaced or exchanged by a very large amount of PLs presented in all the
i and 1 ins. The ization of Dox in the core was also predicted from

my DSC study discussed previously in Chapter 3 [section 3.7].

4.4. Discussion
The pivalic acid exchange radioiodination of CI using a i reported method
[Weichert er al., 1986] was successful. The HPLC procedure reported here was found

suitable in my experimental protocol. Recoveries of drug from LDL samples were excellent
[>95%].
Thave discussed the fact that by LTPis ific [Singh et al.,
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1992; Singh and Ryan, 1991; Liu and Ryan, 1991; Ryan, 1990; Ryan et al., 1990]. This lack
of substrate specificity provides a good basis for transferring various hydrophobic cytotoxic
drugs to LDL by LTP. In my studies, I have chosen a variety of structurally dissimilar
molecules as substrates for LTP. All the compounds were hydrophobic in nature and
Dox.HCl was ionic in nature. Both lipophilic and jonic substrates were reported for LTP.
In the biological system, [DAG] had the highest preference for transport by LTP. In my
studies, there was no preference was observed for CI although CI was structurally very
similar to CE. Inall the cases, the drug loading efficiency was found to be 2- to 5-fold higher
with LTP compared to control. CI was found to be better candidates. CI due to its close
similarity with CE was considered a better substrate. In addition, its lipophilic nature
presumably made it more interactive with the transfer protein. The transport of Dox.HCI by
this protein indicated that there was a preference for ionizable species. One possible

could be better i ions of ionic drugs with ionic PL outer layer. Since the

drugs are available at the interface because of ionic interaction, they are more accessible to
LTP. Ifthis holds true, then it explains why there was no dramatic difference in drug loading
efficiency by LTP. Results indicate that drug molecules should have sufficient
hydrophobicity to be loaded into LDL by LTP.

The contact method is based upon the passive partitioning of drug from a solid
surface into the LDL. The transfer protein method, described previously for the

of radi oleate into lij i et al., 1984],

utilizes transfer enzyme activity present in plasma, mainly, CETP. Experimental conditions
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for drug incorporation with these methods were tolerable to preserve native integrity of the
LDL particle because drug i ion was either or protei i Dry
film procedures produce LDL-drug conj with low i
incorporated drug may not be associated with the inner core of the LDL particle. Such a

“loose” incorporation was reported earlier with benzo[a]pyrene-LDL complexes obtained by
a similar procedure [Remsen and Shireman, 1981].
The CETP catalyzed incorporation method was very successful [up to 80%

oleate.

] in the case of i ion of
Moderate selectivity, by a factor of 5 to 6, was observed in the CETP-catalyzed transfer of
CE over TAG between plasma lipoproteins. On the other hand, the transfer of CE by CETP
was highly selective over the negligible transfer of TAG, by a factor of 60 to 500, between
microemulsions with LDL size [Ohnishi ez al.; 1994-1995]. The presence of free cholesterol
in these microemulsions reduced slightly the rate of CE transfer but had no effect on TAG
transfer. Other surface active reagents such as cholic acid, Triton X-100 and Tween 20, did
not have an effect on the TAG transfer either [Ohnishi ef al., 1995). From this discussion
it is clear that the CETP procedure was selective even for endogenous molecules. In my
studies, density ultracentrifugation showed that drugs cannot be incorporated into LDL with
this procedure, confirming a high degree of structural specificity which explains why foreign
particles were not transported by this protein. In addition, most of the mammalian proteins
are found to be highly selective and even stereospecific for their substrates [Ryan, 1990;

Ohnishi et al., 1995].



141

lnconxxmt’nCErPsmdis.LTPmnmmfuﬁpidsmidimcﬁmuﬂyﬁnmone
lipoprotein to another [Singh and Ryan, 1991; Ryan er al., 1990; 1986]. The rate of this
transfer process is much faster than that of human CETP [Singh ef al., 1992]. Preliminary
experimental evidence suggests that part of LTP has a functional similarity to human MTP.
It has been suggested that one of the three subunits of LTP [apo LTP-III, 55 kDa] might
function like protein disulfide isomerase involved in the process of protein [subunit] folding
and unfolding [Breiter ez al., 1991]. If this is true, it would explain why LTP is so efficient
in loading hydrophobic compounds into a tightly packed LDL particle. Unlike CETP, LTP
was effective in ing drug The ad f such transfer is that the drug

will be transported to the core of the LDL.

Inthe p study [ h: i -apacity of LDL particles to accept cytotoxic
‘molecules as well as the substrate specificity of LTP-mediated transfer. The results provide
evidence that the drug incorporation into LDL can be significantly increased and reveal a

potentially useful and improved method whereby LDL. j from

LDL in vitro.
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Profile cI*
Mobile phase 22% THF in acetonitrile
UV detection [wave length, nm] 254
Retention time, [minutes] 8.65
Detection limit, [ug/mL] 025
Linear range, [pg/mL] 1.0to 50
% Recovery from LDL samples >95%

* Values are the mean with CV less than 10%.
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Table 4.2 Inter- and intraday variations of CI

Spiked amount 25 50 100
[pg/mL]

Inter-day variation [individual values, peak areas|
Day 1 23.65,24.15 49.15,48.62 92.42,97.85
Day 2 28.75,25.05 47.25,4825 93.65,98.75
Day 5 23.55,24.75 49.95,51.25 102.26,99.95
Day 7 25.10,25.46 48.75,51.12 98.0,99.25
Day 15 26.25,25.47 49.58,52.26 97.75,98.25
Mean [SD] [n=10] 2520[1.5] 49.60 [1.54] 97.8 [2.87]
%CV [0=10] 5.95 3.10 293
Two-way ANOVA
p value 0.605 0.074 0.244

Intra-day variation [peak areas]

All samples 23.10,24.52,2527  46.53,47.52,49.84 92.53,97.50, 103
Friday 23.51,25.42,2625 485,50.10,5224  96.10,95.52, 105
Mean [SD] [n=6]  24.85[1.2] 449.10 [2.0) 97.7[5.25]
%CV [n=4] 4.85 4.07 537
p value 0.49 0.19 0.797
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Figure 4.1. Schematic diagram of LTP facilitated drug transfer.
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Figure42. Radioiodination of CL CI was radioiodinated by an isotope exchange
reaction with Na'*I in a melt of pivalic acid according to the procedure of
‘Weichert et al., [1985]. The reaction was complete in an hour at 155°C with
no ition of CI. The radi ical yield was more than 95% with

a specific activity of over 2000 cpm/ug CI.
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HPLC of Clin

Figures 4.2a, Standard CI in chloroform;
Figure 4.2b, CI in LDL extracted in chloroform [recovery of CI is more than
95%].
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Figure 4.3.
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Peak area =-0.152 + 0.519 * Concentration, R* =0.999

T T T T
10 20 30 40 50
Concentration of the sample, (ug / mL)

Calibration curve of peak area versus concentration of spiked standard

solutions of CL Each point represents the mean +SD of four determinations.
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The effect of incubation time on LTP-mediated lipoprotein sample
turbidity. HDLp [250 pg of protein] and LDL [SO pg protein] were
incubated in the presence of 2 pg LTP for indicated times at 37°C.

ing i ion, sample at 405 nm was determined on a
microtiter plate reader. The results shown are the mean +SD of three

determinations.
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The effect of LTP ion on lj in sample 405

nm. HDLp [250 pg protein] and LDL [SO pg protein] were incubated with
given amount of LTP for 60 min at 37°C. Following incubation the 405-nm
absorbance of each sample was determined. The results shown are the
meanSD of three determinations.
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SDS-PAGE of native LDL and LDL-drug conjugates. A 5% gel was run
according to the method of Lammelli [1970]. Lane 1. Control LDL during
incubation, and Lane 2. LDL-Dox conjugates. Twenty ug of LDL protein
were run in the gel for each sample. In all cases, the LDL-Dox or LDL-CI
conjugate produced only one band indicating no degradation of LDL during
loading [data not shown].
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Figure 4.8.
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Electron mi of LDL i Panel A. Native LDL; B.

LDL-Dox [prepared by the direct addition method]; C. LDL-Dox; and D.
LDL-CI [C and D was prepared by the contact method with Tween 20]. The

LDL ions were applied to and ivel,

stained with 2% phospheotungstate solution. They were examined on a

Philips EM 301 instrument at a magnification of 75,000X.
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Figure 4.9.
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Particle size measurement of LDL samples by EM. The LDL preparation
were applied to and i stained with 2%

phosphotungstate solution. They were examined on a Philips EM 301
instrument at a magnification of 75,000x. The diameter of 100 particles were
calculated and the results are expressed as the mean of diameter £SD.
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Figure 4.10. Loading efficiency of LTP in contact methods. A. Dry film method: Drugs
[Dox, or CI] were dried down on a test tube from a chloroform solution [dry
film] and LDL was added in the presence or absence of LTP. B. Organic
solvent aided method: the dry film of the drug was solubulized in few drops
of ethanol and incubated with LDL in the presence or absence of LTP. C.
Detergent aided method: the dry film of the drug was suspended with Tween
20 [> 3% of the total volume] and incubated with LDL in the presence and
absence of LTP. In all cases, incubation followed in the dark at 37°C for 12
hours under gentle shaking. The results are mean +SD of at least three
determinations. The asterisks indicate statistically significant difference
(single, p<0.05, double, p<0.001) compared to control without LTP.
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Figure 4.11. Loading efficiency of LTP in the direct addition method. Drug [Dox.HCl
in normal saline] were directly added to LDL samples in the presence or
absence of LTP. Incubation followed at 37°C for 12 hours in the dark under
gentle shaking. The amount of drug incorporated into LDL in the presence
and absence LTP was calculated and shown as mean +SD of three

determinations.
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Figure 4.12. Loading efficiency of LTP and CETP in incorporating drugs in LDL.
Drug ion in LDL using LTP was described in Figures 4.7 and 4.86.

Drug incorporation using CETP was performed according to Blomhoff ef al.,
[1984]. Fifty ug drugs [Dox or CI] were dried down from their chloroform
solutions with N,. The resultant residue was dissolved in 50 pL of acetone
and 500 pL of LPDP was added. After evaporation of acetone with N,, 300
uL of PBS was added. For DoxHCI, 50 pg drugs were directly added to 500
uL of LPDP followed by the addition of 300 pL of PBS. The LPDP-drug
preparation was then incubated with 500 pg of LDL at 37°C for 4 hours in
the dark. The amount of drug incorporated into LDL in the presence of LTP
or CETP was calculated and shown as the mean +SD of three determinations.
The double asterisks indicate statistically significant difference (p>0.5)

compared to control without LTP.
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UV-visible scans of Dox and LDL-Dox conjugates. DoxHCI was
dissolved in PBS or free Dox was dissolved in chloroform. DoxHCI and
Dox were scanned after subtracting scans of PBS and chloroform [controls],
respectively. LDL-Dox conjugates was scanned after subtracting LDL scan
taken as control. Panel A, LDL-Dox conjugates with (1) or without (2) LTP;
panel B, additionally Dox.HCl in PBS solution at different concentrations (3
and 4); and panel C, free Dox in CHCI, (5,6,7) and Dox.HCl in PBS (8,9 in
addition to 3,4). Note that a shoulder around 540 nm when Dox is in CHCl,.
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CHAPTER §:
IN VITRO DELIVERY OF CYTOTOXIC DRUGS INTO TUMOR CELLS VIA
THE LDL RECEPTOR PATHWAY

5.1. Introduction

The physico-chemical ization of LDL-drug conj was described in

Chapters 2 and 3. I have that LDL-conj: are bi i and

biophysically similar to native LDL. In this chapter, I discuss the biological characterization
of both free and LDL-Dox conjugates in a human cervical cancer cell line, HeLa.
‘The main pathway of cellular recognition and uptake of LDL is mediated by the LDL

receptor, which is predominantly present on tumor cells. This cellular uptake mechanism can

be up- and d¢ lated in to cellular supply and demand [Soutar and
Knight, 1990]. If the LDL is modified, its uptake by receptor mediated processes will be less
than expected in tumor cells. It must be remembered that LDL can be modified by
manipulations, such as minimal oxidation [Berliner et al., 1990; 1986], storage, and
wvortexing [Lougheed ef al., 1991], making it possible that some experiments with purified
LDL may i involve a degree of ification. This minute ification of LDL

may not be by the i it i However, such i ions can

easily be distinguished by cells in culture [Figure 1.4]. Biological evaluation of the LDL-
drug conjugates in an appropriate tumor model may further identify whether or not any

changes have occurred during the loading experiments. In my studies, the uptake of the
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LDL-drug conjugates were evaluated by their cytotoxic effect on HeLa cells. HeLa cells
were chosen because they have previously been shown to specifically bind LDL by a
receptor-mediated pathway [Lestavel-Delattre et al., 1992; Johnson ef al., 1983]. IfLDL is
modified during the loading experiment, a decrease in uptake via LDL receptors by the cell
will be observed. I also proposed to compare the cytotoxicity of free drugs or LDL-drug

inHeLacellsasa their potency. Cell cytotoxicity determination using

MTT is an acceptable method and widely used in cancer research. This assay is based on the

of a soluble ium salt, MTT, by the mi i

of viable tumor cells into an insoluble colored formazan product. This product is measured

after di; ion in DMSO [Ford et al., 1989; Alley et al., 1988;

Carmichael et al,. 1987]. The imetric assay has the of being safer, less

costly and simpler than the radiometric assays.

1 hypothesize that Dox will be selectively transported by the carrier, LDL, into the
cell much faster than the free drug, which does not have any carrier. Free drugs will be
transferred inside the cell only by diffusion. If this is true, the cytotoxicity of the LDL-drug

conjugate will be more pronounced compared to the free drug and will be proportional to the

of the carrier in ing the drug inside the cell. The cellular uptake of LDL
by the receptor mediated processes are subject to up- and downregulation, as described in

Chapter 1, section 1.5.3. If the cytotoxicity of the LDL-drug conjugate can also be similarly

in cells, this will the is that LDL carried the molecules inside

the cells. To prove my hypothesis, this chapter describes cell cytotoxicity studies of Dox in
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HelLa cells using MTT. Additionally, the carrier efficiency of LDL to deliver Dox and into

the cells was with carrier-free or existing ions of free Dox.

5.2. Materials and methods

5.2.1. Materials

Human LDL, LPDP, and Dox were described in Chapters 3 and 4. MTT [M 2128]
and DMSO were purchased from Sigma [St. Louis, MO]. Filters [0.2 pm] were from
Millipore. MTT was dissolved in PBS at a concentration of 0.5 mg/mL, sterile filtered and
stored in a dark environment at 4°C for up to a2 maximum of 1 week. Drug or LDL-drug

conjugate dilutions were prepared in the cell culture medium [range, 0.001- 40 pg/mL].

5.22. P ion of LDL-Drug
Dox-LDL drug conjugates were prepared using the direct addition method as

mentioned in Chapters 3 and 4. The LDL conjugates were fully characterized using

and biophysit i as detailed in those chapters.

5.23. Cell culture
HeLa cells, were gifts from Professor Alan Pater [Faculty of Medicine, Memorial
University of Newfoundland, St. John’s, Canada]. Cells were grown in Dulbecco's modified

Eagle's medium [DMEM] supplemented with 2 mM L-glutamine, 0.1 mM nonessential
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amino acids, 0.08 % [w/w], 2 % sodium bicarbonate, 10 % heat inactivated fetal calf serum

[FCS] [GIBCO] plus 0.2 mg/mL in and 200 IU/mL penicillin G. Cells were

maintained at 37°C and gassed with 4% [v/v] CO2 in air. The doubling time was 27 £ 1.5

hours [mean = SEM]. For all experiments, exponentially growing cells were used.

5.2.4. Determination of cytotoxicity
Cytotoxicity of free drug or LDL-drug formulations was conducted by the method of

Ford et al., [1989] and Carmichael et al., [1987] with minor modifications.

1 Under sterile conditions, 100 pL of the cell suspension [5 x 10* cells] harvested from
log-phase growth were seeded into 96 flat well bottomed plates. Three types of
media were employed, standard media as listed above, media containing LPDP
instead of FCS and the FCS supplemented media with 15pg/mL of an extra LDL.

2. The plates were incubated for 24 hours as above.

3. Medium was removed from the cells and test dilutions were added in 100 pL fresh
medium. Under sterile conditions, medium was aspirated by a microtitre pipette
from the wells and doubling dilutions of Dox or LDL-Dox conjugates were added in
a volume of 100 pL to each well. The test was performed in quadruplicate for each
dilution, with appropriate control wells that received 100 uL medium or LDL only.
The plates were incubated for 48 hours [step 2].

4. The medium was aspirated as discussed above and each well washed twice with

sterile PBS [200 uL] at RT. One hundred uL of medium was then added to each well
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and a 24 hour recovery period followed.

5 Following removal of the medium by aspiration under sterile conditions after
recovery, MTT solution [100 uL ] was added to each well. A 4 hour incubation
period in the humidified incubator at 37 °C followed.

6. After incubation, medium was aspirated from each well, DMSO [100 pl/well] was
added, the plates gently shaken and the absorbance of the well measured at 570 and
630 nm using a Biotek EL310 EIA plate reader. Absorbance at 630 nm was used as
the reference wavelength for detecting artifacts in the plastic plates and was
subtracted from the 570-nm values. The mean absorbance for these wells was
subtracted from the absorbance values in the other wells. Tests using LDL and LPDP
were conducted in the same manner.

8. Results from the plate reader were expressed as follows:

Mean absorbance at each dilution

x 100
Mean control absorbance

% Cell survival at each dilution =

9. A dose response curve of %cell survival i against drug

[abscissa] was constructed. The ICs, value was calculated from the plot.

52.5. Statistical analysis
For statistical evaluation of the data, one way ANOVA for multiple groups and the

t-test for two groups was to compare groups with the calculation

of p values. All values are expressed in mean £SEM.
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53. Results

5.3.1. Physico-chemical ization of LDL-drug

I have characterized the LDL-Dox conjugates as mentioned in Chapters 3 and 4. The
drug loading capacity of the conjugates were complimentary to my previous results as
mentioned in Figure 2.11 and Table 5.1. Similar results were obtained when the samples
were analyzed by SDS-PAGE [as shown in Figure 3.4 ], EM [as shown in Figures 3.3 and

3.4], and DSC [as shown in Figure 4.7] and Table 5.1.

532. C icity of LDL-drug

The cytotoxicity of Dox, and LDL-Dox conjugates, was studied in terms of %cell

survival in HeLa cells. The dose response curves are plotted in Figure 5.1. Figure 5.1 shows

the icity of different ions of Dox on Hela cells. Free Dox in its existing

formulations was the least effective to LDL-Dox i The

parameter, ICy, value, for Dox was found to be 1 pg/mL which is at least 6-fold higher than

any LDL i IC;, values for different ions were found to be 0.055, 0.142,
and 0.173 pg/mL in down-, normal, and up-regulated cells [Table 5.2] [one way ANOVA

p value<0.05]. There was a statisti igni i in up- and d

cells [paired t-test p values for up- and down regulated cells compared to normal cells
were<0.5]. Theoretically, cellular uptake of LDL should be down-regulated by fasting cells

ovemight. Cells were incubated in LPDP instead of FCS to upregulate LDL receptor activity
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in cells. After fasting, when LDL was supplied in the form of LDL-drug conjugates, cellular
uptake of LDL-drug conjugates were increased relative to normal cells. The comparative
cellular uptake of LDL-drug conjugates could be inferred using the cytotoxicity profiles of
the different formulations. If the cellular uptake of the cytotoxic drug is increased, a
correspondingly increased cytotoxic effect should be observed. Indeed, the IC;, value of Dox

in up- lated cells were 2.58-fold higher than normal cells [p<0.05]. Likewise, the cellular

uptake of LDL could be down-regulated by incubating cells in the presence of excess LDL.
A higher ICy, value for LDL-drug conjugates in down-regulated cells is expected compared
to the normal cells. A slightly higher but statistically significant [t-test p<0.05] ICy, value
[0.173 pg/mL] in up-regulated cells was observed compared to normal cells [0.142 pg/mL]
for Dox [p<0.05]. This implies that upregulation of the cell is a more effective way in
increasing LDL receptor activity. For the LDL-Dox formulation, the highest cytotoxic effect
was observed in up-regulated cells [IC, = 0.055 pg/mL] which is almost 20-fold more
cytotoxic than free Dox [ ICso = 1.0 pg/mL] [p<0.001]. Free Dox had no significant effect
in up- or down regulated cells when compared to normal cells [p> 0.05] [data not shown].

The native LDL in the same LDL protein concentration range had no effect on cell growth.

The dif in. ic effects is more among the LDL jons at lower
concentrations [Figure 5.1].

It can thus be noted that the cytotoxic activity of the LDL conjugates is 6-fold higher
than that of free drug depending on the cellular concentrations of LDL receptors. The ICs,

of Dox fell 18-fold when transported within LDL, illustrating the ability of the LDL to



potentiate the action of free drug.

5.4. Discussion
‘The results presented in this study support the findings that HeLa cells internalized

LDL drug fons by receptor-mediated [Lestavel-Delattre et al., 1992;

Johnson et al., 1983]. If the drug is tightly bound to LDL, then excess native LDL should
compete with the conjugate for binding to the LDL receptor and, hence, reduce uptake and
toxicity of the conjugate. The LDL receptor mediated uptake was confirmed by the up- and
downregulation effects caused by a large excess of LDL or LPDP in the media in addition
to normal constituents. I have demonstrated that this receptor mediated process could be
used to deliver cytotoxic agents to cells. This method is especially important for drugs which
need to be transported inside the cells to exert their cytotoxic effects. Dox, is unique in
inducing cytotoxicity even without entering inside the cells [Tritton and Yee, 1983]. If the
drug does not enter the cell, cytotoxicity to cells is negligible. Free Dox is effective in
inducing cytotoxicity in cells without actually entering the cells. However, I inferred from
my data that Dox action inside cells, perhaps by DNA intercalating, inducing of
topoisomerase II mediated DNA cleavage, inhibiting of background DNA cleavage, seems
to be more effective than its action at the cell surface [Bodley ef al., 1989]. This view is in
agreement with previous findings related to the site of action of Dox [Bodley et al., 1989].
1 propose that LDL can be used to deliver drugs more effectively into the cell.

The LDL receptor-mediated endocytosis of cytotoxic LDL-drug might provide
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distinct advantages over the trapping of antineoplastic drugs in artificial carriers. The main

reason for this statement is that artificial carriers are subjected to destruction by blood borne

primarily by i ins [Rohrer ef al., 1990] and to fast clearance from the
circulation by the RES [Suits ef al., 1989]. Since the loading of the particles with drug
‘molecules does not influence the receptor recognition of the protein component of LDL, this
preparation is expected to follow the in vivo fate of native LDL particles in animal or human
studies. This is very important, as the use of LDL as a drug carrier depends on the

P ion of particle istics such as receptor recognition and RES avoidance. If

the physical properties of the core lipids of LDL is disturbed during drug loading, e.g., a
change in fluidity of core, a premature drug leakage into the systemic circulation may occur
and much of the drug will be released before the LDL-drug conjugates reach the target site.
In the case of LDLs, the fluidity of the core is therefore important as it influence the drug
release kinetics and thereby determines if the carrier can be used for any drug targeting or if
only the depleted carrier will reach the target tissue [Westesen ef al., 1995]. The present
study indicates that in favorable cases, such as loading with the anticancer drug, the
characteristics of the LDL structure and its dynamic properties are preserved in addition the
incorporation of significant and effective amounts of drug. This present study also
demonstrates that cytotoxic drugs can be modified, incorporated into LDL and selectively
delivered to cells by LDL receptors in vitro.

It is essential to realize that the effective use of LDL as a targeting vehicle in medical

practice will require the use of a drug substance with high cytotoxic activity. Under normal
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in vivo conditions, the LDL receptor can be down-regulated by the native LDL in the blood
stream [Goldstein e? al., 1977]. LDL-drug conjugates are diluted by the native LDL, which
will compete for the binding sites on the receptor. This problem might, in part, be dealt with
by downregulation of receptors in patients as discussed in Chapter 1. I demonstrated that

downregulation of LDL receptors does not significantly effect cytotoxicity of LDL-drug

This has been in human studies by Filipoeska er al., [1992].
However, in light of these considerations, it is obvious that the 10-fold increase in cytotoxic
activity obtained by the new formulations presented in this study, is a significant progress in
the field of drug delivery targeting using LDL or lipid emulsions.
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Table5.1.  Physico-chemical istics of LDL-Dox j used in HeLa
cells
Features of LDL-drug conjugates Mean value +SEM
Drug loading capacity 47.06+3.10
[ug of drug/mg of LDL protein]
Ratio of cholesterol to protein 1.7+0.20
Apo B integrity from SDS-PAGE [no. of bands observed] Single
Particle size from EM, [nm] 22.12+0.12
Transition enthalpy [KJ/kg of protein] calculated from DSC 1.474£0.11
thermograms]
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Table 5.2. ICy," values for cytotoxicity of HeLa cells treated with free Dox or LDL-

Dox conjugates
Formulations ICy", [1g/mL] in HeLa cells
‘Normal Up-regulated Down-regulated
Free Dox 1.00£0.2 0.85+0.13 1.12+0.121
LDL-Dox conjugates 0.142 £ 0.01 0.055 +0.01 0.173 £0.04

* Concentration required to reduce cell survival of HeLa cells to 50 %.

® 5 X 10* cells were plated in 96 wells sterile microtitre plates and after 24 hour cultures

‘were exposed to varying concentrations of drug formulations for 48 hours. Plates were then

rinsed with PBS and 200 pL fresh growth medium was added. After 24 hour cell

cytotoxicity was determined with MTT. ICy, values were calculated from three separate

each in




Figure 5.1.

177
Cytotoxic effect of the Dox and LDL-Dox conjugates on normal, up- and
down-regulated HeLa cells. Cells [5 X 10*] were incubated at 37°C with
the Dox or LDL-Dox conjugates in doubling dilutions. The cells were
sampled after 24 hour incubation and followed by washing twice with PBS
and cytotoxicity was counted using the MTT assay as mentioned in Materials
and methods. The cytotoxicity of Dox in normal, up- and down-regulated
cells were comparable and only the cytotoxicity of Dox on normal cells are
shown in the figure for clarity. Each point is the mean + SEM of four

intwo i
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CHAPTER 6:
IN VITRO EVALUATION OF MODIFIED LDL-DRUG CONJUGATES ON

MACROPHAGES

6.1. Introduction

[Md)] are bone derived cells with

roles in host protection against facultative and obligate bacterial pathogens [Edwards et al.,

1986; Adams and Hamilton, 1984], viruses [Koff er al., 1985; Ishihara et al., 1985],

parasites [Wirth and Ki 1988], and ic cells [Shaw e al., 1988;

Adams and Hamilton, 1985, ]. They belong to the mononuclear phagocytic system [MPS],

which includes the Kupffer cells in the liver, alveolar, splenic, lymph node, and bone marrow

M¢, tissue histi , and ci blood ytes. However, M¢ are not
to destroy i i or ic cells. They take up

in-bound either by phagq is of whole cells or membrane fragments

or via recep diated is of plasma li ins. Although LDL receptors are

Ppresent on a variety of cell types, normal tissue M¢ express few receptors for native LDL
[Goldstein ef al., 1980] and take up native LDL very slowly in vitro [Brown and Goldstein,

1983; Goldstein ef al., 1979]. In contrast, LDL that has been reacted with acetic anhydride

in vitro to form AcLDL is taken up rapidly by a ng; ptor mediated
pathway in M¢ [Shaw er al., 1988; Pitas ef al., 1985; Brown and Goldstein, 1983; Johnson

et al., 1983; Goldstein er al., 1980; 1979;]. This pathway is functional in Md, blood
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monocytes, sinusoidal endothelial cells, and to a lesser extent, microvascular endothelial
cells [ Pitas et al., 1985; Via et al., 1985; Voyta ef al., 1984; Brown and Goldstein, 1983;
Nagelkerke e al., 1983] . The in vivo function of the ACLDL pathway has been suggested
to be the scavenger system for LDLs that are modified by oxidation products of arachidonic
acid [Brown and Goldstein, 1983; Goldstein et al. 1979] and/or to play a role in M¢-induced
inflammation [Brown and Goldstein, 1983]

As indicated earlier the scavenger receptor exists on a restricted number of cell types,
thereby offering a distinct targeting advantage over the LDL receptor system [Matsumoto et

al., 1990; Shaw et al., 1987]. This receptor is a 260 kDa, trypsin-sensitive glycoprotein

[Shaw et al., 1987]. These receptors bind negatively charged Ii ins and participate in
the removal of altered lipoproteins [AcLDL] from the circulation [Basu ef al., 1976]. LDL
will not bind the scavenger receptor and does not interfere with ACLDL uptake by M [Shaw
et al., 1988; 1987; Brown and Goldstein, 1983]. AcLDL has been proposed as a carrier to
deliver drugs specifically to M [Shaw ef al., 1987]. Liposomes have also been proposed
as a carrier for delivering drugs [such as i in M diseases

et al., 1984; Rahman er al., 1982]. Drug delivery through liposomes to M¢ does not have
any targeting advantages [Poste ef al., 1982]. Liposomes interact with a variety of cell types
and are therefore ific for M. they are often unable to pass through the

vascular endothelium. Hence they bypass resident tissues or tumor associated M¢. Asa

drug carrier, ACLDL presents some in ison with lij [1] AcLDL

measures 21 nm and is smaller than the majority of liposomes, and therefore may provide
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better infiltration into the different tissues than liposomes; [ii] AcLDL binds only with cells
presenting the scavenger receptor and does not bind with other cells as do liposomes. This
increases the specificity of the target and may decrease the toxicity of the drugs [Hossaini ez
al., 1994]. Furthermore, it is now possible to incorporate a number of lipophilic drugs into
LDL or AcLDL [Hossaini ef al. 1994; Shaw et al. 1987, 1988; Yanovich er al., 1984].

Histocytic mali ies are i ic diseases which affect the cells of

the MPS and are usually fatal if untreated. Dox is commonly used in the treatment of
histiocytic malignancies [Buzdar et al., 1985]. I have demonstrated that Dox can be loaded
in LDL and the LDL-Dox conjugates were 20-fold more effective than free Dox in killing
HeLa cells. Since the scavenger receptor system is known to be present primarily on the

cells of the M¢, it may be possible to achieve selective delivery of antitumor agents to the

ic cells in histiocyti i ies through these receptors. Recently, it has been
demonstrated that the scavenger receptor-mediated delivery of DNM elicits selective toxicity
towards murine neoplastic cells of macrophage lineage whereas receptor negative cells
remain unaffected, both in vitro and in vivo [Basu et al., 1994; Mukhopadhyay et al., 1993;
1992].

It is important to establish the efficacy of AcLDL-drug conjugates in an appropriate

model system as a prelude to ining the feasibility of ing this approach to human

or i ions of origin. In this study, I propose to deliver Dox
using AcLDL as the carrier. The efficacy of AcLDL-drug conjugates in terms of targeting

potential will ined in a well ized mouse cell line, J774.A1. In
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addition, normal LDL-drug conjugates will be used to compare the selectivity of modified

LDL over normal LDL-drug conjugates.

6.2. Materials and methods

6.2.1. Materials
Dox, LDL, LDL-Dox, MTT, and DMSO have been described in the previous

chapters.

6.2.2. Acetylation of LDL

The LDL was acetylated with the repeated addition of acetic anhydride as described
by Basu et al. [1976] and dialyzed for 36 hours at 4°C against PBS. Turbidity of the solution
'was removed by centrifugation [1000x g, 10 minutes]. Sterile filtration using the Millipore
‘membrane filter [0.20 um pore size] was done to make the final preparation. AcLDL was

stored at 2-8°C for no more than two weeks before use.

6.2.3. Preparation of AcDL-drug conjugates
The drug loading procedure was essentially the same as described previously in
Chapter 2. Dox was incubated by the direct addition method. AcLDL-drug conjugates were

characterized by SDS-PAGE, EM, and DSC as described in Chapter 3.
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6.2.4. Cell culture
Mouse M¢ cells, J774.A1, were grown in DMEM supplemented with 2 mM L-
glutamine, 0.1 mM nonessential amino acids, 0.08% [w/w] sodium bicarbonate, 10% heat

inactivated FCS plus 0.2 mg/mL in and 200 [U/mL icillin G. Cells were
maintained at 37°C and gassed with 4% [v/v] CO, in air. For all experiments, exponentially
growing cells were used. Cells were seeded in 96 well microtitre plates at a density of 5 X
10° cells/well. Forty eight hours after seeding, the growth medium was replaced by medium
containing a 10% human LPDP or LDL [15 pg protein/mL ]. These cells were cultured for
a further 24 hours and used for cytotoxic studies. Henceforth, J774.A1 cells cultured with

LPDP or LDL will be referred to as up- or d lated J774.A1 cells, resp:

Normal cells were grown in standard medium as mentioned earlier.

6.2.5. Determination of cytotoxicity

The procedure was essentially the same as described in Chapter 5, section 5.2.4, with
minor modifications. Briefly, cells harvested from log-phase growth were seeded into 96-
well flat-bottomed plates at 5 x 10° cells/well. Free drug, LDL-drug, and AcLDL-drug
formulations were then added to the plates at doubling dilutions. After 48 hours exposure
to the drugs, the cells were washed twice and fresh media was added. Cells were incubated
until the control cells reached confluence. At this point 100 uL MTT solution [0.5 mg/mL]
was added to each well and the cells were incubated in the dark for 4 hours at 37°C. After

incubation, DMSO [100uL/well] was added, the plates gently shaken and the absorbance of
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the well measured at 570 and 630 nm using an ELISA plate reader. Cytotoxicity was

measured as described in Chapter 5 [section 2.4].

6.3. Results

6.3.1. Efficiency of drug incorporated into AcLDL
The MW of Dox is 543 dalton [Da]. LDL molecules contain only one apo B protein
[Kostner and Laggner, 1989] and its MW is 543 kDa. I calculated that one AcLDL particle

incorporated 44 + 10 molecules of Dox [n=5 assays].

6.3.2. Characterization of AcLDL-drug conjugates

To study the stoichi of the i i I added varying amounts

of the drug to fixed amounts of AcLDL. Results were similar to that observed for LDL-drug
conjugates. As the amount of drug was increased, the drug to AcLDL protein ratio of the

complex increased until a plateau at i 44 per AcLDL particle for Dox

was approached [Figure 6.1]. HPLC analysis revealed that Dox constituted more than 95%
of the incorporated drug [Dox] which indicated stability of the Dox during processing and
within LDL. This indicates that Dox is as stable in AcLDL as it is in native LDL. The

electrophoretic mobility of AcLDL-drug conjugates was similar to AcLDL on denaturing

15% p i is gel, indicating that both particles had an identical size.

NoapoB ion in the gel was visualized [Figure 6.2]. This suggests that the loading
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procedure did not change the native integrity of the apo B protein. Particle size
measurements by EM revealed that the conjugates prepared by the current method had almost
the same size as the native LDL [Figure 6.3]. AcLDL-Dox was found to be 23 + 1.2 nm in
diameter. Figure 6.4 shows electron micrographs of native LDL, AcLDL, and AcLDL-Dox
conjugates prepared by the indicated methods. All AcLDL or AcLDL-drug conjugates show
similar morphologies to native LDL. These results indicate that there is no difference in

physicochemical behavior of drug loaded LDL or AcLDL using my experimental protocols.

6.3.3. Cytotoxicity of AcLDL-drug conjugates

The biological activity of ACLDL-drug conjugates was studied i vifro in J774.A1
M¢. The selectivity of AcLDL-drug conjugates was compared to free drugs and normal
LDL-drug conjugates. The dose response curves plotted in Figure 6.5 shows that
cytotoxicity of Dox, LDL-Dox, and AcLDL-Dox conjugates in normal cells. AcLDL-Dox
conjugates clearly show a much higher activity than the other formulations [Table 6.1]. ICy,
values obtained for AcLDL-Dox, LDL-Dox, and free Dox formulations were compared
[Table 6.1]. AcLDL-Dox conjugates showed at least 3-5 times more cytotoxicity than native
LDL-Dox conjugates [p<0.001] which was again 7 times lower for cytotoxicity compared
to free Dox [p<0.001]. The ICy, of the Dox fell from 0.04 to 0.026 pg/mL [>15 fold] when
transported within AcLDL and to 0.0084 [4.7 fold] when transported in native LDL.

The native AcLDL, which was in the same AcLDL protein concentration range, had

no effect on the cell growth. Th ic efficacy is more atlow
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for AcLDL-Dox conjugates.

6.3.4. Uptake of AcLDL-drug by up- and d cells

The scavenger receptor mediated uptake was studied by examining the up- and the
downregulation cells on the cellular uptake of LDL formulations. M¢ predominantly
express the scavenger receptor which cannot be modulated like the LDL receptor by the use
of LDL or LPDP in the media as mentioned in Chapter 5. Since the expression of the LDL

receptor is minimal, a significant increase in cytotoxic effects for LDL-drug conjugates by

cells via up- or ion of receptor would not be expected. Indeed, cells

did not show any change in cytotoxicity in the different media for free drugs and AcLDL

formulations [Table 6.1]. When the cells were d lated no

difference between the efficacy of Dox or AcLDL-drug conjugates were observed [p>0.05].
For the LDL-drug formulation a higher cytotoxicity was observed when cells were up-
regulated using LPDP in the growth medium. However, only minimal modulation [1.728

fold] in the ICy, values was observed. This suggests that J774.A1 cells express a limited

number of the LDL receptors but exp: i The LDL-drug

conjugates were more effective than the free drugs, indicating that the LDL receptor pathway
is more efficient than the free drug formulations. As expected, a low uptake of the LDL

preparations was observed for the down-regulated cells to the up-regulated cells.
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6.4. Discussion

Much work has been done on the various modifications that can affect LDL, and on

their for its ition, uptake and ion by M, ial cells and
smooth muscle cells. These modifications are thought to be primarily oxidative in origin
[Witzman and Steinberg, 1991], and to be mediated by endothelial and smooth muscle cells

either via I P et al., 1989] or iron-catalyzed

et al., 1984]. The modifications include acylation of lysine €-amino groups [Steinbrecher,

1987], increased levels of lysolecithin [Parthasarathy ez al., 1985, increase in thiobarbuturic

id-relati et al., 1989], ion of the in particles
[Hoff et al., 1992] and cross-linking or ion of the apo B polypeptide [Fong et al.,
1987].

Modified AcLDL is taken up by cells mainly by two mechanisms: [1] The scavenger
receptors present on M¢ and endothelial cells, which recognize AcLDL that has had a certain
proportion of it e-amino groups modified to increase its net negative charge [Zhang ef al.,

1993]; two variants have been cloned and sequenced [Kodama et al., 1992, Rohrer ef al.,

1990]; and [2] the apo B-mediated AcLDL phag [Suits et
al., 1989], which is thought to take up AcLDL that has been less severely modified and is
more likely to aggregate. The two mechanisms do not appear to downregulate and M¢ can
thereby become overloaded with lipid and cholesterol [both esterified and free], eventually
becoming foam cells.

It must be remembered that LDL can be modified by manipulations, such as minimal
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oxidation [Berliner er al., 1990; 1986], storage and vortexing [Khoo ef al., 1988], making
it possible that some i with purified i in may involve a degree of

Conj and of various drugs with LDL [Halbert et al., 1985,
Lundberg, 1987] have been postulated as delivery vehicles to tumors but the relative lack of
success has been accounted for in the case of complexes by the lack of stability and, in the
case of conjugates, by the switch in affinity towards M¢ [Schultis et al., 1991].

The current study indicates that AcLDL-drug conjugates are effective in delivering
lipophilic cytotoxic drugs to M¢. Although M¢ possess receptors for the native LDL, the
uptake and degradation of AcLDL occurs at rates approximately 20-fold greater than LDL
[Brown and Goldstein, 1983; Goldstein ef al., 1979]. However, in my studies, the AcCLDL
pathway was found to be less effective which was 3.2-fold higher than the native LDL
pathway in case of Dox conjugates. This may be due to the difference in cell line or the drug
candidates. It was demonstrated that drug loading into the AcLDL particles does not alter
its specificity or binding for M¢ [Shaw et al., 1988). My demonstration that the cytotoxicity
of the AcLDL-drug conjugates was not completely inhibited by native LDL suggests that the
interaction of AcLDL occurs by means of the scavenger receptor. Cytotoxicity studies
performed with J774.A1 cells demonstrate the ability to induce cytotoxicity by the AcLDL
invitro. Delivery of the drugs using native LDL also led to enhanced cytotoxicity. However,
the nonspecific uptake of drugs, in the case of the free drug formulations, was found to be
least effective compared to native or modified LDL formulations.

M¢ exist normally in various stages of i ivation as
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‘within the body [} et al., 1990; 1980; Johnson et al., 1982; Sorg, 1982;
Miller and Morahan, 1982]. Although the specific delivery of cytotoxic agents to

nonactivated M¢ has obvious i ities, delivery to i activated M

in vivo may also be useful in light of findings that y-interferon and muramy! dipeptide can

act isti in activating the ici ies of mouse M¢ [Saiki and

Fidler,1985].

It is not clear how AcLDL-drug conjugates will function in vivo in the reducing the
tumor mass and preventing metastasis. However, AcLDL drug conjugates have been found
to be more effective in mice on some oncogenic viruses compared to, free drugs, lipophilic
derivatives or liposomal preparations [Dietrich et al., 1986; Ikeda et al., 1985; Ishihara et al.,
1985; Koff et al., 1985; Canonico et al., 1984; Mashihi ef al., 1984; Kotani et al., 1983].

The AcLDL conjugate is completely soluble in aqueous solutions and represents an

optically clear, yellow, in-coated ion. The small size and water solubility

of the i ilic drug particle conj will provide distinct advantages when

tested in vivo. Several lines of in vitro evidence suggest that the conjugates remain tightly
associated, a criterion absolutely essential for use of the LDL-drug conjugates in vivo.
During cytotoxic assays, the efficacy of AcLDL-drug conjugates was maintained even in the
presence of a large excess of LDL. Exchange of drug from AcLDL-drug conjugates to LDL
or leakage of drug from AcLDL to the medium should have lowered the cytotoxicity of the
AcLDL-drug conjugates. In my studies no such depression of cytotoxic effect was observed.
Moreover, I have demonstrated with LDL-drug conjugates in Chapters 2 and 3 that leakage
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or exchange of drug from LDL-drug conjugates was nomimal.
Thave shown that the AcLDL allows specific targeting to M¢. However, the AcLDL

is removed from the ci ion by the sis i ial cells of the liver, spleen, bone

marrow, adrenal glands and ovary. The other endothelial cells [of arteries, veins, or
capillaries of the heart, testes, kidney, brain, adipose tissue, and duodenum] did not
endocytose AcLDL [Soutar and Knight, 1990]. The specific uptake of AcLDL by sinusoidal

ia could reflect the i for in the ovary and adrenal glands for

hormone production, in the spleen and bone marrow for blood cell membrane, and in the
liver for bile production [Soutar and Knight, 1990]. One has to assume that, in vivo,
administration of bile acids could decrease the requirement of cholesterol and therefore the
clearance of AcLDL by the liver endothelial cells. However, this limitation for targeting
drugs to M¢ can be an advantage if the drug is released from endothelial cells to the liver,
spleen and bone marrow cells that contain putative target M¢ for HIV. In addition, since it
was recently shown that human liver endothelial cells are potential target cells for HIV and
can play a role in the pathophysiology of AIDS [Sun et al., 1992], one can propose to use
AcLDL for anti-HIV drug targeting to these cells. M¢ are described as susceptible targets,
and persistent reservoirs for HIV, and key immunomodulatory elements that control the
extent of AIDS [Zhang et al., 1993]. On the other hand, it has been described that efficient
viral replication in M¢ depends on both cell activation and differentiation [Kodama et al.,
1990], and this is known to increase the number of scavenger receptors for AcCLDL at the cell

surface [Rohrer ef al., 1990, Suits et al., 1989]. Consequently, the use of the AcLDL
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receptor-mediated endocytosis for anti-HIV drug targeting appears attractive. Finally, If the

increase of ACLDL is in some CD4 ytes reflects

of M¢ in later stages of the disease, it may be propitious to use AcLDL to carry drugs to
these cells to restore or stimulate their functions [Juompan et al., 1995].

ACLDL particles appear to have potential for delivery of cytotoxic agents. A distinct
targeting advantage can be gained with the AcLDL receptor as it is not subject to feedback
inhibition and resides on a restricted number of cell types, primarily M, monocytes, and
endothelial cells. Enhanced site delivery to M¢ would be expected to increase the efficacy
of the compound in question while simultaneously lowering its toxicity or undesired side
effects generated from interactions with non-M¢. The AcLDL particles themselves are

do not alter the i ical stability of the i drugfs], and

are capable of associating with a significant quantity of drug. The combination of specificity
on the part of both the drug and its carrier provides a useful approach for the therapeutic
management of disease states.

In summary, this study has demonstrated that AcLDL, exhibits suitable physical
properties can be used to increase the delivery of Dox to M¢ or macrophage tumors

AcLDL with i More i , such

increases result in enhanced therapeutic indices of the drugs compared to that achievable
with the corresponding free drug. The AcLDL based formulations are expected to be more
tolerable because of its similarity in physico-chemical characteristics to native LDL

[Filipowska et al. 1992]. Thus, the combination of increased drug delivery for LDL and
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increased tolerated drug doses for AcLDL based formulations should result in higher
therapeutic benefits in cancer and/or AIDS treatment, respectively.

Itis to suggest that signi targeting of AcLDL-Dox, by means of

scavenger receptors, to M¢ and to a lesser extent arterial endothelial cells [Voyta ef al.,

1984; Fogelman et al., 1980; Brown and Goldstein, 1979] might be anticipated. However,

the desired drug efficacy iated with ici ivation by AcLDL-drug conjugates
should be highly confined to M¢ cell types, as these cell types express predominantly

receptors. C the ination of specificity on the part of both the

drug and its carrier for a particular tissue or cell type may provide a useful general approach
for drug targeting and the therapeutic management of disease states.
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Table6.1.  ICg,' values for cytotoxicity in J774.A1 cells treated with different

formulations
Compound IC,?in J774.A1 cells
Normal Up- Down-
regulated regulated
Free Dox 0.04 0.036 0.044
LDL-Dox conjugates 0.008 0.009 0.005
AcLDL-Dox conjugates 0.003 0.0026 0.0032

* Concentration required to reduce cell survival of J774.A1 cells to 50%.

5 X 10° cells were plated in 96 wells sterile microtiter plates and after 24 hour cultures were

exposed to varying concentrations of each drug for 1 hour. Plates were then rinsed with PBS

and 200pL fresh growth medium was added. Cell cytotoxicity after 24 hour incubation was

determined with MTT. ICy, values were calculated from two separate experiments, each

performed in duplicate. Values are the mean of four determinations in three independent

experiments with a CV less than 20%. Note that the values in normal, up- and down-

regulated cells for Free Dox and AcLDL-Dox

®>0.5).
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Stoichiometry of AcLDL-Dox conjugates. The AcLDL-Dox conjugates
were prepared using the direct addition method. A constant amount of
AcLDL protein (300 pg) was incubated with a variable amount of Dox as

indicated. Values are expressed as the mean +SEM (N=5).
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Figure 6.2.  Electrophoretic mobility of AcLDL using SDS-PAGE. Lanes 1 and 8:
broad range MW markers; Lanes 2 and 3: native LDL; Lanes 4 and 5:

AcLDL; and Lanes 6 and 7: AcLDL-Dox conjugates.
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Figure 6.3.
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Electron mi of AcLDL p ions. The AcLDL preparations
were applied to carbon formvar membranes and negatively stained with 2%
phosphotungstate solution. They were examined on a Philips 300 instrument
at a magnification of 75,000X. Panel A, AcLDL; panel B, AcLDL-Dox
conjugates [the direct addition method]; panel C, AcLDL. processed with
Tween 20 (control) and panel D, AcLDL-Dox conjugates prepared by the

contact method with Tween 20. The bar represents 100 non.
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Sample codes as in panels of Figure 6.3

Figure 6.4.

Particle size of AcLDL preparations measured by EM. Results are the
mean +SD of at least 100 particles’ diameters [see Figure 6.3 for

explanation].



Figure 6.5.

200
Dose-response curves of J774.A1 M¢ control cells after 48-hour

treatment with Dox, LDL-Dox conjugates in normal and up-regulated

cells. The efficacy of d lated cells were

compared to normal cells [p>0.05], AcLDL-Dox conjugates in normal cells.
Dox and AcLDL-Dox had statistically nonsignificant effect on normal, up-
or down-regulated cells [p>0.05]. % Cytotoxicity was calculated from the
MTT assay, as described in section 6.2.5. The data are presented as % of
corresponding control cell survival from three independent experiments

[mean at each point +SEM].
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CHAPTER 7:

DRUG INTERFERENCE IN THE PROTEIN ASSAY METHOD USING BCA'

7.1.  Introduction

This chapter describes the interference of Dox in the BCA protein assay method.

During my drug i ion studies, I the i f protein
to determine the loading efficiency of a drug into LDL. Any nonprotein molecule, if it

interferes with the protein assay, may give an i protein i ing on

the degree of interference in the BCA method. This issue is the prime focus point of this
study.

Common methods for the assay of proteins in biological fluids include the Biuret
[Gomnall et al., 1949], Lowry [Peterson, 1979; 1977;Lowry et al., 1951], Coomassie Brilliant
Blue G-250 protein dye-binding assay [Bradford] [Sedmak and Grossberg, 1977; Pierce and
Suelter, 1977; Bradford, 1976;], and the BCA assay [Wiechelman ez al., 1988; Smith er al.,
1985]. All of these methods have their advantages and disadvantages [Lleu and Rebel, 1991;
Baker, 1991; Vico ef al., 1989; Brown ef al., 1989; Hill and Straka, 1988; Kessler and
Fanestil, 1986; Kirchbaum, 1986; Compton and Jones, 1985; Lea et al., 1984]. Among
them, the Lowry method has been used widely for protein quantitation in biological samples.
However, complications are encountered due to reagent instability and because many

'A version of this chapter is in press: Abdul Kader and Hu
Clinical Chemistry, (1997)
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substances commonly used during protein purification interfere with the Lowry assay
[Peterson, 1979). Thus, alternative protein assays have been developed which simplify
protein quantitation and eliminate many of the problems associated with the Lowry method.
One alternative procedure developed by Smith ef al., [1985] is based on the reduction of Cu**
to Cu” by protein. The Cu" then complexes with bicinchoninic acid [BCA] [Pierce BCA
protein reagent], which absorbs light maximally at 540 - 600 nm. This assay is similar to the
Lowry method in that both rely on the biuret reaction for generation of a colored complex

between peptide bonds and cuprous ions when protein is placed in an alkaline environment

Cu* and Weinstein, 1976; Weil 1946). However, whereas
the Lowry method employs Folin-Ciocalteu reagent to enhance the color response of the
Biuret reaction, the BCA assay utilizes the sodium salt of BCA, a highly specific

for Cu’. The high ificity and stability of the bicinchoninate chromophore

has i the of a simpli one step protein determination with
exceptional tolerance to nonionic detergents and simple buffer saits [Kanshal and Barnes,
1986]. Nevertheless, hydrogen peroxides [Baker, 1991], sucrose and detergents [Minamide
and Bamburg, 1990; Hill and Straka, 1988], biogenic amines [Tracy and Jean, 1991],

vitamin C, and Williams, 1992;

1991], or any other compound that can reduce Cu?* to Cu’, will produce the characteristic
purple color associated with the binding of Cu* with BCA. It would not be surprising if
anthracyclines, which are easily oxidized in alkaline media in the presence of metal ions,

would produce the necessary reduction of Cu?* for the formation of a Cu-BCA complex.
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In the Bradford method, the Coomassie blue dye binds primarily to basic and aromatic amino
acid residues, especially arginine, and forms a color complex. In this method, interferences
may be caused by drug-protein and/or drug-dye interactions. Since the mechanism of color
formation is different in the BCA and the Bradford method, both methods were considered

for interference studies. The observed i are parti when

attempting to compare protein levels at various stages during protein quantitation in protein-
drug conjugates in drug loading studies [Iwanik et al., 1984; Yanovich er al., 1984],
distribution studies [Wasan and Morton, 1996; Cusack ef al., 1993], in enzyme activity
measurements [Mangiapane, 1990}, and in cell culture studies to quantify cell protein [Bose
et al., 1995; Goldschmidt and Kimelberg, 1989; Tuszynski and Murphy, 1990].

The primary objective of this work was to determine whether an anthracycline, for

example, Dox, interferes with th of protein ions using the BCA and
Bradford assay. To answer this question I also examined the sensitivity and specificity of
BCA for Dox.

7.2.  Materials and methods

7.2.1 BCA assay
The BCA reagent [No. 23225}, BSA [No. 23209] were purchased from Pierce
[Rockford, IL] and used according to the instructions supplied with the reagents. Samples

of Dox in 0.9 % NaCl or BSA in water were added in a volume of 20 uL to a microtiter
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plate. BCA reagent [200 pL] was then added. Color was then allowed to develop for either
2 hours at RT, 30 min at 37°C, or 15 min at 60°C. The microtiter plate was then read in an

ELISA plate reader [Model EL 310, Biotek, Vermont, USA].

7.22. Bradford method

Protein inations were as ibed by Bradford [1976], using the
dye reagent purchased from Bio-Rad [Ontario, Canada] and BSA standards. Standard
procedure for microtiter plates was followed as outlined in the Bio-Rad Protein Assay

catalogue.

7.2.3. Statistical analysis
Statistical analysis was performed using least squares linear regression, the student's
ttest, and ANOVA. Comparison among groups was done by one way ANOVA and the post

test Bonferroni method. The Bonferroni p value was used to make all multiple paired

Di ? igni if p was<0.05. All data are expressed
as mean = SE [Standard Error].
73. Results

Dox showed a significant interference in the BCA assay, whether assayed in the
presence or absence of BSA protein standard [Figure 7.1]. The interference was found to be

linear with an immediate appearance of typical assay color without turbidity [even after
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further dilutions]. The interference was linear over the standard protein range. The reaction
of Dox with the BCA reagent at RT for 2 hours [Figure 7.2] suggests that a wide range of
anthracyclines will react with the BCA reagent to produce the characteristic purple color
[Table 7.1]. This is based on the assumption that the structure of the different anthracyclines
are similar and, as such, they should react with BCA reagent in 2 similar fashion [Table 8.1].
‘When compared with BSA protein, the sensitivity of the method towards Dox was found to
be higher [33 fold] than for the standard BSA protein. Sensitivity of Dox was found to be
0.016 nmole/mL or 180 ng/mL [n=4, A+,=0.009, p<0.05 compared to blank], compared to

BSA sensitivity [6 pg/mL]. The sensitivity was further at pi range

by plotting a calibration curve between 16.53 pi and 1.653 Dox.

‘The calibration curve [y =-2.0 e * +2.0577 ¢ * x, R*=0.994] was found to be linear [n=4,
two-tailed t statistic, p<0.01, indicating that the slope was very significantly different than
zero] [curve not shown]. There appeared to be a linear increase in absorbance between 0.017
and 1.700 nmoles/mL Dox suggesting that the BCA method could be used to quantitate Dox
concentrations that are in the 16nM to 1.600 1M range [Figure 8.3]. However, Dox did not
interfere with the Bradford method to quantitate protein [Figure 8.2].

The development of color associated with the reaction of protein with the BCA

reagent is slow at RT and enhanced by i ing the and i ion time

[Gornall et al., 1949]. Color development with different concentrations of protein for 2
hours at RT [21°C] is equivalent to that developed over 30 min at 37°C and less than that

produced after 15 min at 60°C [Smith et al., 1985]. Color development with Dox under
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different incubation conditions has been found comparable [p>0.05, in all cases when

was made by a i test among different groups [Figure 8.3]. Color
changes produced by the reaction of protein with the BCA reagents continues to develop, at
aslow rate, over the next 20 hours when left at RT [Figure 8.4]. I therefore wanted to know
whether or not there is any variation in color formation with Dox in the assay protocol under
different conditions. AtRT, the color development produced by Dox changes rapidly over
the first 1.5 hours [Figure 8.4]. There is only a 10-12 % further enhancement of color over
the next 20 hours. The color development after 2 hours at RT is similar [p> 0.05] to that
developed over 30 min at 37°C] [Figure 8.3]. BSA, at a concentration of 0.01 mg/mL did

not interfere with the color ped by Dox i p> 0.05] to the color

formation of Dox with the BCA reagent [Figure 8.5]. However, at 0.10 mg/mL and higher,

BSA ions signi i p<0.05] interfere with the color developed by
Dox [Figure 8.5]. Also, Dox concentrations of 1.672 to 33.430 nmoles/mL with different

protein i have produced color i ities that are si;

p<0.01 with 1.672 nmoles/mL and p<0.001 with the other Dox concentrations when

compared to BSA] higher than those due to the protein alone [Figure 8.6]. These results

indicate that lines will signi alter color P produced by proteins
at anthracycline concentrations that exceed 1.6 nmol/mg protein. These studies also
demonstrate the feasibility of using the BCA reagent to quantitate Dox at concentrations that

are in the 1-1000 nM range.
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74. Discussion
Clinically, it is essential to monitor the nutritional status of a patient under
chemotherapy by measuring the total protein ion of the plasma [Mayhew and

Thorn, 1995]. of i icity in patients with

cancer can be made by measuring blood and urine protein [Skinner ef al., 1991]. The most
commonly used dosage schedule for Dox is 6.0 to 7.5x10? g/m’ as a single IV injection
administered at 21-day intervals. When calculated for an healthy individual, the plasma

of Dox or its ites is expected to be more than 0.02 g/L [Lentner, 1984].

Therefore, plasma and urinary i ions of ines including both

the parent and the metabolites are expected to be in a range where Dox would affect protein
assay by the BCA method. If the BCA method is used in determination of the protein of
these biological samples, an increase in protein concentration would be observed. This
results may have significant impact on patient’s therapy and prognosis. Anthracyclines
[Dox, daunomycin, and annamycin and their analogs] have been used in drug loading into
lipoproteins, in particular, LDL and HDL [Shaw ef al., 1987; Iwanik ef al, 1984; Yanovich
et al., 1984], and their distribution in plasma proteins has been studied [Wasan and Morton,
1996]. To itate the drug iated with lij in, it is essential to determine the

protein ions of the li s as well. In all cases, the anthracycline

concentration has been found higher than 0.22 nmoles and as high as 50 nmoles/mL.
Therefore, the concentration of Dox and the ratio of Dox to protein is high enough [for

example, 0.24-1.6 pg of drug/mg of protein, 26] to interfere in the color development of
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protein in the BCA method. Also, protein concentration is being used as a bench mark to
quantitate cells in cell culture studies [Mangiapane, 1990; Goldschmidt and Kimelberg,
1989; Yanovich ez al., 1984]. The Dox concentration in cell culture studies was found to be
‘higher [7 to 133.9 nmoles of Dox/mg of cell protein, [Tuszymk:i and Murphy, 1990] which
will interfere with the BCA protein analysis. Anthracyclines have potential adverse reactions
and in recent years a number of enzyme activity studies have been carried out to discern the
mechanism of various adverse effects [for example, the role of an enzyme, glutathione
peroxidase, in oxidation of cardiac muscle and in daunorubicin cardiotoxicity] [Cusack er

al. 1993, Mangiapane, 1990]. In these studies, protein determinations have to be done to

express enzyme activity, for example, i i activity as nmol
NADPH oxidized/min/mg protein, [Cusack er al. 1993]. Recently, in a daunorubicin-

induced apoptosis study, cells were treated with 1uM icin to ob:

of in during is [Bose ef al. 1995]. In all of the above situations,

anthracyclines have the potential to interfere with the BCA protein assay resulting in

inaccurate protein determination.
This inaccurate protein ination may signi i Its obtained
from different studies related to bi i of i The results

from my studies indicate a significant increase in the color development of the BCA reagent
with Dox in the BCA method. However, Dox did not interfere with the Bradford assay.
These results also suggest that different anthracyclines or their metabolites because of their

similar structural moieties [Table 8.1] may interfere in a similar fashion in the BCA and not
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in the Bradford method. Anthracyclines, which are widely used in antineoplastic therapy

[Arcamone, 1981], would interfere with the BCA protein assay resulting in inaccurate or

high protein i To these i with the BCA protein assay

method, the Bradford method would be an acceptable alternative.
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Compound R, R, R, R,
Dox D COCH,OH H OH
Doxol D COCHOHCH,0H H OH
Doxol aglycon OH CHOHCH,OH - =
7-OH Dox aglycon OH COCH,0H N -
7-DeoxyDox aglycon H COCH,0H - -
Daunorubicin D COCH, H OH




Figure 7.1.

212
Dox interference in the BCA protein assay. Aliquots of 20 uL of sample
containing 1.67, 5.02, 8.36, 10.04, 13.38, and 16.72 nmoles/mL of each of the
following were assayed: Dox [closed diamond], BSA protein standard [open
square], and BSA standard containing Dox [BSA: Dox = 1 : 1] [open
diamond]. The data are expressed as the mean +SEM of quadruplicate

determinations.
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Figure 7.2.

214
Standard calibration curve of Dox with BCA reagent [open diamond]

and C ie blue [closed di [¢ ions range between

16.725 oM [picomoles/mL] to 1.67256 uM [nmoles/mL]. The data points are

the + SE of quadruplicate determinations.
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Figure 7.3.
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Sensitivity of Dox to color development with BCA reagent. Dox was
reacted with 200 pL of the BCA reagent at concentrations between 1.67 and
16.72 nmol/mL for either 2 hour at RT [closed square], 30 min at 37°C
[closed diamond] or 60°C for 15 min [open square]. Data points represent

the mean of quadriplicate determinations + SE.
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Figure 7.4. Rate of increase in color absorbance produced by Dox. The Ay,
produced by incubation of 200 uL BCA reagent at RT and concentrations
from 1.672 [open square], 8.363 [closed square], 16.726 [open circle], 41.814
[open diamond] to 83.63 [closed diamond] nmol/mL was measured after 15,
30, 50, 70, 90, 110, 133, 149, 184, 360, 1320 min. All data points represent
the mean of triplicate determinations + SE.



Absorbance @ 570 nm

219

2.5 T
{ 1
2.01
1.5
T 3
" r#" 2
0.5 1 1,-**-* I
G
0.0 T ~— T - i
0 250 500 750 1000 1250

Time, min



Figure 7.5.
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Color development produced by Dox in the presence of BSA. The color
produced by 0 [open square], 0.01 [closed diamond] and 0.10 [closed square]
mg/mL BSA protein reacting with 200uL BCA reagent in the presence of
1.672 to 16.72 nmole/0.1 mL Dox after 2 hour incubation at RT. The data

are the mean + SE of quadruplicate determinations.
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Figure 7.6.
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Color development produced by BSA in the presence and the absence of
Dox. The BCA reagent was added to various concentrations of BSA protein
[0.01 to 0.10 mg/mL] and the color was developed over a 2 hour period at

RT. The data poi SE

Color pi ‘was with various ions of BSA in the presence

of 0 [open square], 1.672 [closed diamond], 8.363 [open circle], 16.73 [open

diamond], and 33.43 [closed circle] pmoles/mL of Dox.
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CHAPTER 8:

GENERAL DISCUSSION AND FUTURE DIRECTIONS

The study of this thesis has produced some new perspectives on drug targeting using
the endogenous LDL. A substantial amount of drug has been incorporated into the native or
the modified LDL (AcLDL) and in vitro drug targeting to both the tumor cells and the M¢p

has been achieved. The following is a summary of some key points obtained over the course

of the study and ions for future
8.1.  Physi i inci) ing drug loading into LDL
Physical factors such as i ion time, ichil y of LDL-drug
and a variety of ion additives, such as solvents, surface increasing agent,

and wetting agents, were studied (Chapter 2). Additionally, different formulations of the
drug, such as, solution, suspension, or liposomal preparation were studied and found to have
significant effects in drug loading. All these factors have been found responsible for drug

loading into LDL particles. I conclude that optimization of the process is

imperative to maximize drug loading into LDL particles.

8.2. Physico-chemical characterization of LDL-drug conjugates

The use of LDL as a drug targeting vector requires a highly efficacious drug, able to

into the particle i without ifying its structural integrity or receptor
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binding ies. The use of bi ical and bi i i provides valuable
the i i istics of LDL-drug conj» Ihave
ts of cytotoxic into LDL or AcLDL particles and

showed that the use of SDS-PAGE, EM, and DSC to characterize LDL-drug conjugates

provides useful information [Chapters 2,3, and 6]. Additi particle size

could be done using the quasielastic [Vitols et al., 1990], laser scattering technique [Samadi-
baboli et al., 1990], photon correlation spectroscopy [McNeil-Watson and Parker, 1991],
or synchrotron radiation solution X-ray scattering [Westesen, 1995]. The site of the
incorporated drugs in LDL was examined by UV-visible spectroscopy [Chapter 4].

Additi , the i ion sites can be ined by NMR [Westesen et

al., 1995], or i i etal., 1995]. The use of CD

spectroscopy [Provencher and Glockner, 1981] and/or 'H NMR spectroscpoy [Ala-Korpela
et al., 1995] can be applied to examine the apo B integrity after drug loading and may be

useful to further examine the conformation of the protein. Especially important, are

in which a drug is used to identify the
location of incorporated drug molecules in LDL, because, if the drug is primarily located in
the core, it will not exchange or leak from the LDL in vivo.

83. LTP as an enhancing agent to incorporate drugs into LDL particles
In my studies, LTP was found to be effective in enhancing drug loading from 2- to

5-fold [Chapter 4]. This increase in drug loading is significant as the native integrity of the
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LDL particle remained unchanged. However, more studies are needed to exploit better drug
candidates for LDL or to design better drug donors such as microemulsion or liposomes for
LTP.

8.4. Multiple drug resistance [MDR] studies

MDR can be overcome by delivering drug using LDL. Shaw et al., (1987) showed
that LDL-drug conjugates suppressed P-gp activity related to drug resistance. However, no
in vivo studies have been performed. Recently, Metherall ef al., (1996) showed that MDR
activity is required for the esterification of LDL-derived cholesterol. I speculate that LDL-
drug conjugates will deliver substantial amount of cholesterol to MDR cells and will
suppress the activity of P-gp. In a preliminary study, I have seen that LDL preparations have
the potential to overcome P-gp mediated drug resistance in a CEM VLB-1000 MDR human
leukemic cells (Bradley e al., 1989; Kader and Liu, unpublished data). If this can be shown

in vivo, it would be an efficient method to overcome MDR in cancer chemotherapy.

85. Modification of LDL to target specific cell types

LDL can be modified to selectively target specific type of cells. For instance, I have
shown in Chapter 6 that acetylation of LDL lead to deliver cytotoxic drugs primarily to M.
Recently, LDL was modified by lactosylation and the modified LDL was rapidly and
specifically internalized by the galactose-specific receptors on Kupffer cells [Bijsterbosch

and Van Berkel, 1990; Bijsterbosch et al., 1989]. Later, lactosylated LDL has been proposed
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as a potential carrier for the targeted delivery of drugs to Kupffer cells [Bijsterbosch and Van
Berkel, 1990; Bijsterbosch et al., 1989]. These modified particles themselves are

nonimmunogenic, do not alter the partitioned drug’s bioactivity, and are capable of

of ds. I speculate that, in the future, LDL can be
suitably modified to deliver therapeutic agents specifically to certain cell types depending on
the type of modification of the LDL.

8.6. Invivo studies

The ultimate goal of the LDL-mediated drug targeting is to elicit a selective in vivo
effect. I have demonstrated that the LDL-drug conjugates did not show any significant
changes in in vitro characterization compared to native LDL. However, it should be tested

in vivo whether the LDL-drug conji ha

parameters for in vivo validation of the LDL-drug conjugate are plasma half-life and tissue

distribution studies, which can be performed in rats or mice, are therefore (Versluis er al.,

1996; De Smidt and Van Berkel, 1990). An additi method for ining if the LDL-

drug conjugate is internalized via the LDL-receptor pathway in vivo can be provided by

selective on of rat liver LDL receptors [Harkes et al., 1983].

Pretreatment of rats with high doses of ethis i ishes a 17-fold ion of

parenchymal LDL receptors. Compared with control rats, the liver uptake of the

LDL in the ethi i d rats should be greatly increased if the

particle is internalized by the LDL-receptor pathway.



8.7. Human trials

Further experiments are required in vivo, probably in nude mice with human tumor
Xenografls, to determine the affinity of LDL-drug complexes for tumor and normal tissues,
to examine the comparative pharmacokinetics of the LDL-drug conjugates relative to free
drug and to explore the ility of a di i ic effect. A small scale clinical

trial of LDL-vincristine conjugates in humans has been reported [Filipowska, 1992].
However, thus far, there have been no reports of pharmacokinetic data in humans. Such

studies are critical, since a prerequisite for successful drug targeting is that the LDL-drug

is ized as self; otherwise, the LDL-drug conjugate would be cleared rapidly

from the blood stream.

8.8. Distribution studies
Compared to albumin and &, acid glycoprotein, lipoproteins have received less
attention as potential carrier proteins of drugs in plasma. However, basic drugs such as

quinidine and tetracycline [Piafsky, 1980], polyaromatic hydrocarbons such as 2,3,7,8-

p-dioxin and [Shu and Bymun, 1983], and probucol [Urien

et al., 1984] have been reported to bind to 1 ins. In addition, the Lij ins are best

known as the carriers of CE [Brown and Goldstein, 1986]. For Dox, I speculate that high

binding of the drug with albumin may be the ism for its fatal iotoxicity. In viro,

a redistribution to lipoproteins was achieved using different concentrations of the oleic acid

[Chapter 2, section 3.9]. I speculate that a similar redistribution of Dox from plasma
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albumin to lipoproteins, if it occurs in vivo, may help to decrease or eliminate fatal

cardiotoxicity.
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