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ABSTRACT

The receptor-mediated assimilation of low density lipoprotein (LDL)

by many cancer cells is much higher than that of normal cells. This fact
suggests that lipoproteins with incorporated cytotoxic drugs may be used
as a carrier for chemotherapeutic agents to neoplastic cells. In this study
a lipophilic cytotoxic compound is incorporated into reconstituted LDL
by two different methods. Both the structure and cellular uptake were
found to be similar to those of native LDL. Tests of the cytotoxic activity
on cultured cells demonstrated that the drug delivered to the cells via the
LDL pathway was able to kill 100% of the cells. Heparin and a low
temperature, which are known to inhibit uptake of LDL by the receptor
mechanism, abolished the cytotoxic activity of the drug-lipoprotein con

jugates. The results suggest that it may be possible to use reconstituted
LDL as a vehicle for lipophilic antineoplastic drugs in order to increase
the drug accumulation and selectivity in tumor cell populations with high
LDL receptor activity.

INTRODUCTION

Cells acquire cholesterol for membrane synthesis primarily
through the adsorptive endocytosis of plasma LDL3 (1). The

initial step in this uptake process is the high affinity binding of
LDL to a cell surface receptor followed by internalization and
lysosomal degradation of the lipoprotein particle. The choles
terol released is used by the cell and the endogenous cholesterol
synthesis is inhibited (2). Cancer cells, which proliferate rapidly,
need large amounts of cholesterol for synthesis of new mem
branes. A logical consequence of this is that cancer cells will
have higher LDL requirements and higher LDL receptor activ
ities than normal cell types (3).

The LDL particle consists of an apolar core of neutral lipids
(cholesteryl esters, triglycÃ©rides)surrounded by a polar shell of
phospholipid, unesterified cholesterol, and apo B that is rec
ognized by the cell surface receptors. It is possible to replace
the core neutral lipids with exogenous neutral lipids or suitable
hydrophobic compounds (4, 5). Such reconstituted m-LDL is
essentially identical with native LDL as to the ability to be
bound, incorporated, and degraded by cultured human fibro-
blasts (5). Thus m-LDL reconstituted with an adequate toxic
compound may be used as a specific endogenous drug carrier
for targeting the drug to cancer cells with high LDL receptor
activity.

The criteria that must be met for an effective cancer therapy
by use of the m-LDL system are: the cancer chemotherapeutic
agent must be suitable for recombination with LDL, it must be
specific, i.e., must enter the cells by the LDL receptor pathway,
and the amount of toxic m-LDL must be large enough to inhibit
the growth of or to kill the target cancer cells.
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MATERIALS AND METHODS

Materials. The cytotoxic mustard carbamate, Ar-(4-)-3^-(oleoyl-
oxy)androst-5-en-17j3-yl(pentyl)oxy(carbonyl)-Ar,yV-bis(2-chloroethyl)a-
mine, compound 25, was a gift from Dr. R. A. Firestone, Merck, Sharp,
and Dohme Research Laboratories (Rahway, NJ) and synthesized as
described in (6). Sodium iodine-125 (16.3 mCi/Mg, carrier free, pH 7-
11) was obtained from the Radiochemical Centre, Amersham, UK;
heparin. ammonium salt (179 USP K-l units/mg) from Sigma Chem
ical Co., St. Louis, MO: sterol-ester acylhydrolase (EC 3.1.1.13) from
Pseudomonas fluorescens from Boehringer Mannheim GmbH, GFR,
and sodium deoxycholate (SDOC) from E. Merck AG, Darmstadt,
GFR.

Lipoprotein. Human LDL (density 1.019-1.063 g/ml) was isolated
by differential density ultracentrifugation from fresh pooled human
serum using standard procedures (7). The centrifugations were per
formed in a Beckman SW-28 rotor at 27,000 rpm at 4'C for 24 h. The

purity of the lipoprotein preparations was checked by agarose gel
electrophoresis. LDL was labeled with iodine-125 to a specific activity
of about 100 cpm/ng by the iodine monochloride method (8). Labeled
LDL was passed through a Sephadex G-25 column and extensively
dialyzed against 0.15 M NaCl and 0.05% EDTA, pH 7.4, to remove
free iodine. The lipoprotein preparations were filtered through a 0.22-
Â¿imfilter and stored at 0Â°Cin sterile bottles.

Preparation of Cytotoxic m-LDL. The cytotoxic compound 25 was
incorporated into reconstituted m-LDL using the method described
before (5) replacing the core cholesteryl esters with the hydrophobic
compound 25. The structure of compound 25 is designed to be like the
native core lipid cholesteryl ester and it was found that the reconstitu
tion properties were also very similar. In brief, LDL was delipidated
with a 12-times weight excess of the detergent SDOC in 50 mM NaCl-
50 mM sodium carbonate (pH 10). The solubilized apo B was separated
from the lipid components of LDL by gel filtration on a Sepharose CL-
4B column. Reconstitution was then performed by addition of the apo
B preparation to a sonicated microemulsion of compound 25 and EPC
(2/1, w/w). The cytotoxic m-LDL complexes used for incubations with
cells were then isolated by density gradient centrifugation using a 0-
40% linear sucrose gradient.

An alternative reconstitution method, which involves delipidation
with an enzyme instead of detergent, was also developed. The choles
teryl ester core of 1 mg LDL was hydrolyzed with sterolester hydrolase
(0.05 U) for 30 min at 37Â°C.The incubation mixture contained 0.25

mg EPC vesicles and 2 mg albumin in order to bind the reaction
products; free cholesterol and free fatty acids. After completed incuba
tion the reaction mixture was subjected to density gradient centrifuga
tion using a 0-50% linear sucrose gradient. At the end of the centrif
ugation in a Beckman SW-60 Ti rotor (50,000 rpm, 24 h at 10Â°C)the

tubes were punctured and fractions were collected. The fractions were
analyzed for protein and lipids as described under "Analytical Proce
dures." The protein-rich fractions were pooled, dialyzed against 0.01 M
Tris-HCl buffer, pH 7.4, and then incubated with a suspension of
compound 25 for 30 min at 37Â°Cfollowed by a short sonication (5

min) in a bath sonifier at the same temperature. The compound 25
suspension was prepared by the combined injection and sonication
procedure described in (5) and the weight ratio between apo B and
compound 25 was 0.6:1. The resulting recombined cytotoxic m-LDL
was isolated by sucrose gradient centrifugation in the same way as for
the detergent method. After extensive dialyzation against PBS (0.01 M,
pH 7.4) and filtration through a 0.45-^m Millipore filter (Millipore
Corp., Bedford, MA) the preparations were used for incubations with
cells.

Cells. Diploid and nontransformed human lung fibroblasts were
grown in Dulbecco's modified Eagle medium supplemented with 2 mM
L-glutamine, 0.1 mM nonessential amino acid solution, 20 mM 4-(2-
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hydroxyethyl)-l-piperazineethanesulfonic acid, 0.08% (w/v) sodium bi
carbonate, gentamicin (10 Â¿ig/ml),and 10% (v/v) of foetal calf serum.
In some experiments also cells of the SH-SY5Y subclone, derived from
a human neuroblastoma of sympathetic adrenergic ganglion origin (9)
were used. The SH-SY5Y cells were cultured in RPMI 1640 medium
supplemented with 10% (v/v) foetal calf serum and streptomycin (100
ng/ml). All cells were incubated with serum-free medium for 24 h
before the experiments.

Cellular Uptake and Metabolism of |"SI|LDL and |'25I]m-LDL. De
terminations of binding, incorporation, and degradation of [12SI]LDL
and ['"Ijm-LDL were done essentially as described by Brown and

Goldstein (10). The degradation was determined from the amount of
trichloroacetic acid-soluble radioactivity in the incubation medium after
extraction of free iodine with chloroform. Values for bound lipoprotein
were obtained by incubation of the cells with a solution containing
heparin (5 mg/ml) in PBS. The flasks were then washed three times
with cold PBS and the cells were detached by gentle scraping. Aliquots
were taken for determination of protein and radioactivity (incorporated
lipoprotein).

Determination of Toxicity. The toxicity of m-LDL with incorporated
compound 25 [m-(2S)LDL] was measured by its ability to kill human
fibroblasts or neuroblastoma cells in culture. The cell death was checked
by Trypan blue exclusion. Selectivity was measured by comparing the
effects of m-(25)LDL on cell viability in the presence or absence of
heparin (3 mg/ml) in the medium. Heparin prevents the binding of
LDL to the receptor (11). In some experiments the incubations were
performed at 4'C, which does not prevent the binding but the internal-

ization of the lipoprotein particle (11).
Analytical Procedures. Protein was measured by the modified Lowry

method (12) using albumin as standard. Lipids were extracted with
chloroform/methanol (2/1, v/v). Quantitative thin layer chromatogra-
phy was performed with precoated silica gel 60 plates (Merck). The
plates were developed first to half the width in chloroform/methanol/
acetic acid/water (50/25/8/4), and then to the top in petroleum ether/
benzene/acetic acid (30/8/1). Densitometric quantification was made
after detection by spraying with an aqueous solution containing sul
phuric acid 20% (v/v), ammonium sulphate 20%, and K2CrO3 0.6%,
and heating at 160"C for 30 min. Cholesterol was also determined by

an enzymatic method using the kit from Boehringer Mannheim GmbH
(catalogue no. 310328). Compound 25 was determined as free choles
terol after hydrolysis with 0.6 N ethanolic KOH.

RESULTS

Characterization of the Cytotoxic m-LDL. The delipidation of
LDL with SDOC gave an apo B product, which was virtually
free of lipids in agreement with earlier results (5). The apo B-
lipid complex obtained after incubation with sterol-ester hydro-
lase and separation by sucrose gradient centrifugation had the
following composition: protein 33.2%, phospholipid 30.2%,
cholesterol 14.6%, cholesteryl ester 3.3%, triglycÃ©ride15.6%,
and free fatty acid 3.1%. After recombination of the SDOC
delipidated apo B with a compound 25-EPC (2:1) microemul-
sion, or alternatively the sterol-ester hydrolase delipidated
LDL, with a compound 25 suspension, the resulting complexes
were isolated by sucrose gradient centrifugation (Fig. IA). The
m-(25)LDL particles appeared as peaks at densities about 1.07
g/ml. The weight ratios between cytotoxic drug and apo B were
quite constant in the major part of the peaks. Fractions in the
density interval 1.020-1.070 g/ml were pooled for further char
acterization and incubation with cells. The recovery of com
pound 25 in the final preparations was about 65 and 60% for
the SDOC and hydrolase reconstitution method, respectively.
The modified Krieger method (13) was also tested in this respect
and the yield obtained was 8%.

The final m-(25)LDL particles were subjected to analytical
gel filtration on a Sepharose CL-2B column. They appeared as
a symmetrical peak near that of native LDL (Fig. \B). The
inserted electron micrograph in Fig. \B demonstrates that the
m-(25)LDL particles have a spherical form. The retention of
the m-(25)LDL preparations in a Heparin-Sepharose column
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Fig. 1. Characterization of compound 25: m-LDL complexes prepared by the
detergent (O) or by the hydrolase (A) method, respectively (see "Materials and
Methods"). I. density gradient centrifugation in a 0-40% sucrose gradient. Bar,

fractions taken for incubations with cells and further characterization; insert,
ratios between compound 25 and protein (apo B) in the fractions; dotted line, the
position of native LDL in the density gradient. B, Sepharose CL-4B column
chromatography. Dotted line, elution pattern of native LDL shown as a compar
ison; arrow, void volume (I,,) of the column; insert, electron micrograph of
cytotoxic m-LDL particles; bar, 30 nm.

(LKB, Sweden) was identical with that of native LDL (data not
shown). More than 99% of the m-(25)LDL preparations was
precipitated with dextran sulphate-MgCh (14) which is known
to precipitate native LDL. It can be concluded that the recon
stituted cytotoxic m-LDL particles are structurally similar to
native LDL. The stability of the preparations was good and no
aggregation was noted after 4 weeks at 4Â°C.

Experiments were also performed to study the stability of m-
LDL particles in human serum and a possible transfer of drug
to other lipoprotein groups. Preparations of m-(25)LDL with
a hydrogen-3 label in the steroid moiety (270 cpm/^ig) were
incubated at 37Â°Cfor 4 h in human serum. After completed

incubation the lipoprotein fractions were separated by density
gradient centrifugation and the distribution of radioactivity was
measured. The stability of the LDL-drug complexes was found
to be very good and no significant amount of the lipophilic
steroid mustard could be detected in other lipoprotein fractions
than the LDL one.

Metabolism of |125I]LDLand [125I]m-(25)LDL. As a test of the
biological activity of the m-(25)LDL preparations the binding,
incorporation, and degradation were studied in cultured human
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fibroblasts. The data in Fig. 2 show that the m-(25)LDL parti
cles are taken up and metabolized by the cells at a rate similar
to that of native LDL.

Cytotoxic Activity of m-(25)LDL. The ability of the m-
(25)LDL preparations to kill cells was studied with human
fibroblasts and neuroblastoma cells in culture. The results are
summarized in Table 1. A consistent feature was that at prele-
thal concentrations of cytotoxic m-LDL the cells showed a
deleterious response but recovered after a few hours. Dead cells
began to appear at a concentration of 5 fig/ml during 5 h of
incubation with detergent m-(25)LDL. If the incubation time
was extended to 20 h an appreciable part of the cells was killed
and especially prone to the treatment were the neuroblastoma
cells. When the concentration of cytotoxic m-LDL was in
creased further the toxic effect was enhanced and at concentra
tions above 20 ng/ml all cells were killed already after 5 h. The
cytotoxic m-LDL prepared with apo B, delipidated by the sterol
ester hydrolase method, showed the same properties, but the
effective concentration was somewhat higher than that for
SDOC m-(25)LDL. However, a treatment of both cell types
with a concentration of 20 Mg/ml during 20 h killed all cells.

If heparin (3 mg/ml) was added to the incubation medium
the toxic effect of the m-(25)LDL preparations was greatly
reduced and even at a concentration of 30 Mg/ml the cells were
viable after 48 h of incubation. A lowering of the incubation
temperature to 4Â°Cabolished the toxic effect, but if the tem
perature then was raised to 37Â°Cthe cytotoxic activity was

restored.
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Fig. 2. Cellular binding, incorporation, and degradation of [l25I]m-(25)LDL
complexes prepared by the detergent (.â€¢()or the hydrolase method (B) compared
with those of native ['"I]LDL (C). Confluent human flbroblasts in culture were
preincubatecl for 24 h in serum-free growth medium before the addition of the
labeled lipoproteins (5 ^g/ml). After completed incubation (4 h at 37'C) the cells
and medium were assayed for binding, incorporation, and degradation of drug-
LDL and native LDL as described under "Materials and Methods."

Table 1 Cytoloxicity of the reconstituted m-LDL preparations containing
compound 25 tested on cultured cells grown in serum-free medium

The cells used, human fibroblasts and human neuroblastoma cells (SH-SY5Y),
were preincubated in serum-free medium for 24 h prior to the addition of the
cytotoxic m-LDL preparation. The toxicity of the drug-LDL complexes was
measured by counting the dead cells after completed incubation. In some experi
ments the receptor-mediated uptake of cytotoxic LDL was inhibited by addition
of heparin (3 mg/ml) or by incubation at 4*C.

Dead cells (%)

Preparation"SDOCm-(25)LDL+Heparin4'CHydrolasem-(25)LDL-t-Heparin4'CConcentration(Mg/ml)'55101020,30303010102020,303030Time(h)520520520205205202020Human
li

broblasts520SO801000010506010000SH-SYSY1080301001002015908010040

' SDOC m-(25)LDL and hydrolase m-(25)LDL = eytotoxie m-LDL prepared
by the detergent or sterol ester acylhydrolase method, respectively (see "Materials
and Methods").

* Concentration of cytotoxic compound. Values, means of at least three exper

iments.

DISCUSSION

A major problem in cancer chemotherapy with cytotoxic
agents is the lack of selectivity, which leads to severe toxic
effects on normal cells. Consequently, attempts are being made
to discover ways to deliver the cytotoxic agents specifically to
the neoplastic cells. Such studies have been performed with the
chemotherapeutic agents linked to DNA (15), antibodies (16),
hormones (17), and liposomes (18). However, the results of in
vivo administration have not been satisfactory because of rapid
clearance from the circulation by reticuloendothelial cells or
stability problems with the drug-carrier vehicles.

The use of the LDL receptor pathway for delivery of cytotoxic
agents to cancer cells has been proposed by several authors (19,
20). A recent in vivo study supports the hypothesis that LDL
with incorporated cytotoxic drugs may be valuable as a carrier
system (13). The present report describes the successful incor
poration of a lipophilic cytotoxic agent, a steroid mustard
carbamate, into the core of reconstituted LDL and the evalua
tion of the biological activity of the resulting complex. Both the
structure and the cellular uptake of the drug-bearing particle
are similar to those of native LDL. The critical step in the
reconstitution procedures is the delipidation of apo B, because
it is known that even minor changes in the structure of apo B
can result in a fast clearance in the circulation of the reconsti
tuted LDL by the reticuloendothelial cells. It was thus consid
ered important to develop a mild reconstitution method as an
alternative to that presented before, which uses a detergent for
the delipidation of apo B (5). This new procedure does not
involve organic solvents or detergent, but enzymatic hydrolysis
for the delipidation of LDL. Recent structural studies of apo B
have confirmed that it retains its native conformation by recom
bination with lipid after a mild delipidation (21). Both recom
bination procedures gave m-LDL particles with similar struc
ture and cellular uptake, but the cytotoxic activity of the hydro
lase m-(25)LDL was somewhat lower than that of the SDOC
m-(25)LDL. The explanation is obviously that the former con
jugate has a lower ratio of cytotoxic compound per apo B,
which leads to a lower incorporation of the drug via the receptor
pathway.

The specificity of the preparations used in this study seems
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to be good. The values for binding, uptake, and degradation
were similar to those obtained for native LDL and those ob
tained by Goldstein and Brown (1). The incorporation of m-
(25)LDL by cultured cells was blocked by heparin, which is
known to selectively release LDL bound to the cell-surface
receptor (10). The cytotoxic activity was also prevented by
lowering of the temperature to 4Â°C,which inhibits the incor

poration of the lipoprotein particle (10). Compared to other
reconstitution methods, those described here give a much higher
yield. The simple incubation of a drug with LDL gave only
incorporation of 0.5% of the drug added (22). The modified
Krieger method (13), which otherwise seems to be favorable,
gave a yield of 8% in our hands. These values can be compared
to the yield of about 60% obtained in this study. Another
important factor from the practical point of view is the high
stability of the preparations during storage. It can also be noted
that LDL can be stored frozen with preserved clearance rate in
the circulation (13).

Large efforts have been made to adopt liposomes (lipid
vesicles) to the use for administration of drugs (23). However,
the rapid receptor-mediated endocytosis of cytotoxic m-LDL
might provide distinct advantages over the trapping of antineo-
plastic drugs in liposomes. The main reasons for this statement
are that liposomes are subjected to destruction by blood com
ponents, primarily by lipoproteins (24) and to a fast clearance
from the circulation (25). In the m-(25)LDL particles the lipo-
philic drug is incorporated into a physically stable core and the
clearance of an adequately reconstituted m-LDL is similar to
that of native LDL (13). The cytotoxic m-LDL complexes
described in the present study were also shown to be stable in
serum, which is of essential importance for a successful in vivo
use of the preparation. On the other hand, drawbacks compared
with the liposome vehicle are that the drug must be lipophilic
and in a liquid or liquid crystalline state at body temperature
(5). However, compared to hitherto clinically used administra
tion vehicles for lipophilic drugs, which cause toxic reactions
themselves (26), the m-LDL particle seems to provide major
advantages.

Under /// vivo conditions the liver and adrenal gland are
particularly active in assimilating LDL by the receptor pathway
(27). Therefore, it is likely that both liver and adrenal would
suffer during therapy. However, it may be possible to down
regulate the receptor-mediated LDL uptake in these organs by
pretreatment with steroids and bile acids (28). Another objec
tion which can be raised against the possible use of LDL as a
drug carrier is the competition due to the presence of endoge
nous LDL in the blood. It might be advantageous to reduce the
level of LDL in the patient, which reduces the competition for
the cytotoxic m-LDL by native LDL. Especially favorable in
this respect is the situation in the cerebrospinal fluid, which
does not contain LDL (29). Malignant glioma might therefore
be treated with toxic m-LDL without competition with native
LDL. The use of apo B as a carrier for targeting of drugs to
cancer cells will never reach absolute selectivity, because there
will always be an uptake by normal cells as well. Nevertheless,
since most drugs in use today are totally untargeted, even partial
success would be an appreciable advantage, especially in cancer
treatment where the side effects are a severe problem.
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