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Summary. The myelosuppressive activity of doxorubicin
encapsulated in liposomes of differing lipid composition
and size was quantified in mice by measurement of
changes in spleen weight, peripheral white blood cells
(WBC), and bone marrow nucleated cells. Following i.v.
administration of free doxorubicin at a dose of 20 mg/kg, a
90% reduction in marrow cellularity was observed on
day 3. The marrow nucleated cell count was similar to
control values by day 7. Administration of an equivalent
dose of doxorubicin that was encapsulated in large (diame-
ter, ~1.0pum) egg phosphatidylcholine/cholesterol
(EPC/Chol)(molar ratio, 55:45) liposomes induced an
80% reduction in bone marrow cellularity that lasted for
periods of >7 days. Similar results were obtained follow-
ing administration of large (1.0 um) liposomal doxorubicin
systems formulated with distearoylphosphatidylcho-
line/cholesterol (DSPC/Chol) (molar ratio 55:45). In con-
trast, liposomal doxorubicin prepared using small (diame-
ter, ~0.1 um) DSPC/Chol liposomes induced only a 40%
reduction (day 3) in bone marrow cellularity, which re-
turned to control values by day 7. Other indicators of doxo-
rubicin-mediated myelosuppressive activity (spleen
weight loss and peripheral leukopenia) correlated well with
changes observed in marow cellularity. An exception to
this, however, was observed in animals treated with small
(0.1-um) DSPC/Chol liposomal doxorubicin, which dis-
played peripheral leukopenia for periods of >14 days. This
extended leukopenia was not observed following adminis-
tration of small (0.1-um) EPC/Chol liposomal doxorubi-
cin. Marrow-associated liposomal lipid and doxorubicin
were quantified to determine if the extent of doxorubicin-
mediated myeloid toxicity could be correlated to changes
in biodistribution of the entrapped drug. It was demon-
strated that 10—20 times more doxorubicin is delivered to
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the bone marrow when the drug is given encapsulated in
large liposomes than when it is associated with small lipo-
somes. These data are useful in defining characteristics of
liposomal preparations that modulate the myelosuppres-
sive behaviour of entrapped antineoplastic agents.

Introduction

Three different formulations of liposomal doxorubicin are
currently being tested in human phase I clinical trials
[4, 10, 21, 30, 31]. These liposomal carrier systems were
selected on the basis of several preclinical studies, which
clearly demonstrated that the therapy limiting cardiotoxic-
ity of free doxorubicin could be reduced when the drug was
given in a liposomal form [2, 6,7, 11, 24]. The reduction in
cardiotoxicity has been correlated to changes in the biodis-
tribution of entrapped doxorubicin, by which 2—30 times
less doxorubicin is associated with cardiac tissue of ani-
mals treated with encapsulated drug [7, 19]. The extent to
which drug levels in cardiac tissue are reduced is governed
primarily by the lipid composition of the vesicle carrier
[19]. This is consistent with the results of previous work,
which has shown that lipid composition influences the
stability of liposomes in serum and, hence, the degree to
which an entrapped agent is released from liposomes fol-
lowing i.v. administration [27]. The antitumour activity of
liposomal doxorubicin preparations, on the other hand,
appears to be more sensitive to liposome size [8, 19].
Doxorubicin entrapped in small (~1.0 um) vesicles is sig-
nificantly more efficacious than an equivalent dose of the
drug entrapped in large (~1.0 um) vesicles [19]. The in-
creased therapeutic activity may be associated with the
extended blood-circulation time exhibited by small lipo-
somes [13, 28] and/or the ability of these vesicles to accu-
mulate at sites of tumour growth [22].

The studies summarized above provide a pharmacody-
namic basis for selection of liposomal formulations that
exhibit reduced toxicity and enhanced therapeutic activity.
In this regard, preliminary reports of the phase I clinical
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trials of liposomal doxorubicin indicate that myelosuppres-
sion is likely to be the acute dose-limiting toxicity [10, 31].
Previous preclinical studies have compared the myelosup-
pressive and/or immunotoxic properties of free doxorubi-
cin vs doxorubicin entrapped in liposomes [9, 23]. Howev-
er, an evaluation as to how the physical characteristics of
liposomal systems influence the myelosuppressive activity
of the entrapped drug has not been performed. This is
surprising, considering that it has been reported that small
liposomes can localize in the marrow compartment follow-
ing i.v. administration [28], implying that delivery of en-
trapped agents to this site could be influenced by changes
in the size of the vesicle carrier. The present study investi-
gates the way in which changes in vesicle size and lipid
composition influence doxorubicin’s delivery to and activ-
ity on the bone marrow. The data demonstrate that the
extent and duration of myelosuppression is strongly corre-
lated with vesicle-mediated changes in drug biodistribu-
tion.

Materials and methods

Animals. Female DBA/2J mice, 6—8 weeks old, were obtained from
Jackson Animal Laboratories (California, USA). Groups of four mice per
experimental point were given the specified treatment as a single i.v.
dose via a lateral tail vein. The dose, given in a volume of 200ul, was
based on mean body weight. Marrow samples were obtained from a
single hind leg of a mouse. The tibia and femur were isolated and flushed
with 10 ml Hanks’ buffered saline solution (indicator-free). Sub-
sequently, the cells were pelleted at 200 g and resuspended in 1 ml 2%
acetic acid to lyse the red blood cells. Marrow cell and peripheral WBC

counts were made using standard haemacytometric techniques. Blood -

samples were collected via heart puncture and placed into ethylenedi-
aminetetraacetate (EDTA)-containing microtainer tubes (Becton Dickin-
son), Subsequently, the samples were subjected to 10-fold dilution in 2%
acetic acid to lyse the red blood cells.

Liposome preparation. Egg phosphatidylcholine (EPC), dipalmitoyl-
phosphatidylcholine (DPPC) and distearoylphosphatidiylcholine
(DSPC) were purchased from Avanti Polar Lipids (Alabama, USA).
Cholesterol (Chol) was obtained from Sigma Chemicals (St Louis,
USA), and all other chemicals were of reagent grade. Lipid mixtures
were prepared in a chloroform solution and subsequently dried under a
stream of nitrogen gas. The resulting lipid film was placed under high
vacuum for a minimum of 2 h.

Multilamellar vesicles (MLVs, 100 mg/ml) were formed by hydra-
tion of the dried lipid with 300 mM citric acid (pH 4.0). The resulting
preparation was frozen and thawed 5 times prior to extrusion 10 times
through two stacked polycarbonate filters (Nuclepore) of the indicated
pore size [12]. When DSPC or DPPC were used, the sample and extru-
sion apparatus (Lipex Biomembranes, Inc., Vancouver, Canada) were
heated to 5° C above the thermotropic phase transition temperature of the
phospholipid prior to extrusion [20]. Liposome particle size was deter-
mined by quasielastic light scattering (QELS) measurements (using a
Nicomp 370 particle sizer operating at a wavelength of 632.8 nm). QELS
measurements indicated that liposomes prepared by sizing of MLVs
through 1.0-um filters exhibited mean diameters ranging from 1.1 to
1.7 um; the mean diameters of MLVs sized through 0.1-pun filters (de-
pending on lipid composition and particular filter Jot) ranged from 0.12
to 0.14 um. These vesicle preparations are henceforth referred to as
1.0-um or 0.1-um liposomes.

Doxorubicin encapsulation. Doxorubicin (obtained from Adria Labora-
tories, Inc., Mississauga, Ontario) was encapsulated as previously de-
scribed [18, 19]. The liposome suspension (pH 4.0) was adjusted to pH
8.0—8.5 with 0.5 M Na>COs. The liposome preparation was heated to
60° C and then transferred to a preheated (60°C) vial of doxorubicin,
typically with the addition of enough lipid to achieve a final drug-to-lipid

ratio of 0.2:1 (wt/wt). This mixture was incubated with intermittent
mixing for 10 min at 60° C. Doxorubicin concentration, lipid concentra-
tion and encapsulation efficiency were determined as previously de-
scribed {19]. This procedure resulted in entrapment efficiencies of >98%.
Solutions for injection were prepared with sterile physiological saline
such that the specified dose could be delivered in a volume of 200 pl.

For this study, equivalent drug doses were used rather than doses
that were equi-toxic or therapeutically equivalent, to ensure that compari-
sons between liposomal formulations could be made following adminis-
tration of similar lipid doses (100 mg/kg). As indicated elsewhere [19],
the LDso (lethal dose for 50% of a group) of free doxorubicin in
DBA/2J mice is 25 mg/kg, whereas the EPC/Chol and DSPC/Chol lipo-
somal doxorubicin systems exhibit an LDsg of 40 and 80 mg/kg, respec-
tively. At equivalent doses of doxorubicin, the antitumour activity
(L1210 murine tumour model) of the small (~0.1 pm) liposomal doxoru-
bicin systems is significantly greater than that of the large (~1.0 wm)
preparations [19]. Furthermore, the LDso decreases as vesicle size
decreases; for EPC/Chol liposomes, L.Dso values of 60 and 45 mg/kg
were obtained in CDI mice for preparations exhibiting mean diameters of
1,400 and 106 nm, respectively.

Quantitation of liposomal lipid and doxorubicin. Liposomal lipid was
measured using the lipid marker [3H]-cholesteryl hexadecyl ether
(Dupont-NEN). Previous studies have demonstrated that this lipid label
is non-exchangeable and non-metabolizable [14, 25], and liposomal
clearance studies from our laboratory [3] have confirmed its non-ex-
changeability. For scintillation counting, bone marrow samples (450 pl)
in HEPES buffered saline solution (HBSS) or 2% acetic acid were mixed
with 5 ml Pico-Fluor 40 scintillation cocktail (Packard, Canada) and then
counted using a Beckman L.S3801 scintillation counter.

Doxorubicin accumulation was determined using a fluorescent
assay procedure. Bone marrow samples (450 1) were diluted to 1 ml in
physiological saline adjusted to pH 4.0 with HCI. The sample was ex-
tracted with 2 ml chloroform/isopropyl-alcohol (1:1 v/v). Following
vigorous mixing and brief centrifugation, the organic phase was col-
lected. Fluorescence of the organic phase was determined (excitation
wavelength, 500 nm; emission wavelength, 550 nm) with a Shimadzu
RF-540 spectrofluorophotometer. A standard doxorubicin curve was pre-
pared using a similar extraction procedure in the presence and absence of
cells. Values for lipid and doxorubicin are expressed as ng/10° bone
marrow nucleated cells or total nanograms associated with samples iso-
lated from a single hind leg. HPLC analysis of various marrow samples
indicated that >90% of the fluorescence detected in the doxorubicin
assay was attributable to the native drug.

FACS analysis. Bone marrow cells were isolated 24 h after treatment
with the specified preparation. These cells were flushed from the bone
with cold, sterile HBSS. Subsequently the cells were pelleted and ery-
throcytes were lysed using ice-cold ammonium chloride buffer. The cells
were washed twice with cold HBSS and then resuspended in 1-2 ml
HBSS with 5% fetal bovine serum. The fluorescence of the cells was
further analyzed using a FACS 440 system (Becton-Dickinson), with the
laser operating at 488 nm (0.3 W). Doxorubicin fluorescence was de-
tected with the same band-pass filters used for fluorescein (530 nm).
Viable cells were separated from non-viable cells on the FACS using
pyridinium iodide as a fluorescent dye-exclusion marker. Identifications
of cell subpopulations were based on previous studies using cell-specific
fluorescently labeled antibodies to tag specific cell populations. These
identifications were not confirmed in the present studies.

Statistical analysis. A two-tailed Student’s -test for unpaired data was
performed to compare groups treated with liposomal systems of different
size and/or different lipid composition.

Results

Bone marrow toxicities of myelosuppressive drugs in
murine models have been shown to be similar to those
observed in humans [17]. In this regard, changes in bone
marrow cellularity appear to provide the most direct
measure of drug-induced myelosuppression in murine
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Fig. 1A, B. Bone marrow nucleated cell counts determined in mice
following administration of free doxorubicin (open circles), A EPC/Chol
liposomal doxorubicin, and B DSPC/Chol liposomal doxorubicin. The
liposomes were prepared through 0.1-um pore filters (filled circles) or
1.0-um pore filters (filled squares). Points represent the mean obtained
from at least 4 animals and the error bars indicate the standard deviation.
The dotted lines represent the range of values obtained for control ani-
mals (7 = B). Statistical comparisons between groups treated with 0.1 jtm
vs 1.0 pm liposomes are indicated: *P <0.01; **P <0.035
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models. This is illustrated in Fig. 1 for animals given free
doxorubicin i.v. at a dose of 20 mg/kg (open symbols).
This doxorubicin dose resulted in a pronounced reduction
in bone marrow cells. The nadir was obtained by day 3,
when a 90% reduction (P <0.001 relative to control values)
in total nucleated cells was observed; by day 7 the counts
were similar to control values, and some hypercellularity
was indicated by day 14. Marrow cellularity was well
within the control range by day 21 (data not shown).
Figure 1 also indicates the influence of liposomally
entrapped doxorubicin on marrow cellularity. Liposomes
composed of either EPC/Chol (55:45, Fig. 1A) or
DSPC/Chol (55:45, Fig. 1B), exhibiting mean diameters
of approximately 1.0 um (filled squares) or 0.1 um (filled
circles), were loaded with doxorubicin as indicated in
Materials and methods to achieve a final drug-to-lipid ratio
of 0.2:1 (wt/wt). These liposomal doxorubicin systems
were injected i.v. at a dose equivalent to that of the free
drug (20 mg/kg). As shown in Fig. 1A, animals treated
with 1.0 um or 0.1 um EPC/Chol liposomal doxorubicin
displayed nucleated cell counts on days 1 and 3 that were
similar to those observed following administration of free
drug. The recovery time for this cell population was more
rapid in animals treated with the small doxorubicin-con-
taining vesicles vs the large systems. Animals treated with
1.0 um EPC/Chol liposomal doxorubicin continued to dis-
play a 75% reduction in marrow nucleated cells on day 7,
with cell counts being slightly below control values on
day 14 after administration. Liposomal doxorubicin-in-
duced suppression of marrow nucleated cells was also
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Fig. 2 A, B. Spleen weights of animals treated with free doxorubicin
(open circles), A EPC/Chol liposomal doxorubicin, or B DSPC/Chol
liposomal doxorubicin. The liposomes were prepared by extrusion
through 0.1-pm pore filters (filled circles) or 1.0-um pore filters (filled
squares). Points represent the mean of at least 4 animals, with error bars
indicating the standard deviation for each group. The dotted lines repre-
sent the range of spleen weights obtained for control animals (n = 18).
Statistical comparisons between groups treated with 0.1 pm vs 1.0 pm
liposomes are indicated: *P <0.02; ¥**P <0.01; ***P <0.001

observed following administration of the DSPC/Chol sys-
tems (Fig. 1 B). On days 1, 3 and 7 after injection of the
1.0-um DSPC/Chol liposomal doxorubicin, a 60%—75%
reduction in marrow nucleated cells was seen. The cell
counts on day 14 were significantly (P <0.05) below con-
trol values. In contrast, administration of 0.1-{um
DSPC/Chol liposomal doxorubicin induced only a 40%
reduction in marrow nucleated cells on day 3. This was
significantly less (P <0.01) than the 75% and 90% values
observed following injection of 1.0-um DSPC/Chol lipo-
somal doxorubicin and free doxorubicin, respectively.
Furthermore, animals treated with the 0.1-pum DSPC/Chol
systems showed marrow cell counts similar to control
values by day 7.

In addition to measurements of bone marrow cellular-
ity, a preliminary (stage 1) evaluation of myeloid-as-
sociated toxicities often includes routine haematology and
characterization of lymphoid organs such as the spleen
[26]. Doxorubicin-mediated changes in spleen weight are
shown in Fig. 2. The extent and duration of spleen weight
loss observed for the free drug was similar to that seen
when the drug was entrapped in EPC/Chol vesicles, re-
gardless of the vesicle size used (Fig. 2A). When
DSPC/Chol, liposomal doxorubicin was injected, there
were differences in the influence of the entrapped drug on
this lymphoid organ (Fig. 2 B). First, following administra-
tion of 1.0-um DSPC/Chol liposomal doxorubicin, there
was a delay in the onset of organ weight loss. The nadir,
obtained on day 7, was similar to that observed with the
free drug. Second, the 0.1-pum DSPC/Chol liposomal doxo-
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Fig. 3 A, B. Peripheral white blood cell (WBC) counts determined in
mice following administration of free doxorubicin (open circles),
A EPC/Chol liposomal doxorubicin, and B DSPC/Chol liposomal doxo-
rubicin. The liposomes were prepared as described in Materials and
methods, with vesicles being sized through 0.1-um pore filters (filled
circles) or 1.0-um pore filters (filled squares). Points represent the mean
obtained from at least 4 animals and the error bars indicate the standard
deviation. The dotted lines represent the range of values obtained for
control animals (# = 8). Statistical comparisons between groups treated
with 0.1 vs 1.0-um liposomes are indicated: *P <0.01. Values for groups
treated with DSPC/Chol liposomal doxorubicin, regardless of size, were
significantly different from those obtained with free drug on day 7
(P <0.01) and day 14 (P <0.005)

rubicin system was significantly (P <0.01) less effective at
inducing spleen weight loss than was either free drug or
doxorubicin encapsulated in 1.0-um DSPC/Chol lipo-
somes. A 23% reduction in spleen weight was observed on
day 1; however, this did not progress further, and by
day 14 values had returned to levels similar to those seen in
controls.

The peripheral WBC counts should reflect changes
occurring in bone marrow cellularity. This is demonstrated
in Fig. 3 for the free drug (open symbols). Peripheral
WBCs reached a nadir (40% of control counts) on day 3
and recovered to control values by day 14, similar to events
in the marrow cell population. The results shown in Fig. 3
also indicate that the liposomal form of the drug, regardless
of lipid composition or size, was more effective at inducing
leukopenia in mice than was the free drug. The 1.0-um
liposomal doxorubicin systems induced the greatest
decrease (80% at the nadir) in peripheral WBCs. Following
administration of these preparations, the peripheral WBC
count was depressed for periods of at least 14 days. These
animals exhibited cell counts similar to those of controls on
day 21 (data not shown). The 0.1-pum liposomal doxorubi-
cin formulations appeared to induce a rapid (day 1) 60%-—
75% reduction in peripheral WBCs. By day 14, animals
treated with the small EPC/Chol liposomal systems

Table 1. Assessment of bone marrow nucleated cells by FACS?

Percentage of cells counted

Control 0.1um 1.0 um Free

Total viable cells 86.4 87.1 80.8 86.8
Non viable cells? 12.5 13.6 23.1 14.7
Viable cells (subpopulations):
Population 1 (lymphoid cells)> 32.8 36.5 39.2 35.6
Population 2 (blast cells) 21.8 18.2 18.5 11.5
Population 3 (myeloid cells) 439 44.0 41.1 521
Fluorescent cellsd
Total cells 2.3 7.9 2.3
Viable cells 0.1 0.3 0.1

2 Bone marrow cells were isolated as indicated in Materials and
methods at 24 h after administration of the indicated preparation. Lipo-
somes were composed of DPPC/Chol (55:45) and were given at a drug
dose of 20 mg/kg. Data are representative of 2 experiments, and values
indicate the percentage of cells counted. A minimum of 20,000 cells were
counted twice for each sample

b Viability was assessed using the fluorescent dye-exclusion marker
pyridinium iodide

¢ FLS and PLS analyses indicated three cell subpopulations. These were
defined on the basis of previous studies using cell specific fluorescently
labeled antibodies to tag each cell population

4 Fluorescence due to the presence of doxorubicin

showed WBC counts similar to those obtained following
administration of free drug. It is surprising that the WBC
count of animals treated with the small DSPC/Chol sys-
tems were significantly (P <0.01) below control counts for
periods of up to 14 days following administration. This
drug-induced leukopenia did not reflect events measured in
the bone marrow (Fig. 1B) or spleen (Fig. 2B) but may
indicate toxicities at other lymphopoietic organs such as
the thymus.

In determinations of bone marrow counts, it was noted
for animals treated with the large (1.0-um) DSPC/Chol
liposomal doxorubicin systems that many of the cells
counted by light microscopy appeared to be red, suggesting
the presence of cell-associated drug. Since doxorubicin is a
fluorescent compound, the presence of cell-associated drug
could be analysed using fluorescence-activated cell-sorting
techniques (FACS). Mice were treated with free drug or
with 0.1 or 1.0-um DPPC/Chol liposomal doxorubicin.
Liposomal doxorubicin prepared with DPPC/Chol lipo-
somes exhibited plasma clearance profiles [3] and LDsg
values (Bally, unpublished observation) comparable with
those obtained using DSPC/Chol liposomal doxorubicin,
Both of these saturated liposomal formulations are stable
following i.v. administration (as indicated by in vivo
plasma-release studies; see [3]), with DPPC/Chol lipo-
somal doxorubicin exhibiting in vivo drug-dissociation
rates slightly faster than those of DSPC/Chol liposomal
doxorubicin. At 1 day after i.v. administration of drug,
marrow nucleated cells were isolated (see Materials and
methods) and viable cells were separated by FACS using
pyridinium iodide as a fluorescent dye-exclusion marker.
Results from a representative experiment are shown in
Table 1.

The combination of FLS (forward light scatter) and
PLS (perpendicular light scatter) revealed three distinct



Table 2. Influence of vesicle size on the accumulation of liposomal
doxorubicin in the marrow compartment

Total marrow associated?

Lipid (ug) Drug (ug)
1.0 wm empty liposomes® 17.9x2.2 -
1.0 pum liposomal doxorubicin 23.2+6.2 1.5+0.2
0.1 pm empty liposomes 4.1+£0.5*% -
0.1 pm liposomal doxorubicin 8.8 £3.0%* 0.4x0.1

2 Bone marrow was isolated at 24 h as indicated in Materials and
methods using 5 ml HBSS. The cells and media were subsequently
assayed for liposomal lipid and drug. Values represent the mean of at
least four animals (= SD) and account for the delivery of drug to a single
hind leg

b Composed of DPPC/Chol (55:45), with a drug-to-lipid ratio of 0.2
(wt/wt), and injected at a dose of 20 mg/kg

* Significantly different from values for 1.0 um empty liposomes
(P <0.001)

** Significantly different from values for 0.1 pm empty liposomes
(P <0.05).

cell subpopulations that were tentatively defined (based on
previous studies using cell-specific labeling techniques) as
lymphoid cells (population 1), blast cells (population 2)
and myeloid cells (population 3). Three points can be made
from the data in Table 1. First, there were greater propot-
tion of non-viable cells found in marrow samples of ani-
mals treated with 1.0-um liposomal doxorubicin. Second,
analysis of the cell subpopulations indicates that the free
drug caused a relative decrease in population 2 (blast
cells). This is consistent with results of previous investiga-
tions showing that blast cells accumulate the drug to a
greater extent than do other marrow cell types [29]. This
effect was not observed for either the large or the small
liposomal doxorubicin preparations. Finally, of the cells
that were fluorescent (~8% for animals treated with 1.0-
um liposomal doxorubicin), nearly all were non-viable as
indicated by pyridinium iodide dye exclusion.

The present data suggest that doxorubicin can accumu-
late to a greater extent in bone marrow nucleated cells
when the drug is encapsulated in 1.0-um vesicles. Previous
studies, however, have suggested that small vesicles
(<0.1 um) have access to and can accumulate in the bone
marrow [28]. To determine the influence of vesicle size on
the accumulation of liposomal doxorubicin in the marrow
compartment, both liposomal lipid and doxorubicin were
quantified. These data are shown in Fig. 4 and Table 2. As
would be expected from the flow cytometry studies,
4 times more drug (and lipid) was observed in the marrow
compartment (cells plus media used to isolate cells) at 24 h
in animals treated with 1.0-um vesicles vs 0.1-um vesicles
(Table 2).

These values were not corrected for plasma volume in
the bone marrow. As indicated elsewhere [3], at 24 h fol-
lowing administration of the small DPPC/Chol vesicles,
56% of the injected lipid dose was retained in the circula-
tion, as opposed to 3% of the injected lipid dose for large
vesicles. Therefore, plasma levels of lipid and drug would
contribute significantly to the marrow levels only in ani-
mals given 0.1-um liposomal doxorubicin. This is sup-
ported by the observed 2-fold increase in liposomal lipid
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Fig. 4 A, B. The influence of vesicle size on the accumulation of A lipid
(liposomes) and B doxorubicin in bone marrow nucleated cells.
DPPC/Chol liposomal doxorubicin prepared with vesicles sized through
1.0-pm (filled circles) or 0.14um (filled squares) filters was injected at a
dose of 20 mg/kg doxorubicin or 100 mg lipid/kg [the drug-to-lipid ratio
was 0.2:1 (wt/wt)]. Doxorubicin and liposomal lipid were assayed as
indicated in Materials and methods. Points represent the mean of at least
4 animals and the error bars indicate the standard deviation

found in marrow compartments of animals receiving
0.1-um liposomal doxorubicin vs identically prepared
0.1-um empty liposomes and is consistent with the in-
creased blood residence times observed for liposomes con-
taining entrapped drug [3]. Furthermore, in animals treated
with the 0.1-pum liposomal preparation, 80% of the lipo-
somal lipid found in the marrow compartment was not
cell-associated. In contrast, almost 70% of the liposomal
lipid was cell-associated in animals treated with 1.0-um
liposomal doxorubicin. These differences are reflected by
the data in Fig. 4, which show the time course for the
accumulation of liposomal lipid and drug in marrow cells,
In all, 10-20 times more liposomal lipid (Fig. 4A) and
doxorubicin (Fig. 4B) were associated with marrow nu-
cleated cells when 1.0-um DPPC/Chol liposomal doxoru-
bicin was given. The increase in cell-associated liposomal
doxorubicin measured at 12 h coincided with a 40% reduc-
tion in bone marrow nucleated cells observed simulta-
neously. A 60% reduction in marrow nucleated cells was
observed at 24 h, consistent with observations shown in
Fig. 1 for 1.0-um DSPC/Chol liposomal doxorubicin.

The data in table 2 also indicate that empty liposomes,
as well as doxorubicin-loaded liposomes, accumulated in
the marrow compartment. As shown in Fig. 5 A, the time
course for uptake of empty vs loaded 1.0-um liposomes
was identical over the first & h. Within 4 h after administra-
tion of the liposomes, approximately 500 ng lipid/106 mar-
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Fig. 5 A, B. Quantification of bone marrow nucleated cell-associated
A lipid (liposomes) and B doxorubicin after administration of free doxo-
rubicin (20 mg/kg; open squares), empty 1.0-um DPPC/Chol liposomes
(100 mg lipid/kg; open circlesy and 1.0-um DPPC/Chol liposomal doxo-
rubicin [20 mg/kg doxorubicin given such that the drug-to-lipid ratio was
0.2:1 (wtfwt); filled circles). Each point represents the mean of at least
4 animals and the error bars indicate the standard deviation

row nucleated cells became cell-associated. This corre-
sponds to localization of approximately 0.28% of the in-
jected lipid dose in the marrow isolated from a single leg.
Figure 5B indicates the difference in accumulation of
doxorubicin in the marrow cells following administration
of free drug vs 1.0-um DPPC/Chol liposomal doxorubicin.
A 10-fold increase in the delivery of the drug to the marrow
cells was observed when the drug was entrapped in 1.0-um
liposomes.

Discussion

In this investigation the myelosuppressive activity of doxo-
rubicin is correlated to the accumulation of liposomes and
entrapped drug in the marrow compartment. The data
clearly demonstrate that large (1.0-um) liposomal systems
can deliver greater quantities of entrapped drug to the
marrow compartment. The increased accumulation of drug
in the marrow is reflected by a pronounced and extended
suppression of marrow cellularity. The myelosuppressive
activity of liposomally encapsulated antineoplastic agents
can therefore be influenced by the physical properties of
the vesicles used.

Although 1.0-um liposomes appear to associate with
marrow cells to a greater extent than do 0.1 um vesicles, a
similar number of particles may be cell-associated for both
preparations. Using freeze-fracture protocols to determine
the number of particles in a given fracture plane, it can be

estimated that an equal number of 0.1 and 1.0-um vesicles
are present when the large systems have a lipid concentra-
tion approximately 7 times greater than that of the small
vesicles (M. J. Hope, unpublished observation). Assuming
that the same number of particles (liposomes) become
cell-associated, 7 times more liposomal lipid would be as-
sociated with the marrow cells following administration of
1.0-um liposomes. This is comparable with the differences
in marrow uptake obtained in the present study for 0.1 vs
1.0-um vesicles (Fig. 5).

This study did not attempt to identify the marrow cell
population that accumulates liposomal doxorubicin. How-
ever, resident bone marrow macrophages [15] are most
likely responsible. This is supported by the fact that lipo-
some uptake by marrow cells occurs over 4 h (Fig. 4), a
time course similar to that obtained for cultured bone mar-
row macrophages (R. Nayar, unpublished observation). It
is noteworthy that at 12 h following treatment with
1.0-pm liposomal doxorubicin, a 40% reduction in marrow
nucleated cell count was observed, which coincides with
an apparent 2- to 3-fold increase in the level of marrow
cell-associated lipid and drug. This suggests that cell popu-
lations other than those that have accumulated liposomal
drug are being eliminated from the marrow compartment.
Release of the drug from cells that have accumulated lipo-
somal doxorubicin may be responsible for the prolonged
decrease in marrow cellularity observed in this study
(Fig. 1B). This interpretation is supported by the following
observations. The 1.0-um liposomal doxorubicin systems
have been shown to be rapidly cleared from the circulation
(see [3]), such that only 2% —3% of the injected doxorubi-
cin dose remains after 24 h. By day 3, no doxorubicin can
be detected in the plasma of these animals. In contrast, as
indicated by fluorescence microscopy, cells containing
doxorubicin are present in marrow samples isolated 7 days
after i.v. administration of 1.0-um DSPC/Chol liposomal
doxorubicin (data not shown). It therefore appears that
doxorubicin-mediated marrow cell suppression may result
primarily from liposomes that had previously been
sequestered in the marrow compartment.

Doxorubicin-mediated suppression of marrow cells
was generally reflected by changes in spleen weight and
peripheral WBC count. An exception to this correlation
occurred in animals receiving 0.1-um DSPC/Chol lipo-
somal doxorubicin; peripheral cell counts (Fig. 3B) indi-
cated a pronounced and extended leukopenia following
administration of this preparation, whereas changes in
bone marrow cellularity (Fig. 1B) and spleen weight
(Fig. 2B) indicated relatively minor and transient suppres-
sion. Clearly this represents an area of interest in evalua-
tion of the myelosuppressive activity of liposomally en-
trapped antineoplastic agents. It is not clear why peripheal
WBC counts did not follow changes in marrow cellularity
in animals treated with 0.1-um DSPC/Chol liposomal
doxorubicin. This may have resulted from toxicities in
other lymphopoietic organs, or it is possible that this lipo-
somal doxorubicin preparation was exerting direct toxicity
on circulating WBCs through a specific cell/liposome as-
sociation. Previous studies have shown that leukocytes can
bind and endocytose liposomal systems [5, 16]. The pro-
longed leukopenia observed in the present study would be



consistent with the extremely long circulation lifetimes of
the small DSPC/Chol liposomal doxorubicin systems [3].
Following administration of this preparation, 60% of the
injected drug dose remains in the circulation at 24 h, 10%
is measured in the circulation on day 3 and detectable
levels of doxorubicin have been measured in the plasma
14 days after injection [3].

Myelosuppression is a severe toxicity exhibited by a
variety of antineoplastic agents. The present results indi-
cate that this toxicity could be manipulated by encapsulat-
ing these drugs in liposomal carriers. For example, doxo-
rubicin encapsulated in small liposomes composed of
long-chain, saturated phosphatidylcholine species and
cholesterol exhibited reduced effects on bone marrow
cellularity (Fig. 1B), minimal cardiotoxicity [19], and
therapeutic effects equivalent to those of the free drug [ 19].
It is not clear whether the prolonged leukopenia observed
following administration of small DSPC/Chol liposomal
doxorubicin systems will result in immune suppression or
compromise the ability of the animal to fight infections.
Additional studies examining the myelosuppressive effects
of liposomal doxorubicin encapsulated in O0.l-um
DSPC/Chol vesicles and given at equitoxic doses (i.e.
LD1) relative to the free drug must be done.

In summary, the present results demonstrate that large
liposomal doxorubicin systems deliver more drug to mar-
row cells than do small liposomes. The difference in bi-
odistribution correlated with drug-induced suppression of
marrow cells. The data suggest that the myelosuppressive
activity of liposomal anticancer drugs can be regulated
through changes in the physical characteristics of the ves-
icle carrier.

Acknowledgements. This research was supported by the National Cancer
Institute of Canada and The Liposome Company, Inc. (Princeton, N. N.).
The authors wish to thank V. Dragowska for her assistance with the

fluorescence-activated cell sorter and Dr. C. Eaves for her careful review
of this manuscript.

References

1. Abra RM, Hunt CA (1981) Liposome disposition in vivo: IIl.Dose
and vesicle size effects. Biochim Biophys Acta 666: 493

2. Balazsovits JAE, Mayer LD, Bally MB, Cullis PR, Ginsberg RS,
Falk RE (1989) Analysis of the effect of liposome encapsulation on
the vesicant properties, acute and cardiac toxicities, and antitumor
efficacy of doxorubicin. Cancer Chemother Pharmacol 23: 81

3. Bally MB, Nayar R, Masin D, Hope MJ, Cullis PR, Mayer LD
(1990) Liposomes with entrapped doxorubicin exhibit extended
blood residence times. Biochim Biophys Acta 1023: 133

4. Cowens JW, Kanter P, Brenner DE, Ginsberg RS, Mayer LD, Bally
MB, Cullis PR, Pravalic Z, Douglass H, Petrelli N, Karakousis C,
Creaven PJ (1989) Phase I study of doxorubicin encapsulated in
liposomes. Am Soc Clin Oncol 8: A268

5. Finkelstein MC, Kuhn SH, Schieren H, Weissman G, Hoffstein S
(1981) Liposome uptake by human leukocytes. Biochim Biophys
Acta 673: 286

6. Forssen EA, Tokes ZA (1981) Use of anionic liposomes for the
reduction of chronic doxorubicin-induced cardiotoxicity. Proc Natl
Acad Sci USA 78: 1873

7. Gabizon A, Dagan A, Goren D, Barenholz Y, Fuks Z (1982) Lipo-
somes as in vivo carriers of Adriamycin: reduced cardiac uptake and
preserved antitumor activity in mice. Cancer Res 42: 4734

8. Gabizon A, Goren D, Fuks Z, Barenholz Y, Dagan A, Meshoren A
(1983) Enhancement of Adriamycin delivery to liver metastatic cells

10.

1

—_

12

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

19

with increased tumoricidal effect using liposomes as drug carriers.
Cancer Res 43: 4730

. Gabizon A, Meshorer A, Barenholz Y (1986) Comparative long-

term study of the toxicities of free and liposome-associated doxoru-
bicin in mice after intravenous administration. JNCI 77: 459
Gabizon A, Peretz T, Ben-Yosef R (1986) Phase I study with lipo-
some-associated Adriamycin: preliminary report. Am Soc Clin
Oncol 5: 43

. Herman EH, Rahman A, Ferrans VJ, Vick JA, Schein PS (1983)

Prevention of chronic doxorubicin cardiotoxicity in beagles by lipo-
somal encapsulation. Cancer Res 43: 5427

Hope MJ, Bally MB, Webb G, Cullis PR (1985) Production of large
unilamellar vesicles by a rapid extrusion procedure: characterization
of size, trapped volume and ability to maintain a membrane potential.
Biochim Biohphys Acta 812: 55

Huang KJ (1987) Liposome pharmacokinetics. In: Ostro MJ (ed)
Liposomes from biophysics to therapeutics. Marcel Dekker, New
York, p 109

Huang L (1983) Liposome-cell interactions in vitro. In: Ostro MJ
(ed) Liposomes. Marcel Dekker, New York, p 87

Johnston RB (1988) Current concepts: immunology; monocytes and
macrophages. N Engl J Med 318: 747

Kuhn SH, Gemperli B, Shepard EG, Joubert J, Weideman PAC,
Weissman G, Finkelstein MC (1983) Interaction of liposomes with
human leukocytes in whole blood. Biochim Biophys Acta 762: 119
Marsh JC (1976) The effects of cancer chemotherapeutic agents on
normal hematopoietic cells: a review. Cancer Res 36: 1863

Mayer LD, Bally MB, Cullis PR (1986) Uptake of Adriamycin into
large unilamellar vesicles in response to a pH gradient. Biochim
Biophys Acta 857:123

Mayer LD, Tai LCL, Dicken SC, Masin D, Ginsberg RS, Cullis PR,
Bally MB (1989) Influence of vesicle size, lipid composition and
drug-to-lipid ratio on the biological activity of liposomal doxorubi-
cin. Cancer Res 49: 5922

Nayar R, Hope MJ, Cullis PR (1989) Generation of large unilamellar
vesicles from long chain saturated phosphatidylcholines by extrusion
technique. Biochim Biophys Acta 986: 200

. Peretz T, Gabizon A, Cartana R, Benyosef R, Biron S, Druhman S,

Barenholz Y (1987) Clinical studies on liposome-associated doxoru-
bicin (L-Dxr): progress report. Am Soc Clin Oncol 6: 43

Presant CA, Proffitt RT, Smith JD, McKenna RJ (1986) Evidence for
solid tumor accumulation of intravenously injected lipid vesicles
(LV) in patients. Am Assoc Cancer Res 27: 158

Rahman A, Joher A, Neefe JR (1986) Immunotoxicity of multiple
dosing regimens of free doxorubicin and doxorubicin entrapped in
cardiolipin liposomes. Br J Cancer 54: 401

Rahman A, Kessler A, More N, Sikie B, Rowden G, Woolley P,
Schein PS (1986) Liposomal protection of Adriamycin-induced car-
diotoxicity in mice. Cancer Res 40: 1532

Scherphof GL, Kuipers F, Denkser JTP, Spanyer HH, Wonk RJ
(1987) Liposomes in vivo; conversion of liposomal cholesterol to
bile salts. Biochem Soc Trans [Suppl] 15: 625

Seldin MF, Steinberg AD (1988) Immunoregulatory agents. In: In-
flammation: basic principles and clinical correlates. Gallin JI,
Goldstein IM, Snydevan R (eds) Raven Press, New York, p 911
Senior J, Gregoriadis G (1984) Role of lipoproteins in stability and
clearance of liposomes administered to mice. Biochem Soc Trans 12:
339

Senior J, Crawley JCW, Gregoriadis G (1985) Tissue distribution of
liposomes exhibiting long half-lives in the circulation after in-
travenous injection. Biochim Biophys Acta 839: 1

Speth PAJ, Raymakers RAP, Boezeman JBM, Linssen PCM,
deWitte TIM, Wessels HMC, Haamen C (1988) In vivo cellular
Adriamycin concentration related to growth inhibition of normal and
leukemic human bone marrow cells. Eur J Cancer Clin Oncol 24: 667
Treat J, Rah JK, Wolley PV, Neefe J, Schein PS, Rahman A (1987)
A phase I study: liposome encapsulated doxorubicin (LED). Am Soc
Clin Oncol 6: 31 \

Treat], Wolley PV, Rahman A (1988) Liposome encapsulated doxo-
rubicin (LED): a phase II study in measurable recurrent breast cancer
patients Am Soc Clin Oncol 7: 41



