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Liposomes which substantially avoid uptake into the mononuclear phagocyte system (MPS), termed Stealth®
liposomes, have recently been formulated (Allen, T.M. and Chonn, A, (1987) FEBS Lett. 223, 42-46)., The
pharmacokinetics of stealth liposomes as a function of liposome dose and a comparison to conventional liposome
pharmacokinetics, was the subject of the present study. We have examined the tissue distribution of two different
formulations of stealth liposomes, i.e., sphingomyelin:egg phosphatidylcholine : cholesterol : monosialoganglioside
GM, (SM:PC:CHOL:GM,) 1:1:1:0.2 and SM:PC: CHOL: polyethylene glycol distearoylphos-
phatidylethanolamine (PEG(1900)-DSPE) 1:1:1:0.2, and compared them with the tissue distributions seen for a
liposomal formulation which is avidly removed from circulation by the cells of the MP system (PC:CHOL, 2:1).
Tissue distribution in mice was examined over a 100-fold concentration range (0.1 to 10z mol phospholipid / mouse)
and at several time points over a 48 h time period. Liposome size ranged from 92-123 nm in diameter for all
compositions. Clearance from blood of PC:CHOL liposomes following intravenous administration showed a
marked dose dependence (i.e., saturation-type or Michaelis-Menten kinetics), with MPS uptake decreasing and% of
injected dose in blood increasing as dose increased, over the entire dosage range. Injection of stealth liposomes, on
the other hand, resulted in % of injected doses of liposomes in MPS, blood and carcass which were dose-indepen-
dent and log-linear (first order kinetics) over the entire dosage range. The doses of stealth liposomes containing
PEG(1900)-DSPE required for MPS saturation was higher than 10umol phospholipid / mouse or 400 pmol /kg.
The dosage-independence of the pharmacokinetics of stealth liposomes and their lack of MPS saturation within the
therapeutic dose range are two more assets, in addition to the prolonged circulation half-lives, leading towards their
eventual use as drug delivery systems in the clinic.

Introduction

Liposomes of novel formulations, with long circula-
tory half-lives and low uptake by mononuclear phago-
cyte cells (Stealth® liposomes), have recently been
described {1--6}. These liposomes have greatly de-
creased uptake into the mononuclear phagocyte system
(MPS, also termed the reticuloendothelial system) as
compared to liposome formulations which have been
widely used in the past. Because of their pronounced
tendency to rapidly localize in and saturate the MPS,
liposomes of conventional formulations can alter the
ability of this important host defense system to remove
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foreign particulate material from circulation, causing
MPS impairment [7,8).

A number of studies have examined tissue uptake of
liposomes as a function of Lposome dose [7,9-13],
liposome size [10}, time post-injection [7), pre-dosing
with liposomes {12,14] or other particulate material {15]
and the presence of tumour cells [11]. In each study,
decreased amounts of liposomes in liver and increased
amounts of liposomes in spleen and blood were ob-
served with increasing liposome dose. These observa-
tions have been interpreted as demonstrating that satu-
ration of the ability of liver macrophages to bind to and
endocytose liposomes occurs at higher lipid doses, with
a concomitant increase in blood levels of liposomes
and subsequent ‘spitlover’ into spleen, Mauk and Gam-
ble [9] have reported a liver saturating dose in mice of
approx. 0.5 mg/mouse (.28 pmol lipid/mouse) for
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small unilamellar liposomes (SUV) composed of diste-
aroylphosphatidylcholine : cholesterol, 2:1 at 3 h after
intravenous injection. Since regeneration of MPS bind-
ing or uptake sites for liposomes and other particulate
matter is occurring continually over time, a detailed
understanding of liposomal pharmacokinetics and the
MPS saturating effects of liposomes can be only ob-
tained from experiments where data points are col-
iected over a period of many h, for a wide range of
liposome doses. No such detailed experiments have
been conducted to date.

We have examined the tissue distribution of lipo-
somes over a 100-fold concentration range, for 48 h
following intravenous injection into mice, in order to
determine, if possible, values for MPS saturating doses
for MPS8-seeking liposomes and for MPS-avoiding
(Stealth) liposomes and the pharmacokinetics of each
formulation with increasing dose. As liposomal drug
delivery systems approach the time when they will be
used in therapeutic applications, studies such as these
will help us to establish guidelines for appropriate
liposome compositions, doses and time between doses,
in order to avoid, as much as possible, complications
which may arise because of MPS impairment.

Materials and Methods

Egg phosphatidylcholine (PC) and bovine brain sph-
ingomyelin (SM) were purchased from Avanti Bio-
chemicals (Birmingham, AL). Monosialoganglioside
(GM,) was purchased from Makor Chemical (Jerusa-
lem). Cholesterol (CHOL) and N-tris(thydroxymeth-
yl)methyl-2-aminoethanesulfonic acid (TES) was pur-
chased from Sigma Chemical (St. Louis, MO). Poly-
ethylene glycol distearoylphosphatidylethanolamine
(PEG(1900)-DSPE) was a gift from Liposome Technol-
ogy (Menlo Park, CA); the synthesis of this compound
is described in Ref. 6. La-3-Phosphatidylcholine 1,2-
di{1-¥Clpalmitoyl ({'*CIDPPC) was purchased from
Amersham International (U.K.). Tyraminylinulin was
synthesized and ®I-tyraminylinulin was prepared ac-
cording to the technique of Sommerman et al. [16].
Na'®] was obtained from the Edmonton Radiophar-
maceutical Center. Pyrogen-free saline for injection
(0.9%, USP) was obtained from Travenol Canada (Mis-
sissauga, Ontario). All test-tubes, syringes etc. used in
the experiments were sterile and pyrogen-free.

Liposome preparation

Liposomes were composed of either PC:CHOL,
2:1, SM:PC:CHOL:GM,, 1:1:1:02 or
SM: PC:CHOL : PEG(1900)-DSPE, 1:1:1:0.2. Lipo-
somes were prepared by vortexing dried lipid films in
sterile, pyrogen-free 0.9% saline buffered with 10 mM
TES (pH 7.4) (buffered saline) containing '*I-tyra-
minylinulin. Lipid concentrations were normally

10umol/ml. Liposomes were extruded 10-times
through 0.1xm Nuclepore filters according to Olsen et
al. [17]. This procedure has been shown to result in
primarily unilamellar vesicles {18). The resulting lipo-
somes were sized by dynamic light scattering using a
Brookhaven BI90 particle sizer (Brookhaven Instru-
ment, Holtsville, NY) and trapped volumes were deter-
mined. Liposome size ranged from 92-123 nm and
trapped volumes, as determined from the specific activ-
ity of entrapped '*I-TI, averaged around 2 1/mol
phospholipid.

For experiments in which higher doses were re-
quired for injection, large volumes of extruded lipo-
somes were concentrated by placing the liposomes in
50000 Da exclusion-limit dialysis tubing {Spectra/Por)
and coating the outside with dry Sephadex G-50
(Pharmacia, Sweden), according to the procedure of
Abra and Hunt [10]. Non-entrapped ‘#I-tyraminylinu-
lin was removed by passing the liposomes over Ultragel
AcA 34 (IBF Biotechnics, France) or by dialysing the
samples against buffered saline.

Animal experiments

Female ICR (outbred) mice in the weight range of
23-27 g were obtained from the Animal Breeding Unit
of the University of Alberta and maintained in stan-
dard housing. Mice (three per group) were given a
single bolus injection in the tail vein with 0.2-0.3 ml of
liposomes containing 10°-10® cpm of entrapped '*I-
tyraminylinulin and 0.1-10xmo! phospholipid, as de-
sired. At selected times post-injection, i.e., 0.08, 0.25,
0.5, 1, 2, 6, 12, 24 and 48 h, the mice were sacrificed
and tissues excised and counted for radiolabel in a
Beckman 8000 gamma-counter. Tissues sampled in-
cluded liver, spleen, lung, heart, blood and carcass
(remainder of the animal). Blood-correction factors,
having previously been determined {2], were applied to
tissues and carcass. The ' I-tyraminylinulin label is an
excellent marker for intact liposomes as the label,
when released from liposomes in body fluids, is rapidly
eliminated from the body via kidney filtration and the
label is also metabolically inert [1,16). The data is
presented as % of in vivo cpm, which corrects for
leakage of the label and represents intact liposomes
remaining in the body at given time points, allowing for
a more accurate picture of the pharmacokinetics to be
obtained [7]. The extent of leakage of label from the
circulating liposomes at any given time point is propor-
tional to the ratio of cpm which remain in the whole
animal (remaining cpm = sum of ¢pm in ail dissected
tissues plus total blood volume plus residual carcass) to
injected cpm at time 0.

Pharmacokinetic analyses
Pharmacokinetic parameters were determined for
phospholipid doses of 0.1, 0.5, 1, 2, § and 10umol/



mouse, using the JANA (Statistical Consuiting, Lexing-
ton, KY) and the PCNONLIN, v3.0 (Statistical Con-
sulting, Lexington, KY) pharmacokinetic programs.

Results

Liposomes composed of PC: CHOL, 2:1 are readily
recognized and removed from circulation by the cells
of the MPS. The blood, liver plus spieen and carcass
levels of 0.1 um diameter liposomes of this composi-
tion, as a function of time and dose, is shown in Fig.
1A~C. Although liver and spleen data were collected
and analyzed separately, this did not contribute in any
substantial way to the understanding or discussion of
the results so they were added together *.

The elimination of PC: CHOL liposomes from blood
shows non-linear pharmacokinetics (Fig. 1A), indicat-
ing saturation of some component of uptake into the
MPS (Fiz. 1B). The shift in the curves, with increasing
dose, away from a rapid component of elimination at
the early times suggests that there may be two mecha-
nisms of elimination, possibly involving two different
processes one of which has low capacity and is easily
saturated at doses of less than 0.5 pmol mouse and
probably closer to 0.1 umol/mouse and the other of
which has a high capacity. As can been seen in Fig. 1B,
as time post-injection increases, % MPS uptake of
liposomes increases and as dose increases, % uptake of
liposomes at any time point decreases. The highest
levels of MPS uptake, i.e., 80% of in vivo cpm, were
observed only for the lowest liposome doses (0.1
umol/mouse), which plateaued in the MPS at these
levels by 6 h post-injection (Fig. 1B and Table I). At
the same time point, less than 5% of liposomes were
still circulating in blood (Fig. 1A), the remainder of
liposomes being found in carcass tissues (Fig. 1C). This
is probably the only liposome dose where the blood
clearance and MPS uptake is dominated by the low
cupacity process.

The % uptake into the MPS of higher liposome
doses was approx. 20% lower than that seen for doses
of 0.1 pmol/mouse, averaging 61.4 + 5.8% for lipo-
some doses of 0.5 to 10.0pxmol phospholipid /mouse at
48 h post-injection (Table I). For these doses, the
blood clearance and MPS uptake is dominated by the
high capacity process. The amount of time that it took
to reach the maximum intact liposome uptake of ap-
prox. 60% increased with increasing dose. For doses of

* In our experiments we find consistently that liver plus spleen
uptake account for the majority of uptake into MPS organs {4.6]
and therefore define MPS uptake for the purposes of this paper as
uptake into liver plus spleen, recognizing that uptake into liver
hepatocytes or into bone marrow may also be taking place.
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Fig. 1. Tissue distribution of PC:CHOL, 2:1 liposomes (MLV ex-
truded through 0.1um Nuclepore filters), labelled with "**{-tyra-
minylinulin, in mice as a function of increasing time post-injection
following iv. injection in 0.2 to 0.3 ml buffer. (A) % of ¢pm
remaining in vivo which are circulating in blood. (B) % of cpm
remaining in vivo which have been taken up by liver and spleen. (C)
% of cpm remaining in vivo which are associated with remaining
carcass tissues, () 0.1 pmol/mouse, (©) 0.5 zmol/mouse, (a) 1.0
umol /mouse, {0) 10.0 pmol/mouse. Resuits are given as mean
SD,n=3,

0.5, 1.0 and 2.0 umol phospholipid/mouse, maximum
MPS uptake of liposomes occurred at approx. 12 h
post-injection with little further uptake occuring up to
48 h. For doses of 5.0 umol/mouse maximum uptake
occurred at 24 h and maximum MPS uptake did not
occur until 48 h post-injection for doses of 10.0
mmol/mouse. In other words, it required less time for
the lower liposome doses to be removed from circula-
tion, but given sufficient time the MPS could remove
approx. 60% of the dose, independent of dose.
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Fig. 2. Tissue distribution of SM:PC:CHOL:GM,, 1:1:1:0.2 lipo-
somes (MLV extruded through 0.1 xm Nuclepore filters), labelled
with '®I-tyraminylinulin, in mice as a function of increasing time
post-injection following i.v. injection in 0.2 to 0.3 ml buffer. (A) % of
cpm remaining in vivo which are circulating in blood. (B) % of cpm
remaining in vivo which have been taken up by liver and spleen. (C}
% of cpm remaining in vivo which are associated with remaining
carcass tissues. {0) 0.1 pmol/mouse, (a) 1.0 pmol /mouse, (O) 10.0
umol/mouse, Results are given as mean+S.D., n =3,

TABLE 1

Carcass levels of PC:CHOL liposomes tended to
increase slowly with time aver 48 h (Fig. 1C), reaching
levels of approx. 30% of in vivo cpm by 48 h after
injection. Previous experiments have shown equivalent
carcass levels of PC:CHOL liposomes with the lipo-
somes associated at low levels with most carcass tissues
sampled {4). Carcass levels showed considerable vari-
ability at the earlier time points (Fig 1C).

When liposomes were composed of SM:PC:
CHOL:GM,, 1:1:1:0.2 (first generation Stealth® li-
posomes) blood clearance was log-linear and did not
change with dose (Fig. 2A). The linear nature of the
data provides no evidence for a high affinity, low
capacity uptake system for these liposomes similar to
that seen for PC:CHOL liposomes, even at injected
doses of 0.1 umol/mouse. Although total uptake of
liposomes into the MPS increased with increasing time
post-injection, as also seen with PC: CHOL liposomes,
the extent of liposome uptake was greatly diminished
relative to the preceding formulation (Fig. 2B vs. Fig.
1B). By 24 h post-injection an average of only 28% of
in vivo cpm was in liver and spleen for all doses. The
MPS uptake of PC: CHOL liposomal phospholipid, for
liposomes of similar size, was from double to quadru-
ple that seen for GM -containing liposomes, depend-
ing on injected dose. There was a tendency for MPS
uptake of GM,-containing liposomes to increase with
increasing dose, which may be related to the tendency
of the average liposome size to creep up at the higher
doses (from 92 nm at the two lowest doses, 101 nm at
the two intermediate doses and 123 nm at the two
highest doses). The observations with stealth liposomes
are distinctly different from the pronounced tendency
of PC: CHOL liposomes to show decreased MPS levels
with increasing dose.

Blood levels decreased with time in a dosage-inde-
pendent manner, with an apparent circulation half-life
of 16,4 1+ 3.1 h (Table II) and by 48 h post-injection an
average of 10% of intact GM,-containing liposomes
still remained in circulation (Fig. 2A). Liposome levels
in carcass increased considerably with time, although a
higher percentage was associated with carcass at the
lowest dose, than at higher doses. Maximum carcass

A comparison of total MPS uptake (liver plus spleen) of intact liposomal phospholipid, as a function of time post-infection and dose, for liposomes
composed of PC:CHOL, 2:1 (MLV extruded through 0.1 um Nuclepore filters). Mean + 8.D., n=3.

Dose (umol/mouse)

MPS uptake {pmol phospholipid)

2h 6h i2h 24h a8 h
0.1 0.04+001 007100 0.07+0.01 0.08+0.01 008+00
0.5 0.1040.03 0.21+£0.02 0.28:+0.04 0.3710.05 0.34+0.05
1.0 0.16+0.10 0.361£0.09 0.58+0.08 0.63+0.07 0.66+0.03
2.0 03 101 05 +£0.2 1.0 +0.05 1.0 £0.1 1.1 +£02
5.0 0.67+0.1 13 02 2.2 +0.2 29 £02 28 +0.2
10.0 1.2 +£0.2 21 101 34 03 50 +04 62 +0.2




TABLE 11

Pharmacokinetic parameters
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Liposome Injected Volume of Elimination AUC Half.life Total body
composition dose distribution ratelconstant (nmol h/ml) (h) clearance
(zmol) {ml) ™" Ty Tom {mi/h)
PC:CH 0.1 2.7 0.39 93 0.7 1.8 1.08
2:1 0.5 22 0.24 924 20 29 0.54
1.0 24 0.i6 2591 32 44 039
20 2.1 010 9573 6.9 0.2t
5.0 23 0.06 34512 11.1 0.15
10.0 21 0.05 89295 13.0 0.11
SM:PC:CH:GM, 0.1 1.9 0.05 1068 139 0.09
1:1:1:10% 0.5 1.9 0.04 6208 16.5 0.08
1.0 24 0.04 10282 16.9 0.10
20 2.1 0.05 17443 128 Q.11
50 22 0.04 53662 16,6 0.09
10.0 22 0.03 138754 216 0.07
SM:PC:CH: 0.1 23 0.04 1202 19.2 0.08
PEG-DSPE 0.5 2.1 0.05 5255 15.1 0.10
1:1:1:10% 1.0 22 0.04 11156 17.5 0.0%
20 2.1 0.03 29225 222 007
5.0 23 0.03 65126 213 0.08
10.0 2.1 0.03 170150 243 0.06

levels obtained by 48 h post-injection averaged 43% of
in vivo cpm (Fig. 2C), a few percent higher than carcass
levels seen for the higher doses of PC:CHOL lipo-
somes (Fig. 1C) and liposomes were distributed be-
tween all carcass tissues samples [4].

The dosage-independence of blood clearance and
MPS uptake of stealth liposomes could also be convine-
ingly demonstrated with the newest generation of
stealth liposomes composed of SM:PC:CHOL:
PEG(1900)-DSPE (Fig. 3A-C). Blood clearance showed
log-linear pharmacokinetics, for all doses, with an ap-
parent circulation half-life of 20.0 + 3.5 h (Table II),
which is not a statistically significant difference from
the value found for GM,-containing liposomes. MPS
uptake of these liposomes averaged 27% of in vivo cpm
at 24 h post-injection, a figure very similar to that
found for GM ,-containing liposomes. Carcass levels at
48 h {average of 46%) were also very similar to that
seen for liposomes containing GM,. In these experi-
ments, there were no statistically significant differences
in the rates at which liposomes of all three composi-
tions lost their contents in vivo. At 48 h post-injection,
449 + 4.9% of PC: CHOL liposomes remained in vivo,
while comparative figures for SM:PC:CHOL:GM,
and SM: PC: CHOL : PEG(1900)-DSPE liposomes
were 50.0 +3.9% and 46.7 4+ 3.7% respectively (not
shown). Therefore, differences in the amount of in vive
label could not explain any of the aforementioned
observations, not to mention that the method of data
analysis automatically corrects for different leakage
rates between different formulations {7].

At very low doses of liposomes it is possible that the
liposomes could be converted all or in part to lipopro-
teins and the clearance of the lipoproteins could be
very different from that of intact liposomes. We have
also used a [“CIDPPC phospholipid label, in
PC:CHOL, 2:1 liposomes, for experiments at 0.5
umol/mouse, in order to understand how lipid ex-
change and/or transfer to plasma proteins might be
contributing to our clearance data. At the early time
points, up to approx. 12 h post-injection, the results for
0.5 pmol/mouse labelled with either lipid label or
aqueous space label were very similar (not shown).
However, a comparison of lipid label at 0,01
wmol/mouse and aqueous label at 0.05 pmol/ mouse
(the lowest dose we could give of aqueous label due to
the limiting specific activity of the label) shows that the
lipid label is removed from blood dramatically slower
than the aqueous space label at a 5-fold higher dose,
suggesting that the liposomal phospholipids at the very
low dose of 0.01 pumol/mouse are immediately and
completely transferred to and/or exchanged with
plasma lipoproteins and the clearance rate is that for
lipoproteins, rather than for intact liposomes (Fig. 4).
The use of an aqueous space label which measures
intact liposomes clearly is advantageous in our pharma-
cokinetic studies, as the results would not be expected
to be complicated by exchange/transfer to lipopro-
teins. It is obvious that all of the liposomes have not
disintegrated completely at the higher dose of 0.05
wmol /mouse, otherwise no label would be left in vivo
after one-half hour post-injection. However, we do
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have evidence for approx. 20% increased label leakag -
at this low dose, suggesting that a portion of the
liposomes have been converted to lipoproteins.
Pharmacokinetic parameters, as generated using the
PCNONLIN pharmacokinetic program, are given in
Table 2 for all three liposome compositions, for all
injected doses. The volume of distribution for all three
liposome compositions is only slightly higher than the
blood volume of the mice used in the experiments
suggesting that none of the liposomes are capable of
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Fig. 3. Tissue distribution of SM:PC:CHOL:PEG(1900)-DSPE,
1:1:1:0.2 liposomes (MLV extruded through 0.1 gm Nuclepore
filters) in mice as a function of increasing time post-injection follow-
ing i.v. injection in 0.2 10 0.3 ml buffer. (A) % of cpm remaining in
vivo which are circulating in blood. (B) % of cpm remaining in vivo
which have been taken up by liver and spleen. (C) % of cpm
remainiug in vivo which are associated with remaining carcass tis-
sues. (0) 0.1 pmol/mouse, (a) 1.0 wmol/mouse, (O) 10.0
umol/mouse. Results are given as mean £+ S.D., n=3.
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Fig. 4. A comparison of blood levels as a function of time for
liposomes composed of PC:CHOL, 2:1 {MLV extruded through 0.1
pm Nuclepore filters) labelled with [M'CIDPPC (), or 'Zl-tyra-
minylinulin (O). Mice received 0.0F pmol phospholipid in experi-
ments using the [ CIDPPC label and 0.05 smol of phospholipid in
experiments using '=I-tyraminylinulin label. Mean +S.D., n = 3.

exiting from the central compartment to any great
extent, except perhaps in tissues like liver with discon-
tinuous endothelia. The elimination rate constants, the
circulatory half-fives and the total body clearance for
the two stealth compositions do not change with dose,
while the same parameters for the PC:CHOL lipo-
somes change noticeably with increasing dose, becom-
ing similar to those seen for stealth liposomes only at
the highest dose. The areas under the curve (AUC,
nmol phospholipid h/ml) increase with increasing dose
for all liposome compositions but are dramatically
higher, particularly at lower doses, for both stealth
liposome compositions as compared to PC:CHOL li-
posomes and the AUC for the PC:CHOL liposomes,
even at the highest dose is only 52 to 64% of that seen
for stealth liposomes. The AUC for the PC:CHOL
liposomes increased disproportionately to increasing
dose (960-fold over a 100-fold dose range), while the
AUC f{or the steaith formulations increased in propor-
tion to the increasing dose (130 to 140-fold), additional
evidence for saturation of uptake of PC:CHOL, but
not stealth, liposomes.

PC:CHOL liposomes at the lower doses were ana-
lyzed via a two compartment model with the T, com-
ponent being postulated as due to a low capacity, high
affinity uptake. Accurate estimates of the 7, half-life
is likely possible only at the lowest dose as we already
begin to see evidence of saturation of this component
at 0.5 umol /mouse. The Ty, component is postulated
to be due to a low affinity, high capacity uptake system,
which probably has a number of contributing factors,
as discussed below. At doses above 1 pmol/mouse, a
one compartment model was adequate for data analy-
sis. Both T, and T, increased with increasing dose,
with the T, beginning to approach that for stealth
iiposomes at the highest dose.
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Fig. 5. A plot of total body clearance versus injected dose for
liposomes (MLV extruded through 0.1 um Nuclepore filters) com-
posed of PC:CHOL, 2:1(0), SM:PC:CHOL:GM,, 1:1:1:0.2(a)
or SM:PC:CHOL:PEG(14900)-DSPE, 1:1:1:0.2{c).

Total body clearance for both steaith liposome com-
positions was constant with increasing dose, while the
same parameter decreased dramatically for PC: CHOL
liposomes, particularily at the lower doses, again pro-
viding evidence for a saturable uptake system (Fig. 5).

Discussion

The blood clearance data can be easily and simply
explained by the process of removal of liposomes from
circulation by uptake into the MPS. At long time
points post-injection, association of liposomes with
other carcass tissues (by a mechanism as yet not clearly
understood) may also be playing a role.

The blood clearance data and pharmacokinetic pa-
rameters for PC:CHOL liposomes suggest that there
are two phases of elimination involved in the removal
of these liposomes from circulation. We propose this
biexponential process represents two mechanisms of
elimination i.e., the binding process and the recycling
process, respectively. The ability of Kupffer and other
MPS cells to remove particulate matter from circula-
tion over a period of time depends, on the one hand,
on the rate at which recognition. binding and uptake
sites are occupied and become unavailable for further
liposome uptake and on the other hand, on the rate of
recycling or resynthesis of the binding and uptake sites.
A large number of past studies (reviewed in Ref. 19),
as well as this study, provide evidence that the recogni-
tion, binding and uptake processes for liposomal for-
mulations commonly used in the past are relatively
rapid, with half-lives on the order of a few minutes or
longer, inversely related to liposome size. We propose
that the recognition and binding event represents a
high affinity, low capacity process and that recycling of
binding sites, and possibly recruitment of new MPS
cells, is involved in the high capacity process.

Recycling of MPS binding sites and regeneration of
MPS function, is undoubtedly a result of a number of
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processes, including lipid metabolism [20-22], recruit-
ment of monocytes from bone marrow [23,24}, profifer-
ation of Kupffer cells in situ [25] and possibly deriva-
tion of MPS cells from blood monocytes [26]. Of the
processes involved in MPS recycling, phospholipid
metabolism appears to be the most rapid process,
occurring over a period of 2-3 h after liposome inges-
tion following a lag period of approx. 30 min [22}, while
Kupffer cell turnover is a slow process taking approx,
21 days for total replacement of the Kupffer cell popu-
lation [23]. With single doses of liposomes of composi-
tions which are relatively non-toxic to cells in culture,
such as the PC: CHOL liposomes used in these experi-
ments [27], it is likely that recycling of binding sites is
playing a major role in the high capacity process. For
liposomes that are toxic to MPS cells, either by virtue
of their lipid composition or their contents, recruit-
ment and proliferation of MPS cells probably plays the
major role.

At the lowest phospholipid doses of 0.1 pmol/
mouse, almost the total liposome dose is rapidly taken
up by high affinity, low capacity sites. At the highest
doses, the rate of MPS uptake of liposomes after the
first few minutes post-injection, when the high affinity,
low capacity uptake sites become saturated, is probably
dominated by the rate of recycling of binding sites and
possibly recruitment of macrophages, rather than by
the rate of recognition, binding and uptake.

Depression of MPS activity could be due either to
saturation of binding sites and uptake mechanisms with
liposomes or to depletion of plasma opsonins by lipo-
somes. The [atter explanation has been rejected as
playing a role in depression of MPS activity by Abra
and Hunt [10] and by Ellens et al. [12], therefore
saturation of MPS uptake is the most likely explanation
of the non-lirear pharmacokinetics seen for PC: CHOL
liposomes.

Because we are using small liposomes (92-123 nm),
it is possible that some of the liposome uptake is by
liver parenchymal cells as well as by macrophages,
particularly at the higher doses, where liposomes are
circulating for longer periods of time. For small unil-
amellar liposomes, which are half or less of the size of
those employed in these experiments, the uptake by
the total parenchymal cell population in liver can be
equivalent to the uptake of the Kupffer cell population
[21]. However, we have previously reported that we do
not begin to see increased uptake of liposomes into
whole liver, presumably due to liposomes accessing
parenchymal cells, until the size of the liposomes falls
below 80 nm [2,4]. Therefore, it is unlikely that uptake
by liver parenchymal cells of the liposomes in these
experiments is contributing in a substantial way to our
observations,

One of the more striking observations from these
experiments is that the blood clearance rates of the
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two stealth liposome compositions was independent of
dose over the entire dosage range tested. Blood, lung,
heart, kidney and remaining carcass levels of liposomes
likewise showed little dependence on dose. It would
appear that we have not reached MPS saturation levels
at doses up to 10 pmol /mouse (400 umol/kg) for the
PEG(1900)-DSPE-containing and the GM,-containing
liposomes, which is 20-fold or more higher than the
liposome doses where we began to see changes in the
elimination rate constants for PC:CHOL liposomes.
The elimination rate constants for stealth liposomes
are constant over the range of concentrations which
one would expect to encounter clinically, with the
absolute rate of elimination of liposomes directly pro-
portional to their concentration. This is in contrast to
the situation for PC: CHOL liposomes where elimina-
tion rate constants and total body clearance varied with
the concentration of liposomes (Fig. 5 and Table II).
Such non-linear (Michaelis-Menten) pharmacokinetics
is an indication of saturation of MPS binding sites.

The half-life in circulation for liposomes containing
PEG(1960)-DSPE averages 20.0 + 3.5 h and for GM,
averages 16.4 £+ 3.1 h and the primary tissues for lipo-
some association at long time points reside in carcass,
not in liver and spleen. Carcass tissues have been
dissected and analyzed separately for liposomes levels
in mice injected with GM -containing liposomes [4]
and PEG(1900)-DSPE-containing liposomes [6] and the
liposomes appear to be spread widely over all the
sampled carcass tissues, although it cannot presently be
determined if they have exited the central compart-
ment or have bound to, or otherwise associated with,
capillary endothelia within the central compartment.
The volume of distribution data suggest the latter
explanation.

In a separate set of experiments we have demon-
strated that 0.1 um diameter liposomes containing 10
mo!% PEG(1900)-DSPE had a 95% decreased uptake
by murine bone marrow macrophages as compared to
PC liposomes and those containing 10 mol% GM, had
an 85% decrease in uptake [5], clearly demonstrating
that decreased macrophage recognition of stealth lipo-
somes is contributing to the slower blood clearance
rates seen for these liposome compositions. It remains,
however, to explain what is the mechanism for removal
of stealth liposomes from the circulation. Three possi-
ble explanations suggest themselves. Stealth liposomes
may be recognized by the same MPS binding sites as
the non-stealth liposomes, but with a lower binding
affinity. Stealth liposomes may be recognized by a
different low affinity binding site. The removal of
stealth liposomes from circulation is via the same two
processes as non-stealth liposomes, but the rate of
removal is governed by the rate at which the stealth
component is removed from the liposomes and they
are converted to non-steaith liposomes. We favour the

later explanation, as we have previously reported that
PEG attached to singie fatty acyl chains or cholesterol,
although experiencing high levels in the circulation at
carly time points post-injection, fall to low blood levels
by 24 h post-injection likely due to a greater ease of
removal of the stealth component from the liposomes
because of decrcased hydrophobic interaction of the
anchor with the liposomal lipids [6]. Experiments are
planned to measure the rate of removal of PEGylated
lipid from liposomes. If this hypothesis is shown to be
valid, then MPS saturation will not be reached as long
as the rate of removal of the stealth component from
the liposomes is slower than the rate of MPS binding
and recycling.

In summary, we have demonstrated that, over a
clinically relevant dosage range, the blood clearance of
stealth liposomes follows first-order kinetics and MPS
saturating doses have not yet been reached at doses of
400 pumol/keg. In addition to their prolonged circula-
tion times, therefore, this provides further advantages
for the use of stealth formulations in a variety of
therapeutic applications, by simplifying the pharma-
cokinetics from non-linear to linear and by greatly
reducing the chances of adverse consequences as a
result of MPS impairment.
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