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A wide range of liposome compositions have previously been examined in vivo for their ability te affnct the uptake of 
liposomes into cells of the reticuloendothelial (RE, nmnonnclear phagocyte) system (Allen, T,M. and Chonn, A. (1987) 
FEBS Lett. 223, 42-46; Allen et al. (1989) Biochim. Biophys. Acta 981, 27-35). in this study we have examined the 
ability of cultured routine bone marrow macrophages to endocytose liposomes of various compositions and have looked 
for correlations between the in vivo and the in vitro observations. Compounds which substantially decreased RE uptake 
of liposomes in vivo, such as monosialogangiioside (GMt) and a novel synthetic lipid derivative of polyethylenegiyeol 
(PEG-PE), also greatly decreased liposome uptake by bone marrow ma(xopheges in a eoncentrafion.depoodent manner. 
Lipids which increase bilayer rigidity, such as splfingomyelin (SM) and cholesterol (CHOL), decreased both in vivo and 
in vitro uptake of liposomes. Likewise, positive correlation~ were observed between the in vivo behavior of liposom~ 
containing phosplmfidylserine (PS) or various gangliosides and the ability of these liposomes to be taken up by bone 
marrow macropheges. Total liposome uptake by macrophages increased with incubation time at 37°C while very little 
liposome association with the macrophages was observed at 4oc. Liposome uptake increased with liposome concentra- 
tion and for liposomes composed of egg phosphatidylcholine (PC) uptake plateaued at 40 nmol lipid I~r mg cell protein. 
There was an inverse correlation between liposome size of extruded large unilamdlar vesicles and their uptake by 
macrophages. 

Introduction 

Liposomes of conventional formulations are avidly 
removed from circulation by the cells of the reticulo- 
endothelial (RE) system (mononuclear phagocyte sys- 
tem) [1-3]. We [4-6] and others [7] have recently for- 
mulated liposomes with greatly decreased uptake by the 
RE system. It is of interest to compare the uptake of 
such novelly composed liposomes by macrophages in 
culture with that of liposomes of previous formulations 
in the hope that such studies will provide insights into 
the mechanism of uptake of liposomes by macrophages, 
which will in turn enable us to desig,a liposomes better 
suited to the various application which we can envision 
for them. Several investigators have reported in the past 
on the uptake of liposomes by resident [8-10] elicited 
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[11-131, peritoneal, liver [14-161 or culture-derived 
macrophages [17,18]. 

In previous experiments, liposomal uptake by macro- 
phages was found to be higher if the liposome surface 
contained negative charge [11,15], fetal bovine serum 
opsonic factors [14], lgG [11,16], fibronec)in [11] or 
malondialdehyde-treated LDL [18]. Photopolymerized 
vesicles were taken up more rapidly and more exten- 
sively than nonpolymerized liposomes [12]. The total 
number of particles taken up varied inversely with 
liposome size [9,11] but the total lipid taken up was 
independent of liposome size [11]. Addition of 
cholesterol [13] or phosphatidylinositol [8] to the lipo. 
somes decreased their uptake by macrophages. 

In this paper we tested the hypothesis that the ability 
of liposomes to be removed from circulation by the cells 
of the RE system in vivo can be correlated with the 
uptake of liposome~ b,, macrophages in vitro and ex- 
amined the kinetics of uptake. Ilium and co-workers 
[19] have shown a direct correlation between phagocytic 
uptake of polystyrene microspheres by the RE system in 
vivo and by peritoneal macrophages in vitro. They 
found that substances which reduced uptake in vivo 



(non-ionic surfactants) also reduced mac,ophage uptake 
in vitro. We have chosen to work with bone marrow 
maeropliages because of their very low contamination 
with other cell types in culture [20], their convenience 
and the e~se of manipulation of culture conditions for 
kinetic studies. 

We examined the effect of liposome composition. 
liposome size, liposome concentration and incubation 
time on the uptake of liposomes by routine bone mar- 
row macrophages. Several lipid labels and one aqueous 
space label were employed in the studies. We have 
provided, for the first time, evidence for a direc) corre- 
lation between in vivo uptake of liposomes by the RE 
system and in vitro uptake of similarily composed lipo- 
somes by bone marrow maerophages. 

Materials and Methods 

Materials 
Egg phosphatidylcholine (egg PC), phosphatidyl- 

serine (PS), bovine brain sphingomyelin (SM), egg phos- 
phatidyletlianolamine (PE} and pliosphatidic acid (PA) 
were purchased from Avanti Polar Lipids (Birmingham, 
AL). Cholesterol, galactosylceramides (GAL) and glu- 
cosylceramides (GLU) were purchased from Sigma 
Chemical (St. Louis, MO). Gangliosides were purchased 
from Supelco, Bellefonte, PA (GM1, asialo GM1 
(ASGM0, GE)I~, G-rib), from Makor Chemicals, 
Jerusalem (Gu~) and from Calbiochem, San Diego, CA 
(GM1, GM2, Gin, Gx)la and Gvlb). Globosides (GLOB) 
were purchased from Supelco. Dulbecco's MEM culture 
media was purchased from Gibco Canada (Burlington, 
Ont.) and fetal bovine serum (FBS) and horse serum 
(HS) was purchased from Hyclone Laborato,ies (Logan, 
UT) or Gibco Laboratories (Burlington, Ont.). l.-3- 
phosphafidylcholine,l,2-di[1-14 C]palmitoyl ([~4C]DPDC, 
3.7-4.4 GBq/mmol) and cholesteryl [1-14C]oleate 
[14C]CHOL, 1.85-2.2 GBq/mmol) were purchased from 
Amersham Canada (Oakville, Ont.). [1,2(n))H]- 
Cholesteryl hexadecyl ether [~H]CHE, 1.48-2.22 
TBq/mmol) was purchased from DuPont Canada (Mis- 
sissauga, Ont.). Tyraminylinulin was synthesized and 
125I-tyraminylinulin (lz~I-TI)was prepared according to 
the tedmique of Sommerman et at. [21]. Polyethylene 
glycol distearoylphosphatidylethanolamine (PEG-PE), a 
compound in which a carbamate derivative of PEG-1900 
is linked to PE through the NH 2 group, was a gift of 
Liposome Technology, Menlo Park, CA. 

Cultivation of bone marrow.derived maerophages 
Briefly, culture was done essentially as described by 

Lee and Woog [20]. Bone marrow was extracted from 
tibia and fibula of 6-12-week-old DBA/ZI or BAL~)/ 
cCr//ALE (BALB/c) mice by flushing the bones with 
1-2 ml of Puck's saline (pH 7.4). Single cell suspensions 
of marrow cells were plate~ at 1,5.106 cells per petri 
dish (non-tissue culture, Falcon-Optilux 1005) in 25 mI 

of Dulbecco's MEM containing 2,~ FCS, 18~ HS, 50 
rag/1 gentamycin or 1% of antibiotic-antimycotic .solu- 
tion (Sigma Chemical) and 10% L-cell conditioned 
medium. The cultures were incubated for 6 days at 
37°C in a humidified atmosphere of 5~ COz in air. The 
macrophages were then at late logarithmic phase and 
greater than 98% pure as "adged from phagocytic mea- 
surements of polystyrene beads (0.8/~m) and the pres- 
ence of Fc(igG) receptors, morphology and esterase 
staining [20]. Macrophages were harvested by vigor- 
ously flushing the petri dishes with PBS or PllS-EDTA 
(0.02% EDTA). All subsequent incubations were carried 
out in the above Dulbecco's medium, containing 3% 
FCS and 1% antibiotic-antimycotic solution and 2% 
L-cell conditioned media to maintain optimal cell via- 
bility. 

Preparation of liposomes 
Large multilamellar liposomes were prepared by 

vortexing dried lipid films in buffer (10 ram Mes/Mops, 
150 mM NaCI (vH 7.4), 290 mOsm), at a lipid con- 
centration of 3 raM. Sufficient [~4C]DPPC, [~4C]CHOL 
or [3H]CHE was added to the liposomes to result in a 
minimum of 2000 cpm of cell-associated radioactivity 
per l0 s cells. In experiments using the aqueous space 
label 12s1-Tl, sufficient counts were added during lipo- 
some formation to also result in 2000 cpm of cell-associ- 
ated radioactivity per 106 cells. Entrapped 1251-TI was 
separated from free ~251.TI by chromatography over 
Ultragel AcA 34. Gangliosides or glycolipids were dis- 
solved in chloroform/methanol (2:1) and aUquots were 
added to appropriate lipid mixtures in chloroform prior 
to evaporation of organic solvent. Except where indi- 
cated, liposomes were extruded I0 times through 0.1 t~m 
Nuelepore filters [22]. This pr~e~ure has been shown 
to result in primarily unilamellar vesicles [23]. The aver- 
age size of liposomes, as measured by dynamic light 
scattering using a Brookhaven BIg0 particle sizer 
(Brookhaven Instrument Corp., Holtsville, NY) was 
from 102 to 128 nm. Large unilameUar liposomes (LUV) 
were prepared accordhlg to the reverse evaporation 
(REV) technique of Szoka and Papahadjopoulos [24] 
and extruded through the appropriate sized Nuclepore 
filters. 

Incubation of iiposomes with macrophages 
Macrophages were plated in triplicate onto Linbro 6 

well plates at 106 cells/well or Linbro 24 well trays at 
2.105 cells/well and left to adhere and recover over- 
night at 37°C in a humidified atmosphere of 55 CO 2 in 
air. To each test well was added 35-100 nmol of phos- 
pholipid/10 ~ cells. The amounts of phospholipid were 
deliberately kept at the low end of the range in order to 
avoid saturation of uptake for any of the several lipo- 
some compositions employed in the experiments. Plates 
to be incub,~t.ed at ,~C were sealed in a plastic bag 
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containing 5% CO2 in air. Both the 37°C and the 4°C 
samples were rocked on a plate rocker (Bellco) at ap- 
prox. 10 cycles/min. After incubation (usually for 4 h), 
the cells were washed three times with cold PBS to 
remove non-adherent and non-phagositized liposomes 
and non-viable macrophages, if any, which do not ad- 
here to the dish. The cells were then dissolved in 0.5 ml 
of 0.1 M NaOH, placed in ACS scintillation fluid 
(Fisher Scientific) and counted in a Beckman LS-6800 
counter. Cell protein was determined on representitive 
wells by a modified Lowry procedure [25] or by the 
Bio-Rad procedure [26] (Bio-Rad Canada, Mississauga, 
Ont.) and liposome phosphate was determined accord- 
ing to the method of Bartlett [271. 

Uptake of liposomes was expressed as nmol lipid/rag 
cell protein. In earlier experiments the uptakes were 
normalized to 1 ~  nmol lipid added per 106 cells follow- 
ing lipid phosphate determination. In later experiments 
total liposomal phosphate was determined prior to ad- 
dition of liposomes to cells and exactly 100 nmol of 
lipid was added per 106 cells. Specific uptake was 
calculated as the percent:age uptake at 37°C minus the 
uptake at 4°C. The reference liposomes, PC liposomes 
(MLV extruded through 0.1 #m Nuclepore filters), were 
run concurrently with each separate macrophage culture 
to allow appropriate compensation for variability in 
different bone marrow preparations. Results are ex- 
pressed as mean _+ S.D. 

Results 

Uptake of reference liposomes, composed only of egg 
PC (0.1Fro extruded), is shown in Fig. 1 as a function of 
temperature, time and liposome concen:~:ation. Lipo- 
some uptake at 37°C represents a combination of vesicle 
adsorption to the cell surface and active cellular endo- 
cytosis, whereas at 4°C endocytosis is inhibited and 
surface adsorption is the main mode of liposome associ- 
ation with the maerophages as demonstrated earlier 
[12,28]. As can be seen from Fig. 1A, liposome associa- 
tion with macrophages at 4°C was considerably lower 
than at 37°C and remained low over the time course of 
the experiments. Liposome uptake (100 nmol lipid ad- 
ded/106 cells) at 37°C increased lineady with time and 
showed no sign of saturating for up to 16 h of incuba- 
tion. When liposome uptake was examined as a func- 
tion of liposome concentration (4 hour incubations) 
uptake of PC liposomes was linear up to approx. 400 
nmol phospholipid/mg cell protein* with saturation of 
uptake occurring at approx. 1500 nmol phospho- 
lipid/rag cell protein phospholipid/mg cell protein. 

Table I gives the results for macrophage uptake of 

* 10 6 bone marrow macrophages contain 0.16 + 0.06 mg cell protein 
(n =14). 
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Fig. 1. Uptake of PC liposomes (MLV extruded through 0.1 pm 
Nuclepore filters) by murine bone marrow macrophages. Incubations 
were at 37°C (e) and at 4°C (=). (A) Uptake as a function of 
incubation time. Liposomes were labelled with [t4C]I~PPC and in- 
cubated with 100 nmol of lipid per 106 cells. (13) Uptake as a function 
of llposome concentration for 4 h incubations. Uptake is expressed at 

nmol phospholipid/mg cell protein. Mean_+ S.D., n = 3. 

PC liposomes labelled with three different lipid labels 
and one aqueous space label. Uptake of liposomes by 
macrophages at 4°C was not significantly different for 

TABLE I 

Uptake by bone marrow macrophages of PC liposomes (REV extruded 
through 0,1 #m Nuclepore filters) labelled with the lipid labels 
f~C]cholesterol deate, [l~C]dipalmitoflphasphatidylcholine or [~H]- 
cholesteryl hexadecyl ether or labelled with the aqueous space label 
t~JI-tyraminylinulin at 37, C or 4 ,  C. The amoun~ of phaspholipid add 
was 100 nmol/106 cells and incubation times were 4 h. Control dishes 
were incubated with Iiposomes (labelled with ['4C/DPPC or IS4C]CHOL) 
in the absence of macrophages. Results are expressed as nmol phas- 
pholipid/mg cell protein ± S.D. (n = number of tusays). 

Liposome label Uptake (37 o C, Uptake (4 ° C, 
nmol/mg (n)) nmol/mg (n)) 

[14CICHOL + macrophages 6.6~ 1.5 (12) 1.2+ l.l (6) 
[14 C]DPPC + macrophages 5.04-1.0 (12) 1.0 :i: 0.7 (6) 
[~H]CHE+ macrophages 334-0.6(12) 1.5+0.4 (6). 
12SI-TI + macrophages 8.25:0.5 (6) 1.7 + 0.2 (6) 
p4C]CHOL control 0.3:1:0.1 (6) 0A-t-O.1 (3) 
[t4CIDPPC control 0.4 + 0.2 (6) 0.6 +0.2 (3) 
Free nSl-tyraminylinulin 

+ macrophagcs 0.64-0.1 (6) 0 .5+0 .01  (6) 
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Fig, 2. Uptake of PC liposomes (100 nmol lipid/10 ~ cells, labelled 
with [~4C]DPPC) by bone marrow maerophages for 4 h incubations at 
37°C ($) and at 4°C (&). Large unilamellar liposomes made by the 
REV method were extruded through decreasing pore size Nu¢lepore 
filters, Uptake is expressed at nmot phospholipid/mg cell protein. 

Mean+ S.D..,  = 3. 
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Fig. 3. Effect of increasing concentrations of cholesterol (A) and 
sphingomyelin (B) on uptake of PC 5posomes (MLV extruded through 
03 pm Nuclepore fdten), labelled with [t4CIDPPC, by bone marrow 
macrophages for 4 h incubations at a liposome concentration of 100 
nmo| phospholipid/106 cells. Liposome uptake w~s c,Jcu]ated as 
specific uptake (uptake at 37°C minus uptake at 4°C) as a percentage 
ratio of specific uptake for PC reference liposomes. Individual test 
Tesults were divided by the mean of the control results and then 

averased to give a mean+ S.D., n = 3. 

any of the four labels. Uptake was lowest for Iiposomes 
labelled with [3H]CHE, higher for [t4C]DPPC and 
highest for [~4C]CHOL. Liposomes labelled in the aque- 
ous compartment with 1251-TI had uptakes in the same 
range for that of [14C]CHOL (Table I). Labelled lipo- 
somes incubated with cell culture dishes in the absence 
of macrophages and treated identically to the experi- 
mental dishes wer¢ not associated with the dishes to any 
degree (Table I). This measurement is most likely a 
significant overestimate of liposome binding to culture 
dishes, as ]iposome 'binding' sites on the culture dishes 
would normally be occupied by macrophages during 
our experiments which are conducted at or near macro- 
phage confluence. 

When large unilamellar PC Eposomes were extruded 
through decreasing pore size Nucleopor~ filters, we ob- 
served increasing uptake of phosphoEpid at 37°C as the 
filter pore size decreased (Fig. 2). Pore sizes were 0.05, 
0.08, 0.1, 0.2, 0.4, 0.6 and 0.8 #m and the corresponding 
sizes of the liposome preparations, as measured by 
dyna~c light scattering, were 0.078, 0.090, 0.125, 0396, 
0.289, 0.438 and 0.570 Fro, respectively. Association of 
liposomes with the macrophages at 4°C did not appear 
to be size-dependent (Fig. 2). 

Inclusion of increasing amo,mts of cholesterol in the 
PC 5posomes resulted in a decrease in the uptake by 
maerophages (Fig. 3a), but the results only reach signifi- 
cance at 50 tool% cholesterol (P >0.01). Likewise, 
inclusion of another lipid which increases membrane 
rigidity, sphingomyelin, in increasing amounts in the PC 
5posomes resulted in substantial reduction in uptake, 
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Fig. 4. Effect of various gangliosid~ or asialogang]ioside at l0 mol~ 
in PC liposomes (MLV extruded through 03 gm Nuclq)orc filter), 
labelled with [14C]DPPC., on Epo~ome uptake b) bone mar~w macro- 
phages for 4 h incubations at a liposome concentration of I00 nmol 
phospholipid/106 cdls~ Lipocome uptake was calculated as specific 
uptake (uptake at 37°C minus uptake aL ~°C) as a percentage ratio of 
specific uptake for PC reference lipo~om~. Individual test results 
were divided by the mean of the control results and then averaged to 

give a mean± S.D., . = 3 .  



with liposomes containing 80 mol% SM experiencing an 
85% reduction in uptake (Fig. 3b). 

Fig. 4 shows the results for macrophage uptake of PC 
liposomes containing 10 mol% each of various ganglio- 
sides. Monosialoganglioside GM1 was the only gangiio- 
side which resulted in a substantial reduction of uptake 
of PC liposomes by bone marrow macrophages. Other 
gangliosides of the G M series, GM2 and GM3, resulted 
in either no reduction in uptake (Gin) or an increase in 
uptake (Gin). Disialoganglioside, GDIa, and trisialo- 
ganglioside, G1 ib, were also not capable of substantially 
reducing uptake. Removal of the sialic acid from GMt, 
resulting in asialoganglioside (ASGMI), appeared to 
stimulate uptake of liposomes by macrophages (Fig. 4). 
These results correlate welt with those reported by us 
for the effect of gangliosides on the in t~ivo uptake of 
liposorr.es by the mouse RE system [4,6]. 

Increasing the concentration of GM~ in PC liposomes 
progressively decreased uptake by macrophages (Fig. 
5A). The inclusion of 10 moi70 G m in the liposomes 
reduced the macrophage uptake by as much as 90%. 
Again, this correlates well with the decreases in RE 
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Fig. 5. Uptake of PC fiposomes, labelled with [14C]CHOL, by bone 
marrow macrophages as a function of increasing concentration of 
ganglioside G m (A) or PEG-PE (B) in liposomes (MLV extruded 
through 03 pm Nuclepore filters). Incubations were for 4 h at a 
liposome concentration of 100 nmol phospholipid/106 cells, Lipo- 
some uptake was calculated as specific uptake (uptake at 37°C minus 
uptake at 4°C) as a percentage ratio of specific uptake for PC 
reference liposomes, individual test results were divided by the mean 
of the control results and then averaged to give a mean:i: S.D., n = 3. 

TABLE II 

Effect of phospbolipids and glycolipids on uptake of liposomes (MI.V 
extruded through 0.1 izm Nu¢lepore filters, labelled with [14C]DPPC) by 
mouse bone marrow macrophages. Results from different experiments 
are normalized tc the uptake of PC liposomes (MLV extruded through 
0.1 ILm Nuclepore filters) and are expressed as the ratios of specific 
uptake, i.e., 37°C minus 4°C (n >i 3). 

Liposome composition, Specific uptake 
molar ratio ('$) 

PC 100 
PC:GLOB, 1:0.1 38.1 
PC: GLOB, 1 : 0.2 21.i 
PC:GLU, 1:0.1 43.4 
PC:GLU, t :0.2 30.'1 
PC: GAL, 1:0.1 106.0 
PC: GAL, 1:0.2 163.6 
PC: PS, 1 : 0.1 120,4 
PC: PS, 1:0.2 134.6 
PC: PS, 1:0.4 187.7 

uptake of liposomes containing G M1 which have been 
reported by us in in rive experiments [4,6]. 

A synthetic polyethylene glycol derivative of phos- 
l:batidylethanolamine has been tested in rive in mice 
and has been found to markedly reduce uptake of 
liposomes by the RE system in a concentration-depen- 
dent manner (Allen et al, in preparation). We have 
tested this derivative for its ability to affect the uptake 
of PC liposomes by macrophages (Fig. 5B). There was a 
dramatic reduction in uptake, beginning at approx. 5 
mo1% of PEG-PE and reaching 9570 reduction with 10 
mo170 of PEG-PE (Fig. 5B). 

The effect of some other lipids and glycolipids on 
uptake of liposomes by macrophages, as compared to 
PC liposomes, are given in Table II. Galactosylceramide 
stimulated liposome uptake, particularily at 20 mo170 in 
PC liposomes. Glucosylceramide, on the other hand, 
decreased liposome uptake. A negatively charged phos- 
opholipid, PS, when incorporated into PC liposomes, 
substantially increased liposome uptake by macro- 
phages in a concentration-dependent manner (Table I1). 

Because we suspected that there could be strain 
differences between bone marrow macrophages from 
different mouse strains, perhaps related to chronic in- 
fections in the mouse colonies for different strains, we 
compared bone marrow macrophages from three differ- 
ent mouse strains, BALB/c, ICR and C57BI/6J x 
DBA/2J (B6D2F1) for their ability to phagocytize fipo- 
somes at various concentrations. We also examined 
bone marrow macrophages from a BALB/c strain of 
mouse which had been maintained since birth in a 
bacterial and virus free environment. Macrophages from 
both the BALB/c (inbred) mice and the ICR (outbred) 
mice both showed good ability to take up liposomes, 
with values for specific uptake of 5.0 :t: 0.4 and 4.3 :l: 
0.2 nmol lipid/mg protein, respectively, for 100 nmol 



lipid added and 4 h incubations. Macrophages grown 
from the hybrid strain (B6D2F1) showed poorer ability 
to phagocytize liposomes (1.6 + 0.1 nmol/mg protein). 
The macrophages from the specially maintained 
BALB/c strain had levels of liposome uptake nearly 
equivalent to the normal BALB/c mice (4.3 + 0.2 
nmol/mg protein), but were more difficult to culture 
with the numbers of macrophages obtained being con- 
sistently lower than for the normally maintained mice. 

Discussion 

We have demonstrated for the first time that there is 
a direct correlation between the uptake of tiposomes by 
culture-derived routine bone marrow macrophages and 
the uptake of liposomes by the RE system in vivo in 
mice. Novel tiposome compositions which have been 
shown to dramatically reduce RE uptake in vivo [4,6,7], 
had similar pronounced effects in reducing macrophage 
uptake ;.n vitro, providing experimental evidence that 
the mechanism for reduction of hposomes uptake in 
vivo is through the ability of these new fiposome formu- 
lations to avoid recognition and uptake by macro- 
phages. 

Radiolabelled liposomes may become ~sociated with 
macrophages by several different pathways, including 
binding of lipusomes to the cell surface, phagocytosis of 
liposomes and transfer of fipid molecules from the 
liposome to the cell membrane [30]. We have compared 
results obtained at two incubation temperatures for 
uptake experiments where liposomes were labelled with 
three different lipid labels and one aqueous space label, 
which should allow us to distinguish between uptake 
and bindinb and/or lipid exchange. Controls for lipo- 
some association with the culture dishes and for uptake 
of free aqueous space label by the maerophages were 
included. 

The free aqueous space label, 12S~oTl, which is 
metabolically inert, was added to the macrophages at 
concentrations which would occur if all of the liposome 
label le~ed out of the liposomes under the influence of 
the macrophages or the media. This is undoubtedly a 
substantial overestimate of the actual situation. The free 
label was taken up by the macrophages to a very small 

12~ extent, therefore the uptake of I-TI seen in our e~t- 
periments must have been due primarily to either surface 
association or endocytosis of intact liposomes. Eado- 
cytosis is inhibited at 4°C and radiolabel associated 
with the cells at this temperature is a good measure of 
surface adsorption of fiposomes [12,28]. All three lipid 
labels an¢t the aqueous space label, showed very low 
levels of a~sociation with the macrophages at 4°C as 
compared x~:th that seen at 37°C and did not signifi- 
cantly differ from each other, suggesting that surface 
association of liposomes at 37°C is not the major con- 
tributor to the high levels of cell-associated radioactivity 

at this temperature. Uptake of aqueous space label at 
37°C was not significantly different to uptake seen for 
liposomes labelled with [14C]CHOL and only sfightly 
higher than that s,~n for the [14C]DPPC label. There- 
[ore, extensive exchange of the lipid labels with the cell 
membranes does not appear to be taking place during 
the time course of our experiments. If this were the case, 
then uptake of the aqueous space label would be signifi- 
cantly lower than uptake of the lipid label. However, 
the fact that hposomes labelled with [3H]CHE (which is 
non-melabohzable and non-exchangeable [31]) showed 
34 to 50% less uptake by macrophages than the other 
two fipids (P > 0.05), suggests that low levels of ex- 
change or metabolism of [14C~=HOL and [14C]DPPC 
may have been taking place. It is possible that the 
[14C]CHOL and the [I'tC]DPPC labels are more easily 
exchangeable than the [3H]CHE label, or that the pres- 
ence of the [IIC]CHE label, which i~ not a naturally-oc- 
curring lipid, in some way slightly inhibits uptake of 
hposomes by macrophages. 

This comparison of several different labels at two 
different temperatures gives us some confidence that the 
the ~najority of the radioactivity associated with the 
macrophages at 37°C was as a result of phagocytosis of 
liposow~es and no~ primarily as a result of another 
mechanisin. 

We have previously reported on the effects of a 
number of gangliosides and glyeofipids on the uptake of 
liposomes by the RE system [4,6,29], We can now 
compare the results of the in vitro experiments using 
bone marrow macrophages with the in vivo results. The 
in vivo results in our previous papers ate reported as 
RE uptake as perentage of radiolabel remaining in vivo 
in the whole animal at the time of tissue sampling and 
are therefore corrected for the leakage of the radiolabel 
(125I-TI) fron the lipusomes. 12Sl-TI, when released 
from liposol~es in vivo is rapidly removed from the 
body by filtration [4,21]. The effect of gangliosides in 
the in vitro experiments correlated well with results 
found in vivo, with gangh'oside GM1 reducing macro- 
phage uptake of liposomes in a concentration-depen- 
dent manner in both experimental systems. Other gang- 
liosides, asialoganglioside and galactosylceramide, which 
were not capable of reducing RE uptake of fiposomes in 
vivo [6,291, also did not decrease macrophage uptake of 
fiposomes in vitro. On the other hand, the presence in 
fiposomes of globosides and glucosylceramides reduced 
marcophage uptake of liposomes in vitro, but had either 
no effect (glucosylceramides) or stimulated (globosides) 
RE uptake of liposomes in vivo. Of all the fipids tested, 
these two fipids were the only ones for which we did not 
see a correlation between the in vivo and the in vitro 
results. The reason for these differences are not pre- 
sently known, but may relate to the presence or absence 
of different receptors on routine Kupffer cells as comJ 
pared to bone marrow macrophages. Uptake by bone 
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marrow in vivo cannot be directly compared for PC 
liposomes and GM~-containing liposomes, as PC lipo- 
somes are avidly taken up by liver and spleen and have 
little or no chance W get to bone marrow. GM~-contain. 
ing liposomes, by virtue of their long circulation half- 
lives in vivo, actuall~ have higher bone marrow uptake 
than PC liposomes H, but it is an invalid comparison. 
Bone marrow macrophages, therefore, allow us to make 
a direct comparison, under conditions of equivalent 
access, between the two liposome compositions. 

We have observed that a synthetic phospholipid ~le- 
rivative of polyethylene glycol, PEG-PE, which is capa- 
ble of substantiaily reducing RE uptake of liposomes in 
a concentration-dependent manner (Allen et al., in pre- 
paration) is also capable of dramatically reducing up- 
take of liposomes by bone marrow macrophages in the 
concentration range of 5- 20 mol~ in liposomes. Ilium 
et al. [19] have previously reported that microspheres 
coated with hydrophilic inaterials (poloxamer 338) ex- 
perienced reduction in uptake into the RE system in 
rabbits. They hypothesize that increasing surface hydro. 
philicity will generally lead to decreased uptake by the 
RE system. Both GM1 and PEG-PE are likely acting to 
reduce uptake of liposomes by both cultured macro- 
phages and by the RE system through this mechanism. 
The surfaces of liposomes containing either GM1 or 
PEG are most likely resistant to opsonisation with 
plasma components which render them recognizable by 
phagocytic cells through the dual mechanism of in- 
creased surface hydrophilicity and stearic hinderance. 

Uptake of liposomes by moo, se bone marrow macro- 
phages as a function of time and liposome concentra- 
tion appears to follow similar kinetics to uptake of 
liposomes by mouse peritoneal macrophages [11,30] and 
rat Kupffer cells [14,15]. Although exact comparisons 
cannot be made because of differing experimental con. 
ditions between different groups of researchers, it ap- 
pears that the extent of lipid uptake (nmol lipid/mg cell 
protein) by mouse bone marrow macrophages is less 
than that for peritoneal macrophages, which in turn is 
less than that for Kupffer cells. At 90 min incubation 
with 100 nmol lipid/106 bone marrow macrophages, 
uptake of PC:CH, 1:1 (0.1 /~m) liposomes averaged 
approx. 1.5 nmol lipid/mg cell protein. For peritoneal 
macrophages a figure of approx. 5 nmol/mg can be 
extrapolated for 0.6 ttm PC:CH, 1:1 liposomes [11], 
while for rat Kupffer cells the corresponding figure for 
PC : CH, 1 : 1 liposomes (0,4/~m) is approx. 20 nmol/mg 
protein [15]. Using a similar size of fiposomes for the 
comparison would amplify the difference, as we have 
found that bone marrow macrophages experience a 
reduction in uptake of lipid as liposome size increases. 
The differences betw~a bone man'ow macrophages and 
Kupffer cells would be reduced, however, if the com- 
parisons were made on the basis of nmol lipid/106 cells, 
rather than on the basis of cell protein, as the bone 

marrow macrophages contain on average 160/zg pro- 
tein/106 cells, while Kupffer cells contain on average 
only 100 pg protein/106 cells [16]. 

The differences in Iiposome uptake between different 
macrophage populations are probably a reflection of 
macrophages in different stages of differentiation or 
maturation. The bone marrow macrophages may con- 
tain reduced numbers of receptors recognizing lipo- 
somal phospholipids or their opsonins, or lack some 
classes of these receptors completely. In an ongoing 
series or experiments we are examining the effect of 
pre-opsortizing liposomes with individual, or combina- 
tions of, plasma proteins on uptake by macrophages in 
serum-free media. In serum-free medium, uptake of PC 
liposomes (MLV extruded through 0.1 ttm Nuclepore 
filters) was approx. 70% lower than uptake in the 
serum-containing media. Uptake can be stimulated 
dramatically by opsonizing the liposomes with some 
human or mouse plasma proteins (T. Allen, unpub- 
lished data). Clearly, therefore, opsonins play an im- 
portant role in the uptake of liposomes by mouse bone 
marrow-derived macrophages. In many important ways, 
uptake of liposomes by bone marrow macrophages re- 
fleets what is seen in the more differentiated macro- 
phage populations like peritoneal macrophages and 
Kupffer cells as well as the situation in vivo. 

Several researchers have reported that negative 
charge, usually PS, increases uptake of liposomes 
[11,15,30] by other types of macrophages, We can now 
report that the situation is similar for bone marrow 
macrophages demonstrating that sensitivity to PS is a 
property of the niost primitive macrophages. Addition 
of PS to PC liposomes increased the uptake by bone 
marrow macropi~ages (Fig. 1) or peritoneal macro- 
phages by approx. 4-fold [11]. The ability of macro- 
phages to recognize PS may have functional significance 
in the removal of senescent red blood cells from circula- 
tion [5,321. 

Rabbit peritoneal macrophages experienced a reduc- 
tion in liposome uptake upon addition of cholesterol to 
PC liposomes [13], as we have observed for mouse bone 
marrow macrophages. However, Schroit et al. [30] re- 
port that cholesterol increases uptake of PC liposomes. 
Our results are corrdated with in vivo observations in 
which inclusion of cholesterol reduces uptake of lipo- 
somes by the RE system [4,33-35], the basis of ~-/[zich is 
most likely the ability of cholesterol to bring about 
bilayer rigidification in fluid liposomes and decrease 
opsonization of the liposomal surface. A similar mecha- 
nism may be acting in the ability of cholesterol to 
reduce uptake of liposomes by bone marrow macro- 
phages. 

Inclusion of sphingomyelin in liposomes decreased 
macrophage uptake by bone marrow mac~'ophges, an 
observation which is again correlated with in vivo re- 
sults [36-39]. A similar observation has been made for 



the effect of sphingomyelin on liposome uptake by 
Kupffer cells by Dijkstra et al. [40]. The mechanism is 
again probably due to the ability of sphingomyetin to 
rigidify the liposomal bilayer. 

We have observed that uptake of liposomal lipid by 
bone marrow macrophages is negatively correlated with 
liposome size for extruded REV liposomes, which are 
primarily unilamellar or oligolamellar [23]. A similar 
observation has been made for unilamellar ;.iposome 
uptake by rat peritoneal macrophages by Schwendener 
et al. [9]. Hsu and Juliano, on the other hand, reported 
that small unilamellar liposomes, in terms of ng lipid//tg 
protein, were taken up to a lesser extent than MLV and 
REV (0.6 #m) by mouse peritoneal macrophages [11]. 
This may be a reflection of the increased amount of 
lipid per pa.~ticle m larger fiposomes due to their multi- 
iamellarity, However, in terms of particle numbers the 
above experiments are all in agreement with each other, 
with the number of particles taken up decreasing with 
increasing liposome size. Liposomes are therefore be- 
having differently than particulate substrates (Percoll or 
polystyrene beads) where uptake by rat peritoneal mac- 
rophages was found to be positively correlated with 
particle size [10]. The behavior of the particulate sub- 
strates was more closely correlated with the behavior of 
particulate matter, including liposomes in vivo, where 
uptake is also positively correlated with size. The nega- 
tive correlation which we have observed between bone 
marrow macrophages and fiposome size is the ~',~posite 
to that which is normally observed in vivo, for reasons 
which are not presently understood. 

In summary, we have shown that a number of strong 
correlations exist between the ability of cultured bone 
marrow macrophages in ,~tro to take up liposomes of 
various lipid compositions and the ability of the RE 
system to recognize and remove fiposomes of similar 
compositions from circulation. The uptake of liposomes 
by bone marrow macrophages could therefore be used 
as a preliminary screening assay to search for novel 
liposome compositions which avoid RE uptake. As well, 
these macrophages could be employed as an assay sys- 
tem for understanding factors which lead to recognition 
and uptake of liposomes by RE and other macrophages. 
Insights gained from experiments such as these will 
ultimately lead to the design of liposomes which show 
further improvements in circulation half-lives and this 
will further ~,'xpand the therapeutic applications of lipo- 
somes as drug delivery systems. 
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