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We have prepared liposomes from mannosylated phosphatidylmyo.inositol, derived from mycobacteria, and 
cholesterol. The size of the particles so formed could be controlled by membrane filtration. The vesicles 
encapsulated a significant amount of aqueous phase (about 8 /~1 per mg phospholipid). Markers of the 
liposomal membrane and aqueous phase rapidly associated with mouse peritoneal macrophages and, more 
slowly, with rat alveolar macrophages. The uptake was saturable at high liposome concentrations, although 
phagocytosis of latex particles of the same mean diameter was not saturable at these concentrations. An 
excess of unlabelled liposomes composed of phosphatidylcholine and phosphatidylserine, which were also 
taken up readily by macrophages, did not inhibit the uptake of mannosylated liposomes. The uptake of 
fluorescent mannosylated bovine serum albumin was inhibited by these liposomes, suggesting a specific 
interaction with the macrophage mannose-fucose receptor. We conclude that this type of liposome would be 
useful for the delivery of immunomodulators to reticuloendothelial cells. 

Introduction 

Over the past 15 years liposomes have attracted 
considerable interest as potential drug carriers [1]. 
These phospholipid vesicles are capable of en- 
capsulating both hydrophobic and hydrophilic 
drugs, are biodegradable and are not normally 
toxic in vivo [1]. However, the distribution of 
liposomes in vivo, where they are rapidly removed 
from the circulation by cells of the reticulo-endo- 
thelial system, limits their usefulness. The most 
fruitful applications of liposomes seem to be those 
that make use of their uptake into phagocytic 
cells. One such usage is the delivery of im- 
munomodulators to macrophages. Macrophages 
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can be activated for cytotoxicity against tumour 
cells by a variety of products [2]; among these is 
muramyldipeptide a small, water-soluble molecule 
[3,4]. Fidler and colleagues [5,6] and, later, others 
[7-9] have shown that the efficacity of this agent 
is greatly increased by encapsulation in liposomes, 
particularly if a lipophilic derivative is used. This 
is presumably because the free product is not 
readily internalised by macrophages [10] and, in 
vivo, is rapidly eliminated in the urine [11]. 

An extensive study by Schroit et al. [12] showed 
that the optimum phospholipid composition for 
delivery of liposomes to macrophages is phos- 
phatidylcholine and phosphatidylserine in the 
molar ratio 7:3.  In vivo, large P C / P S  liposomes 
are accumulated in the lungs of rats to a greater 
extent than liposomes of other compositions, how- 
ever, the major sites of deposition remain the liver 
and spleen [13]. Similar liposomes containing 
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muramyldipeptide or a lipophilic derivative, were 
able to eradicate experimental lung metastases in 
mice [5,14]. Schroit et al. [12,15] have postulated 
that macrophages possess a receptor for senescent 
erythrocytes which recognises phosphatidylserine 
in the outer layer of the membrane. A number of 
other membrane receptors have been described for 
macrophages. Among these is a receptor promo- 
ting the uptake of mannose, fucose or gluco- 
samine-terminated glycoproteins [16]. This recep- 
tor has been exploited by Roche et al. [17], who 
delivered muramyldipeptide to macrophages by 
coupling it covalently to mannosylated bovine 
serum albumin. Thus, mannose-containing glyco- 
lipids might be useful for targetting liposomes to 
these cells. We therefore decided to prepare lipo- 
somes from a mannose-containing phospholipid 
from the cell wall of mycobacteria. The structure 
of this component  (from Mycobacterium phlei and 
Mycobacterium tuberculosis) was determined by 
Lee and Ballou [18] as phosphatidylmyo-inositol 
substituted with 1 to 6 mannose residues. It seemed 
likely that this phospholipid would be capable of 
forming closed vesicles. In this report we describe 
the preparation of such vesicles and some detailed 
studies of their phagocytosis by macrophages. 

Material and Methods 

Preparation of liposomes 
Materials. Mannose-containing phospholipids 

were extracted from the cell wall of Bacillus 
Calmette and Guerin as described by Ballou et al. 
]19]. The product contained a mixture of man- 
nosylated phosphatidylinositols, substituted with a 
varying number of sugar residues. 

Cholesterol was obtained from Prolabo (Paris, 
France) and was recrystallised several times before 
use. 

Distearoylphosphatidylcholine (PC) was pur- 
chased from Calbiochem and dipalmitoylphospha- 
tidylserine (PS) from Serva (F.R.G.). 

Bovine serum albumin conjugated with ap- 
proximately 20 a-mannose residues and its fluo- 
rescent derivative [20] were gifts from Dr. M. 
Monsigny, Centre de Biophysique Moleculaire, 
CNRS, Orl6ans, France. 

Bovine serum albumin (Sigma), 20 #g, was 
iodinated with 2 mCi (1 nmol) of Na125I (C.E.A., 

Saclay, France), using the Iodogen reagent (Pierce). 
After 30 min at 4°C the reaction mixture was 
chromatographed on Sephadex G50 (Pharmacia) 
equilibrated in phosphate-buffered saline and 
material eluting in the void volume was used to 
prepare liposomes. 

Cellulose acetate filters, pore size 3 ~m, filter 
diameter 25 mm, and holders were purchased from 
Millipore SA, Velizy, France. Polycarbonate filters, 
pore size 3 /.tm, filter diameter 25 mm, were ob- 
tained from Nuclepore (Pleasanton, CA). 

Preparation of multilamellar vesicles 
Mannosylated phosphatidylmyoinositol and 

cholesterol were mixed in a 2 :1  ratio by weight, 
dissolved in chloroform and evaporated to dryness 
in a round-bottomed flask. If labelled liposomes 
were to be prepared a trace amount of 1,2-[1-14C] 
dipalmitoylphosphatidylchotine (New England 
Nuclear, 0.01 m C i / m m o l )  was added to the chlo- 
roform. The film was rehydrated in phosphate- 
buffered saline, usually 1 ml per 20 mg phos- 
pholipids. If double-labelled liposomes were to be 
p repared  a small amoun t  of [3H]sucrose 
(Amersham International, 9.8 C i / m m o l )  was ad- 
ded to the aqueous phase. In some experiments 
125I-labelled bovine serum albumin was added in 
the aqueous phase, to an unlabelled lipid film. The 
flask was vortexed vigorously to detach the lipid 
film and to form liposomes. 

P C / P S  liposomes were formed in a similar 
manner as previously described by Sponton et al. 
[7]. PC and PS were mixed in a 7 :3  molar ratio. 
The aqueous phase was heated to 60°C before 
adding to the lipid film, to allow for the transition 
temperature of distearoylphosphatidylcholine. Af- 
ter hydration for 2 h at room temperature, the 
liposomes were centrifuged 5-7 times at 29 000 × g 
for 25 min at 4°C to remove non-entrapped aque- 
ous phase. The pellets were resuspended in a 
suitable volume of phosphate-buffered saline. 

Filtration of liposomes 
Filtration was carried out using either cellulose 

acetate (Millipore) or polycarbonate (Nuclepore) 
25 mm diameter filters, in both cases with a pore 
diameter of 3 ~m. These were supported in a 
'Swinnex' syringe-fitting filter holder (Millipore). 



Liposomes were filtered at a concentration of 2.5-5 
mg phospholipids/ml,  in a 20-ml plastic syringe. 

Determination of lipid yieM 
For labelled liposomes this was calculated by 

the recovery of 14C-labelled lipid in the final 
liposome preparation. Counting was carried out in 
Aqualuma Scintillation mixture (Luma, France) in 
a Rackbeta LKB scintillation spectrometer. 

In unlabelled liposomes the amount of man- 
nosylated phospholipid could be measured by an 
estimation of the sugar content by the method of 
Dubois [21]. Since cholesterol interferes with the 
assay, a calibration curve was constructed using 
known amounts of mannosylated phospholipid 
and cholesterol in a 2 : 1 weight ratio. 

The amount of phosphatidylcholine in P C / P S  
liposome preparations could be determined by the 
enzymatic method of Takayama et al. [22] using 
the phospholipid B-test kit (Bio-Lyon). 

Size of liposomes 
This was measured using a Nanosizer (Coul- 

tronics). This apparatus uses a helium-neon laser 
to analyse the fluctuation of the intensity of 
scattered light due to Brownian movement of the 
particles. The translational diffusion coefficient is 
inversely related to the diameter of the particles. 
For each preparation we give the mean and stan- 
dard deviation of five determinations made on the 
same sample of liposomes diluted in phosphate- 
buffered saline. 

Determination of encapsulation ratio 
This is usually expressed as ~tl of aqueous phase 

per /~mol phospholipid [23]. However, since the 
mannosylated phospholipid used contained a mix- 
ture of oligomannosides we have expressed this 
parameter as ~tl /mg phospholipid. This ratio was 
calculated for double-labelled liposomes, to which 
trace amounts of 1,2-[1-14C]dipalmitoylphosphati - 
dylcholine and [3H]sucrose had been added dur- 
ing preparation, knowing the specific radioactivi- 
ties of the aqueous and lipid phases. 

Determination of aqueous phase leakage 
Liposomes (approximate ly  1 mg lipid, 

double-labelled, non-filtered) were incubated in 4 
ml of phosphate-buffered saline containing 5% 

155 

foetal calf serum for 30 min at 37°C. They were 
then centrifuged at 29000 x g for 25 min at 4°C 
and the radioactivity in the pellet and supernatant 
was measured. 

Preparation of mouse inflammatory macrophages 
Female (DBA/2  x C57BL/6) F 1 mice were ob- 

tained from CSEAL (Orlrans, France) or IFFA 
Credo (L'Arbresle, France). They were injected 
with 1.5 ml of thioglycolate-containing medium 4 
days before collection of peritoneal exudate cells. 
The peritoneal cavity was washed out with Earle's 
Minimum Essential Medium (Institut Pasteur, 
Paris) and the cells were collected by centrifuga- 
tion at 200 X g at 4°C for 10 min. They wer~ 
resuspended in medium containing 5% comple- 
ment-inactivated foetal calf serum and antibiotics. 
The number of macrophages (80-90% of the total 
cell content) was estimated by neutral red uptake, 
and the suspension was adjusted to 2 • 106 macro- 
phages per ml. This suspension was plated in 
35-mm diameter plastic petri dishes (Nunclon) at 
2 ml per dish, and incubated at 37°C in a 5% 
CO2-humidified atmosphere for 2-3 h to allow 
adherence of macrophages. Non-adherent cells 
were removed by washing three times with phos- 
phate-buffered saline and the monolayers were 
then used for uptake studies. 

Rat alveolar macrophages 
Female WAG rats, aged 8-10 weeks, were ob- 

tained from CSEAL (Orlrans, France). They were 
anaesthesised with 100 m g / k g  of Imalg+ne i.p. 
(Rhone-M~rieux, France) and exsanguinated via 
the abdominal aorta. The lungs were carefully 
removed and lavaged via the trachea with 6 
aliquots of 5 ml sterile 0.9% (w/v)  sodium chlo- 
ride solution. These washings were pooled and 
centrifuged in the presence of 5 ml of Earle's 
Minimum Essential Medium supplemented with 
5% foetal calf serum and antibiotics at 200 x g at 
4°C for 15 min. The pellet, which was 90% al- 
veolar macrophages, was resuspended in the same 
medium and adjusted to 1 0  6 macrophages per ml. 
These were plated in 35-mm dishes (2 ml per dish, 
hence 2 . 1 0  6 macrophages) and allowed to adhere, 
as for mouse peritoneal macrophages, for 3-4  h. 
They were then washed and used as for mouse 
macrophages. 
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Measurement of liposome uptake by macrophages 
Radioactively labelled liposomes, either alone 

or with unlabelled liposomes, were diluted to sui- 
table lipid concentrations in medium supple- 
mented with 5% foetal calf serum and antibiotics. 
The macrophages were incubated with 2 ml of 
medium containing liposomes for 2-20 h at 37°C 
with a 5% CO2-humidified atmosphere. The 
medium was removed at the end of the incubation 
period and the macrophages were washed four 
times with phosphate-buffered saline. 0.6 ml of 
phosphate-buffered saline containing 1% (w/v)  
Triton X-100 was added and the macrophages 
were scraped off with a rubber policeman. This 
operation was repeated with another 0.6 ml of 
Triton X-100 solution and the two lysates were 
pooled. Suitable volumes of the supernatant and 
lysate were counted for radioactivity. 125I w a s  

counted by fl scintillation spectroscopy using the 
windows for 14C. The amount of lipid or aqueous 
phase associated with the macrophages could be 
calculated from the specific activities of the differ- 
ent components. 

Measurement of uptake in the presence of inhibitors, 
or of latex beads 

Latex beads (Estapor, Rh6ne-Poulenc, Paris-La 
D6fense, France) 0.4 #m or 1.1 ~m in diameter, 
chloroquine or sodium fluoride dissolved in sterile 
water were added in the medium at the same time 
as liposomes. Cytochalasin B was from Aldrich 
and was dissolved in 10% ethanol. 100 ~1 of this 
solution was added to 2 ml of medium containing 
liposomes. In a control experiment, 0.5% ethanol 
alone did not inhibit the internalisation of lipo- 
somes. 

In order to study uptake at 4°C, precooled 
medium containing liposomes was added to the 
monolayers, and they were incubated at 4°C in a 
refrigerator (without CO2). After all these treat- 
ments the viability and attachment of the cells was 
confirmed using an inverted light microscope after 
trypan blue staining. 

Chromatography of liposome-encapsulated bovine 
serum albumin 

A 6 mm × 200 mm column of Sephadex G50 
(Pharmacia), in phosphate-buffered saline, was 
used. 400 ~g of mannosylated phospholipid in the 

form of liposomes containing 125I-labelled bovine 
serum albumin were mixed with 100 /,g of un- 
labelled bovine serum albumin, disrupted with 
Triton X-100 (final concentration 1% (w/v)  and 
loaded onto the column. 0.5 ml fractions were 
eluted with phosphate-buffered saline and assayed 
for radioactivity. A sample of liposomes which 
had been incubated for 19 h in medium containing 
5% foetal calf serum at 37°C was treated in the 
same way. Finally, 1 ml of a detergent lysate of 
macrophages (approx. 4 . 1 0  6 cells) which had been 
incubated with similar liposomes for 19 h was 
loaded. 

Uptake of fluorescent neoglycoproteins 
This was studied according to the technique of 

Tenu et al. [10]. Mouse inflammatory macro- 
phages were incubated with 50 # g / m l  of fluo- 
rescent mannosylated bovine serum albumin either 
alone or in the presence of 2.5 m g / m l  of man- 
nosylated bovine serum albumin or liposomes, in 
medium consisting of Earle's Minimum Essential 
Medium diluted 1:1  with phosphate-buffered 
saline containing 1% (w/v)  fatty acid-free bovine 
serum albumin (Sigma) and antibiotics, for 2 h at 
37°C (as for liposome uptake). The macrophage 
monolayers were then washed three times with 
phosphate-buffered saline containing 0.5% bovine 
serum albumin. The cells were then recovered in 2 
aliquots of 0.6 ml of phosphate-buffered saline 
(pH 8.5) containing 1% (w/v)  Triton X-100 in the 
manner described above for liposome uptake. The 
lysates were centrifuged at 200 × g for 10 min and 
the fluorescence of the supernatants was measured 
at )~ex=490 n m ,  ~kem = 520 rim. A calibration 
curve constructed from the fluorescence readings 
given by standard solutions of fluorescent man- 
nosylated bovine serum albumin in phosphate- 
buffered saline (pH 8.5) containing 1% (w/v)  Tri- 
ton X-100 (0-4 ~ g / m l )  allowed the amount of 
cell-associated glycoprotein to be calculated. Par- 
allel experiments were performed using radioac- 
tively-tagged tiposomes (both mannosylated phos- 
pholipids/cholesterol  and P C / P S )  under the same 
conditions and these showed that the modified 
incubation conditions (necessary for accurate as- 
sessment of glycoprotein uptake) did not affect 
the capacity of the macrophages to take up lipo- 
somes. 



Results 

Size of liposomes prepared by filtration 
Before filtration, the liposome preparations 

were extremely heterogenous, and frequently had 
a mean diameter larger than 3/~m (the uppermost 
limit of the Nanosizer). After filtration on 3 /~m 
pore diameter Millipore cellulose acetate mem- 
branes the resulting populations were more homo- 
geneous and had mean diameters between 400 and 
700 nm. The exact mean diameter of the prepara- 
tion used is given for each experiment. This ap- 
plied to both mannosylated phospholipids/cho- 
lesterol and P C / P S  liposomes. After filtration on 
3 #m pore diameter Nuclepore polycarbonate 
membranes a larger mean diameter was obtained. 
Two different mannosylated phospholipid/cho- 
lesterol preparations had mean diameters of 2365 
+ 955 nm and 1395 + 145 nm. It thus appears 
that the filtration process is perhaps closer to 
extrusion, as described by Olson et al. [24]. How- 
ever, a significant proportion of the lipid was lost 
on filtration (Table I). This was probably due to 
larger liposomes blocking the membrane and al- 
lowing only particles much smaller than the pore 
size to pass. This process provided a rapid method 
for obtaining a near-homogeneous preparation of 
liposomes of defined size without the possible 
lipid degradation invoked by sonication. 

Encapsulation ratio 
Table I shows the yield of phospholipid 
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([14C]dipalmitoylphosphatidylcholine) and aque- 
ous phase ([3H]sucrose) markers in typical pre- 
parations of mannosylated phospholipid/choles- 
terol liposomes. The recovery of the lipid phase 
was confirmed by measurement of the sugar con- 
tent of the liposomes by the method of Dubois 
[21], taking advantage of mannose present in the 
mannosylated phospholipid. ([3H]Sucrose was ad- 
ded in only trace quantities and thus did not 
affect the assay). The yield after centrifugation, 
i.e. in large multilamellar vesicles, was 5270, which 
is low compared to that of the phospholipids 
usually employed to prepare liposomes, such as 
phosphatidylcholine. The recovery of cholesterol 
was not measured, but, since it was present in a 
molar excess in the starting mixture, we expected 
to obtain a 1 : 1 molar ratio, the maximum possi- 
ble [25]. 

The encapsulation ratio (/tl of aqueous phase 
per mg phospholipid) was larger than that ob- 
served for 'conventional' liposomes; e.g. 2.4/~l/mg 
phospholipids reported by Sponton et al. [7] for 
PC/PS/cholesterol  liposomes; and approached 
values described for reverse-phase vesicles [26]. 

The encapsulation ratio was increased slightly 
by filtration, which might represent leakage of 
aqueous phase from the liposomes. When P C / P S  
liposomes, labelled with 14C-phospholipid, were 
filtered on cellulose acetate membranes the re- 
covery was similar to that of mannosylated phos- 
pholipid/cholesterol liposomes. 

TABLE I 

P R E P A R A T I O N  OF LIPOSOMES F R O M  M A N N O S Y L A T E D  PHOSPHOLIPIDS 

50 mg of mannosylated phospholipids was mixed with 25 mg cholesterol and 0.5 ~Ci of 14C-labelled lipid in 10 ml chloroform and a 
film formed. This was rehydrated in 5 ml of phosphate-buffered saline containing 150 oCi  [3H]sucrose. The suspension was 
centrifuged seven times at 29000 × g for 30 min, and the final pellet was resuspended in 11 ml phosphate-buffered saline (2.5 m g / m l )  
and filtered on either Millipore or Nuclepore 3 /~m pore size filters. The encapsulation ratio (E.R.) is expressed as ~1 of aqueous 
phase per mg of phospholipid. The table shows the means + S.D. for three typical preparations. 

Stage mg of /zl of aqueous % yield of % yield of E.R. 
phospholipid phase recovered phospholipid aqueous phase 

Starting conditions 50 5 000 
After eentrifugation 26 _+ 3 180 +_ 33 52 +_ 5 3.6 _+ 0.8 6.9 + 1.0 
After  filtration 

Millipore filter 17 + 2 158 + 28 33 + 4 3.2 _+ 0.6 9.5 _+ 1.0 
After filtration 

Nuclepore filter 16 _+ 2 132 + 24 32 _+ 4 2.6 _+ 0.5 8.3 _+ 1.0 
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Stability of mannosylated phospholipid / cholesterol 
liposomes 

In a preliminary experiment with non-filtered 
liposomes, double-labelled vesicles prepared from 
mannosylated phospholipid/cholesterol (2:1,  by 
weight) were compared to similar liposomes made 
from mannosylated phospholipid alone. The leak- 
age of [3H]sucrose was measured after incubation 
for 30 min at 37°C in medium containing 5% 
foetal calf serum. The percentage leakage from 
mannosylated phospholipid liposomes was 67% of 
the total aqueous phase whereas that from man- 
nosylated phospholipid/cholesterol was only 6%. 
Therefore cholesterol was able to reduce leakage, 
as reported for other liposome types [27], although 
the cholesterol-rich liposomes still lost entrapped 
material on incubation. To minimise this loss, 
cholesterol was always included in these lipo- 
somes, although we focused mainly on the uptake 
of lipid phase markers. 

Uptake of mannosylated phospholipid/cholesterol 
liposomes by mouse inflammatory macrophages 

(I) Time-course. Fig. 1 shows the uptake of 
14C-lipid label from mannosylated phospholipid/  
cholesterol liposomes, mean diameter 500 nm, pre- 
sented at 50 ~tg of mannosylated phospholipid per 
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Fig. 1. Time-course of uptake of mannose-containing lipo- 
somes by mouse inflammatory macrophages. Liposomes were 
prepared from mannosylated phospholipids and cholesterol 
2:1  by weight, with a trace amount  of [14C]dipalmitoylphos- 
phatidylcholine, and filtered to give a mean diameter of 500 
nm. Macrophages were plated at 4.106 cel ls /dish and in- 
cubated with 50 /~g of liposomal phosphol ip ids /ml  for the 
periods stated. Uptake is expressed as p,g of phospholipid/106 
cells. Mean + range for duplicate dishes. 

ml of culture medium. The uptake was linear with 
time up to 20 h. At this point about 19% of the 
available lipid had been taken up representing 4.7 
/ . tg/10 6 macrophages. Within a single experiment, 
i.e., one macrophage preparation, the levels of 
uptake between duplicate dishes never varied by 
more than 20%. However, quantitative differences 
were seen between preparations of macrophages 
harvested on different occasions. 

(II) Uptake of aqueous phase. When the uptake 
of double-labelled liposomes containing mannosy- 
lated phospholipid and cholesterol was studied, 
the percentage of the aqueous label associated 
with the cells at the end of the incubation period 
(between 2 and 16 h) was always about half of the 
percentage of the lipid label. This may be because, 
despite the inclusion of cholesterol in the lipo- 
somes, some of the aqueous phase was lost by 
leakage, which might be provoked by contact with 
the macrophages [28] or with serum components; 
or because some of the phospholipid is incor- 
porated into the macrophages by fusion, with 
escape of the encapsulated material. The fact that 
the ratio of aqueous to lipid label uptake was 
similar for incubation times up to 16 h suggested 
that time-dependent leakage of solute was not 
extensive in this experimental system. A similar 
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Fig. 2. Uptake of calibrated liposomes by mouse inflammatory 
macrophages, z~, Mannosylated phospholipid/cholesterol,  2 :1  
liposomes; n,  PC/PS,  7 :3  molar ratio liposomes. Both pre- 
parations were trace-labelled with 14 C-labelled lipid and filtered 
to give a mean diameter of 500 nm. Macrophages were plated 
at 4 .10  6 cel ls /dish and incubated with liposomes for 2 h. A 
typical experiment is shown, with each point representing a 
single dish. Uptake is expressed as ~g phospholipid/106 cells 
per h. 
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result has recently been reported for P C / P S  dou- 
ble-labelled liposomes [7]. 

(III) Concentration dependence of uptake. Fig. 2 
shows that the uptake of 14C-labelled lipid from 
500 nm diameter mannosylated phospholipid/ 
cholesterol liposomes by mouse inflammatory 
macrophages was saturable at high liposome con- 
centrations. However, a plateau was not reached 
at 400 t~g/ml of liposomal lipid. Similar results 
were obtained in five independent experiments. 

(IV) Comparison with PC~PC liposomes. Fig. 2 
also shows the uptake of P C / P S  liposomes of the 
same diameter under the same conditions. At low 
phospholipid concentrations the percentage inter- 
nalisation of P C / P S  liposomes was about half 
that of mannosylated phospholipid/cholesterol 
liposomes. Also, saturation seemed to occur at a 
lower level for P C / P S  liposomes. Thus, man- 
nosylated phospholipid/cholesterol  liposomes 
compared favourably with the type of vesicles 
considered optimal for drug delivery to macro- 
phages [12]. 

Effect of unlabelled liposomes on uptake 
The addition of an excess of unlabelled man- 
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F i g .  3. I n h i b i t i o n  o f  u p t a k e  o f  m a n n o s e - c o n t a i n i n g  l i p o s o m e s  

by unlabelled liposomes. Single Petri dishes, containing 4.106 
macrophages were incubated with one of three different con- 
centrations of 14C-lipid-labelled liposomes prepared from 
mannosylated phospholipid and cholesterol, 2:1, mean diam- 
eter 400 nm; either alone or with unlabelled (cold) liposomes at 
the concentrations stated. After 16 h, the cell-associated 
14C-labelled lipid was determined, zx, 25 t~g phospholipid as 
labelled liposomes; H, 50 /~g phospholipid as labelled lipo- 
somes; ×, 100 ~g phospholipid as labelled liposomes; V= 
dpm×10 4. Specific activity of labelled liposomes was 165 
dpm per ~g phospholipid. 

nosylated phospholipid/cholesterol liposomes (of 
the same mean diameter) during the uptake of 
labelled liposomes of the same type inhibited the 
uptake of label. The uptake of 14C label from 
liposomes present at 50/zg phospholipid/ml was 
inhibited by 74% by 400 # g / m l  of similar but 
unlabelled liposomes. This would be expected if 
the uptake is saturable. Interestingly, an excess of 
unlabelled P C / P S  liposomes of the same size at 
the same concentration did not inhibit the uptake 
of liposomes prepared from mannosylated phos- 
pholipid. Similarly, excess unlabelled mannosy- 
lated phospholipid liposomes did not inhibit the 
uptake of labelled P C / P S  liposomes. Thus the 
two types of liposomes seemed to be handled by 
different mechanisms. 

The inhibition of uptake by cold particles was 
used to estimate the concentration of phospholi- 
pid necessary for 50% of the maximum uptake. 
The uptake of 14C-lipid was measured at three 
concentrations of labelled liposomes, in the pres- 
ence of different concentrations of analogous un- 
labelled liposomes. A Dixon plot, i.e. the recipro- 
cal of the rate of uptake of label versus the con- 
centration of inhibitor, for each concentration of 
labelled liposomes, was constructed (Fig. 3). This 
shows that the uptake of these mannose-contain- 
ing liposomes fits a simple Michaelis-Menten 
model. From the point of intersection of the three 

2 

.5  

0 t q i i 
100 200 300 400 

CONCENTRRTION {kxQ/ml ] 

Fig. 4. Uptake of mannose-containing liposomes of different 
sizes. Mouse inflammatory macrophages ( 4 - 1 0 6  cells/dish) 
were incubated with liposomes prepared from mannosylated 
phospholipids and cholesterol, 2 : 1 by weight, filtered on either 
(H) Millipore membranes, giving a mean diameter of 700 nm or 
(,x) Nuclepore, giving a mean diameter of 1400 nm, for 16 h. 
Each point represents a single dish. Uptake is expressed as t~g 
phospholipid/106 cells per h. 
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straight lines, an estimate of K i of about 1.1 
m g / m l  could be obtained (Fig. 3). This confirmed 
that saturation of uptake occurred at very high 
liposome concentrations. An approximate esti- 
mate of the maximum rate of uptake is 6.5 #g of 
liposomal lipid per million macrophages per hour. 

Effect of liposome size on uptake 
a4C-labelled mannosylated phospholipid/cho- 

lesterol liposomes passed through Nuclepore 
filters, and having a mean diameter of 1.4 t~m, 
were compared to liposomes of similar composi- 
tion filtered on Mill±pore membranes (mean diam- 
eter 700 nm). Fig. 4 shows that the larger (Nucle- 
pore) liposomes were taken up more than the 
smaller (Mill±pore) ones, and that both uptakes 
were saturable. The effect of unlabelled liposomes 
was also tested. Here the unlabelled, larger lipo- 
somes (mean diameter 2.4 /~m) were less inhibi- 
tory than those of a smaller diameter (500 nm). 

Uptake by rat alveolar macrophages 
The uptake of both mannosylated phospholi- 

pid/cholesterol  and P C / P S  liposomes, 500 nm in 
diameter and labelled with [14C]dipalmitoylphos- 
phatidylcholine, by rat alveolar macrophages was 
determined. The rate of uptake was 2-4-times less 
than that observed for mouse inflammatory mac- 
rophages, depending on the particular prepara- 

40" 

! ',, 
: p . . .  

% 30- i: 

20" i ~ :: ~. 

i , ~ . .  ~, " ~. ; "~--~-~--..--~--" ,,, 
£,: '.. ; ' ,  10- ~, . . .. ~, 

; : " .  ~ - ,,, 

1 : <"'" " ' " '~  .o . ~ " 4 ~ . .  

0 • i 
10 t 5  

Fract ion No. 

Fig. 5. Chromatography of liposome-encapsulated z2~I-labelted 
bovine serum albumin. O . . . . . .  O, Liposomes lvsed with 1% 
Triton X-100; • . . . . . .  O, liposomes incubated in medium, 19 h 
at 37°C, then lysed; zx . . . . . .  zx, lysates of macrophages in- 
cubated with liposomes, 19 h at 37°C. The radioactivity of 
each fraction (0.5 ml) is expressed as a percentage of the total 
activity recovered in the experiment. 

tion. The relative rates of uptake of mannosylated 
phospholipid/cholesterol and P C / P S  liposomes 
were similar; i.e. at a given liposome concentra- 
tion twice as much marker was associated with the 
cells when mannose-containing liposomes were 
used. The uptake was saturable at high liposome 
concentrations. 

Fate of 1e51-labelled bovine serum albumin encapsu- 
lated in mannose-containing liposomes 

Liposomes containing 125I-labelled bovine 
serum albumin (1.4 /~m mean diameter) were in- 
cubated for 19 h with 4 . 1 0  6 macrophages at 200 
/~ g /ml .  After washing, the macrophages were lysed 
with Triton X-100 and filtered on a Sephadex G50 
column. Liposomes suspended in medium without 
macrophages for the same time were run as a 
control. Fig. 5 shows that nSI-labelled serum al- 
bumin extracted from these control liposomes was 
eluted as a single peak in the void volume whereas 
125I-labelled protein taken up by macrophages was 
partially degraded to smaller fragments. This 
proves that these liposomes had been endocytosed 
by macrophages and had discharged their contents 
in the lysosomes. 

TABLE II 

EFFECT OF VARIOUS INHIBITORS AND LATEX BEADS 
ON UPTAKE OF MANNOSE-CONTAINING LIPOSOMES 

Mouse inflammatory macrophages were plated at 4.106 cells/ 
dish. Inhibitors were added at the same time as liposomes 
prepared from mannosylated phospholipids and cholesterol, 
2 : 1 by weight, diameter = 500 nm, labelled with 14C-labelled 
lipid, at 50/~g phospholipid/ml. Uptake was measured after 2 
h, except in (1), when 4 h was used. Each value represents the 
mean_+S.D, of three dishes. Control uptake at 37°C was 
0.39 ± 0.02 ~g phospholipid/106 cells per h. (2) Concentration 
equivalent in number of particles to 400/Lg/ml of the smaller 
latex beads. 

Treatment % of control uptake 
(|4 C-labelled lipid) 
+S.D. 

Incubation at 4 ° C 62 + 6 
Sodium fluoride, 1 m g / m l  61 _+ 8 
Cytochalasin B, 20/~g/ml 58 ± 9 
(1) Latex beads, ~ = 0.4 pm 

400 tz/ml 135 ± 10 
1 mg /ml  161_+ 9 

(2) Latex beads, ~ = 1.1/~m 
8.5 m g / m l  133± 9 



Effect of inhibitors of endocytosis on uptake of man- 
nose-containing liposomes 

Incubation at 4 ° C reduced the uptake of small, 
filtered mannosylated phospholipid/cholesterol 
liposomes by mouse inflammatory macrophages 
by 58% (Table II). A similar percentage inhibition 
was observed in the case of latex particle endo- 
cytosis (data not shown). The residual 42% could 
be due to binding of the particles to the surface of 
the macrophages. Some inhibition was also ob- 
tained with cytochalasin B and sodium fluoride 
(Table II). Thus, at least part of the uptake 
(50-60%) can be attributed to endocytosis. 

We also examined the effect of 4 0 / t M  chloro- 
quine on the uptake of 1.4/~m diameter liposomes 
containing 125I-labelled bovine serum albumin as 
a single marker, presented at 200 /~g phospholi- 
p i d / m l  for 19 h. The apparent uptake was 0.38 + 
0.01 # g / h  per 10  6 macrophages in the absence of 
chloroquine and 0.44 + 0 .03/~g/h  per 106 macro- 
phages in the presence of the drug. This small 
increase was significant (P  < 0.02) and was prob- 
ably due to an inhibition of degradation of the 
protein followed by a reduction in the exocytosis 
of products. The amount of trichloroacetic acid- 
soluble material in the supernatant was reduced 
(from 21 to 16% of the total radioactivity) in the 
presence of chloroquine. In the absence of macro- 
phages, liposomes suspended in culture medium at 
37°C for 19 h contained only 9% acid-soluble 
material, which corresponded to the percentage of 
free iodide revealed by Sephadex G50 chromatog- 
raphy (Fig. 5). 

Effect of latex beads on mannose-containing lipo- 
some uptake 

The addition of latex particles, which in our 
system were taken up rapidly in a non-saturable 
fashion, did not inhibit uptake of liposomes; in 
contrast, the uptake was stimulated (Table II). 
This might have been because liposomes are co- 
endocytosed with latex particles in the same 
phagocytic vesicle. 

Effect of liposomes on uptake of neoglycoproteins by 
macrophages 

Table III shows the result of a typical experi- 
ment on the uptake of fluoresceinylated man- 
nosylated bovine serum albumin by mouse in- 
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TABLE III 

U P T A K E  OF NEOGLYCOPROTEINS BY MOUSE IN- 
F L A M M A T O R Y  M A C R O P H A G E S  

Macrophages were plated at 4.106 cells/dish. Fluorescent 
mannosylated bovine serum albumin was added at 50 /~g /ml ,  
together with other additions as stated. Liposomes were pre- 
pared from mannosylated phospholipids and cholesterol 2 :'1 
by weight or P C / P S  7 : 3 molar ratios and were filtered to give 
a mean diameter of 500 nm. After 2 h incubation the cells were 
washed and cell-associated fluorescence was measured as de- 
scribed in Methods. Percentage inhibition is defined as 100 × 
(control uptake - uptake in the presence of inhibitor)/(control 
uptake). The table describes a typical experiment. Each point 
represents the m e a n ±  S.D. of three dishes. 

Addition Concn. Uptake of Inhibition 
(mg /ml )  neoglyco- (%) 

protein 
(ng / lO  6 

cells per h) 

None 
Mannosylated bovine 

serum albumin 
Mannosylated phos- 

pholipid/choles-  
terol liposomes 

P C / P S  liposomes 

- 1 1 0 ± 6  - 

2.5 2 8 ± 5  7 5 ± 8  

0.1 103±5  6 ± 8  
0.5 2 5 ± 5  7 8 ± 8  
0.1 9 8 ± 5  1 1 ± 8  
0.5 7 4 ± 5  3 3 ± 8  

flammatory macrophages under various condi- 
tions. The uptake was 74% inhibited by excess 
unlabelled mannosylated bovine serum albumin 
showing that the interaction was almost com- 
pletely specific. A similar inhibition was observed 
with 500 /~g/ml of mannosylated phospholipid/  
cholesterol liposomes (Table III). P C / P S  lipo- 
somes were much less inhibitory. This would seem 
to indicate that mannose-containing liposomes in- 
teract with the macrophage mannose receptor. At- 
tempts to inhibit the endocytosis of radioactive 
mannosylated phospholipid/cholesterol lipo- 
somes (50 /~g/ml) with mannosylated bovine 
serum albumin (50-2000/~g/ml)  were completely 
unsuccessful (data not shown). It might be ex- 
pected that the liposomes, which contain at least 
one available mannose residue on every phos- 
pholipid molecule on the surface would be dif- 
ficult to displace from receptors with the smaller 
albumin molecule bearing 20 mannose residues. In 
fact the situation is analogous to the poor inhibi- 
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tion of labelled glycoprotein uptake by free man- 
nose. 

Discussion 

In this study we have described the preparation 
of a new type of liposome, composed entirely 
of mannosylated phospholipids and cholesterol. 
Other workers [29-33] have incorporated glyco- 
lipids into liposomes but these are usually a minor 
component with other non-glycosylated phos- 
pholipids. The particles that we have prepared 
would seem to be closed vesicles because they 
encapsulate an aqueous label, in amounts which 
were consistent between different experiments. The 
encapsulation ratio is larger than that normally 
observed for multilamellar vesicles (1-4 1/mol), 
and is more similar to that of reverse-phase vesicles 
[26]. It may be that the bulky mannose head 
groups cause larger inter-bilayer spaces than nor- 
mal. The mannose residues would also be soivated 
by a considerable number of water molecules. If 
the phospholipid molecules are not tightly packed, 
this would explain why liposomes prepared from 
mannose-containing phospholipids without cho- 
lesterol lose their entrapped material rapidly at 
37°C. 

Many groups of workers have studied the inter- 
action of liposomes with mammalian cells in vitro 
(see Pagano et al. [34] for a review). In particular, 
several reports have dealt with the uptake of lipo- 
somes by macrophages and macrophage-like cell 
lines. Hsu and Juliano [35] studied the uptake of 
dipalmitoylphosphatidylcholine/cholesterol (1:1)  
vesicles of various types and saw saturation of 
uptake at high liposome concentrations. They also 
observed that coating the vesicles with IgG or 
fibronectin increased the uptake. The effect of 
surface immunoglobulin, causing endocytosis via 
the Fc receptor, was also noted by Petty and 
McConnell [36]. Baldeschwieler and co-workers 
[32] have studied liposome targetting to reticulo- 
endothelial cells using 6-aminomannose covalently 
linked to cholesterol. This synthetic glycolipid 
greatly increased phagocytosis of the liposomes. 
Studies of various sugar analogues led to the con- 
clusion that the uptake was not receptor-mediated, 
since surface charge seemed to be more important 
than 3-dimensional configuration [32]. Schroit et 

al. [12] have shown that the incorporation of 30 
mol% of phosphatidylserine into phosphati- 
dylcholine liposomes increased uptake by a factor 
of 10. Here we have shown that liposomes con- 
taining mannosylated phospholipids are taken up 
by macrophages even more readily than P C / P S  
liposomes of the same size. 

We have shown that the size of the liposomes is 
important for uptake, since the larger 'Nuclepore'  
liposomes, 1.4 ~m in diameter, were taken up 
more quickly than those of 400-700 nm diameter 
prepared using 'Millipore' filters. This may be 
because the number of particles that can be taken 
up in a given time is the limiting factor. Dif- 
ferences in the initial rate of uptake of P C /  
cholesterol multilamellar, reverse-phase and small 
unilamellar vesicles were also seen by Hsu and 
Juliano [35] and were related to liposome number. 

We performed some experiments in order to 
distinguish between absorption of liposomes onto 
the surface of the macrophages and endocytosis. 
We saw that the uptake was 60% inhibited at 4°C 
as compared to 37°C (Table II). The residual 40% 
was probably binding at the surface, whereas over 
half the uptake was endocytosis, perhaps supple- 
mented with some fusion of liposomes with the 
plasma membrane. The fact that inhibitors of 
endocytosis produced almost as great a reduction 
in uptake as incubation at 4°C (Table II) is fur- 
ther support for this interpretation. A similar per- 
centage inhibition was observed with latex par- 
ticles, which are known to be phagocytosed. In 
addition, we have followed the fate of a degrada- 
ble marker of the aqueous phase, 125I-labelled 
bovine serum albumin. Chromatography of the 
cell lysate after overnight incubation with lipo- 
somes containing this marker showed that the 
encapsulated protein had undergone considerable 
degradation to low molecular weight material. 
Liposome-encapsulated albumin which was in- 
cubated in medium alone for a similar period and 
released by detergent prior to chromatography 
was not degraded in this way; we therefore inter- 
pret this result as indicating that liposomes and 
their contents are degraded by lysosomal enzymes. 
Some low molecular weight material was also 
found in the supernatant of macrophage cultures 
after incubation with liposomes, suggesting an ex- 
port of degraded material. This release was re- 



duced by treatment with 40 /tM chloroquine, a 
concentration which did not cause cell detachment 
as determined by light microscopy. At the same 
time, chloroquine slightly but significantly re- 
duced liposome uptake, as measured by the associ- 
ation of the aqueous phase marker. All this evi- 
dence, which is similar to observations made on 
phosphatidylcholine liposome uptake by Kupffer 
cells [37], points to the endocytosis of these lipo- 
somes followed by processing in the lysosomal 
compartment.  

The fact that unlabelled liposomes of the P C /  
PS type do not inhibit the uptake of labelled 
mannose-containing vesicles and vice-versa sug- 
gests different receptor mechanisms dealing with 
the two liposome compositions used here. The 
data in Table III  are clear evidence that liposomes 
prepared from mannosylated phosphatidylinositol 
interact specifically with the macrophage mannose 
receptor, whereas P C / P S  liposomes do not inter- 
act to any great extent. The internalisation of 
P C / P S  liposomes may occur via a receptor specific 
for phosphatidylserine, as suggested by Schroit et 
al. [12,15]. 

The rapid uptake of mannose-containing lipo- 
somes by macrophages makes them ideal carriers 
for immunomodulators.  If possible, a lipophilic 
derivative would be preferable to a soluble mole- 
cule, since the former is incorporated more effi- 
ciently into liposomes, and the leakage of aqueous 
phase material may be a problem even in 
cholesterol-rich liposomes of this type. We have 
shown, in a preliminary study, that the lipophilic 
immunomodu la to r  muramyldipeptide-L-alanyl-  
cholesterol, incorporated into liposomes prepared 
from mannosylated phospholipids and cholesterol 
as described in this paper, is capable of activating 
rat alveolar macrophages for cytotoxicity against a 
syngeneic tumour target, both in vitro and in vivo 
[38]. Since phosphatidylserine-containing lipo- 
somes are apparently handled by a different route, 
it might be possible to deliver more encapsulated 
drug to macrophages by using a mixture of the 
two liposome types at non-saturating concentra- 
tions. Alternatively, the two preparations could be 
used to deliver two different immunomodulators  
simultaneously to macrophages. This is of interest 
since we have recently demonstrated a synergism 
between muramyldipeptide and bacterial lipopoly- 
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saccharide for activating rat alveolar macrophages 
[39]. 

Calibrated liposome preparations might also be 
useful in studying macrophage phagocytic mecha- 
nisms in detail. Since mannose-containing lipo- 
somes seem to have a high affinity for the macro- 
phage mannose receptor and can be used to en- 
capsulate a wide range of radioactive or other 
markers they could replace or complement mod- 
ified glycoproteins in this field. In particular, they 
might be useful in determining the role of mem- 
brane receptors in the entry of micro-organisms 
into macrophages. 
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