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In vivo uptake and processing by liver macrophages (Kupffer cells) of liposomes, covalently coated with 
rabbit immunogiobulin (lg liposomes) was studied following intravenous injection in rats. Rabbit Ig 
liposomes were labeled with trace amounts of cholesterylll4CIoleate and 13HIcholesteryl hexadecyl ether. 1 
h after injection of the liposomes, the non-parenchymal cells were isolated and subjected to centrifugal 
elutriation with stepwise-increasing flow rates; thus, five sub-fractions of Kupffer cells were obtained ranging 
in size from 9 to 14 #m in diameter, The cells were assayed for peroxidase activity and protein content. 
Rabbit lg liposomes were taken up preferentially by Kupffer cells with diameters larger than 11 #m, which 
constitute less than 25% of the total Kupffer cell population. The intralysosomal degradation of the ingested 
liposomes was monitored by measuring the 3H//I4 C ratio of the cells. Due to the rapid release from the cells 
of the I t4C]oleate formed from the cholesteryll~4Cloleate and the virtually complete retention of the 
non-metabolizable 13Hlcholesteryl hexadecyl ether the 3 H / t 4 c  ratio of the cells increases with proceeding 
hydrolysis of the liposomes. Thus, we were able to show that, in vivo, the Kupffer cells of the larger size 
classes, are not only more active in liposome uptake, but are also substantially more active in liposome 
degradation than smaller cells. The maintenance of the observed heterogeneity of rat liver Kupffer cells, with 
respect to liposome uptake under in vitro culture conditions, was examined. Subfractions were maintained in 
monolayer culture for 2 days and incubated with rabbit lg liposomes. Binding and uptake of liposomes by the 
calls was monitored by measuring ceil-associated radioactivity at 4 ~  and 37 ~ C, respectively. In contrast to 
our in vivo results, we observed maximal in vitro liposome binding and uptake in those subfraetions 
containing small cells (10-11 #m diameter), while the fractions containing cells larger than 12 #m, which 
were more active in vivo, were substantially less active than the smaller cells. The maximum we observed was 
even more pronounced when the liposome concentration was increased. We conclude that liver macrophage 
subfractions that barely participate in liposome uptake from the bloodstream in vivo, possess the potential to 
develop the capacity in vitro to phagocytuse rabbit lg-coated liposomes to extents equal to or even higher 
than the cells belonging to those subfractions containing the phagocytically most active cells under in vivo 
conditions. 

Abbreviations: Ig, immunoglobulin; Hepes, 4-(2-hydroxyeth- 
yl)-l-piperazineethanesulfonie acid; MPB-PE, maleimido-4- 
(p-phenylbutyryl)phosphatidy!ethanolamine; PBS, phosphate- 
buffered saline. 

Correspondence: J.T.P. Derksen, Laboratory of Physiological 
Chemistry, University of Groningen, Bloemsingel 10, 9712 KZ 
Groningen, The Netherlands. 

Introduction 

Hepatic uptake of large unilamellar or multi- 
lamellar liposomes is accomplished almost exclu- 
sively through phagocytosis by liver macrophages 
(Kupffer cells) [1]. During in vitro studies with 
isolated Kupffer  cells, we found that modification 
of the liposomal surface by covalent attachment of 
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rabbit immunoglobulin (rabbit Ig liposomes) al- 
lows interaction of the liposomes with the Kupffer 
cell Fc receptor, and thereby increases the uptake 
of liposomes by Kupffer cells by a factor of 5-10 
[2]. Since Fc receptors also occur on the surfaces 
of numerous other cell types, it was of interest to 
study also the fate of the rabbit Ig liposomes in 
vivo. In addition, in our in vitro studies we ob- 
tained morphological evidence of a heterogeneity 
in Fc receptor density on the Kupffer cells in 
monolayer culture (Derksen et al. unpublished 
data). Previous studies by others indicating that 
the Kupffer cell population in vivo is also func- 
tionally heterogeneous [3,4], provided a further 
incentive to study the in vivo fate of rabbit Ig 
liposomes and to extend our experiments to the 
heterogeneity of Kupffer ceils with respect to lipo- 
some uptake and processing. 

Thus, we injected large unilamellar liposomes 
intravenously into rats, measured uptake by 
Kupffer cells in relation to cell size and compared 
this with the uptake of liposomes covalently coated 
with rabbit immunoglobulin. We sought to con- 
firm the involvement of Fc receptors in the uptake 
of these liposomes by inhibition experiments, using 
heat-aggregated human immunoglobulin. In order 
to enable studies of both uptake and processing of 
liposomes simultaneously, we used the radioactive 
label cholesteryl[14C]oleate and its non-metaboliz- 

s able analog [ H]cholesteryl hexadecyl ether. Since 
the latter is not released from thelcells after it has 
been taken up in association with liposomes, it is a 
highly reliable measure of the total amount of 
liposomes taken up [5,6]. In contrast, the 
cholesteryl[14C]oleate label is rapidly hydrolyzed 
upon intracellular uptake and, since the [14 C]oleate 
formed is readily released from the cells [7], the 
cellular 3H//14C ratio provides a convenient and 
reliable parameter of the extent of liposome 
processing by the cells. 

For comparison, the capacity of subpopulations 
of Kupffer cells with respect to liposome uptake 
and processing was also determined under in vitro 
conditions in monolayer cultures. 

Material and Methods 

Materials. Egg-yolk phosphatidylcholine (type 
V-E), cholesterol (type CH-S), dicetylphosphate, 

bovine-, rabbit-, and human y-globulin (Cohn 
fraction II) and Hepes were from Sigma. 
Cholesteryl[14C]oleate (58 mCi /mmol )  was 
purchased from the Amersham International, and 
[3H]cholesteryl hexadecyl ether (51.3 Ci/mmol) 
was from New England Nuclear. 

Liposomes. Large unilamellar vesicles were pre- 
pared in 10 mM Hepes/135 mM NaCI buffer (pH 
7.4) according to Szoka and Papahadjopoulo~ [8] 
and sized by extrusion through 200-nm i~oly- 
carbonate membranes (Nuclepore). The liposomes 
were composed of egg phosphatidylcholine, 
cholesterol, dicetylphosphate and maleimido-4- 
( p -pheny lbu tyry l )phospha t idy le thano lamine  
(MPB-PE) (synthesized as described by Martin 
and Papahadjopoulos [9] in a molar ratio of 
19 : 16"4" 1. Trace amounts of [3H]cholesteryl 
hexadecyl ether and cholesteryl[14C]oleate were 
added to the lipid mixture when required. Rabbit 
Ig was covalently attached to these liposomes as 
described previously [10]. Briefly, MPB-PE-con- 
taining liposomes (20 ~mol total lipid) in 1.0 ml 
Hepes-NaC1 buffer were incubated with 1.0 ml of 
a solution of 7 mg/ml rabbit Ig, thiolated to 3-4 
mol sulfhydryl groups per mol Ig With the hetero- 
bifunctional reagent N-succinimidyl-S-acetylthio- 
acetate [11]. After isolation of the rabbit Ig-coupled 
liposomes with a flotation method on a dextran 
gradient [12], the resulting liposomes were assayed 
for phosphorus and protein content. Rabbit lipo- 
somes thus prepared were found to contain be- 
tween 180 and 200 g rabbit Ig/mol of liposomal 
lipid. After resuspending the liposomes in Hepes- 
NaCI buffer, aggregates that might have been 
formed during the coupling and isolation proce- 
dure were removed by forced filtration of the 
liposomes through a polycarbonate membrane, 
pore size 0.4 /~m. Control liposomes were pre- 
pared from the same lipid mixture but, instead of 
with rabbit Ig, they were incubated with cysteine 
in a molar concentration twice that of MPB-PE, to 
block reactive maleimide groups on the liposome 
surface. 

Animal experiments. Elimination of control- and 
rabbit Ig liposomes from blood was determined in 
unanesthetized, unrestrained Wistar rats (250-300 
g) equipped with permanent heart catheters [13]. 
Liposomes were injected intracardially by means 
of the heart catheter at a dose of 1 gmol liposomal 



lipid/100 g body weight. In some experiments, 
aggregated human Ig (10 mg in 0.5 ml Hepes-NaCl 
buffer) was injected 5 min prior to the liposomes. 

To study the liposome distribution in Kupffer 
cell subpopulations, liposomes were injected into 
the tail vein of female Wistar rats (170-210 g) 
under mild ether anesthesia at doses of 1 /tmol 
liposomal lipid/100 g body weight, in some ex- 
periments after a preinjection of aggregated hu- 
man Ig (10 mg/animal), 5 min prior to the lipo- 
somes. 1 hour after the injection of liposomes 
livers were perfused in situ with Gey's balanced 
salt solution and Kupffer cells were isolated. 

Kupffer cells. Kupffer cells were isolated from 
female Wistar rats (170-210 g) by pronase di- 
gestion of the liver and purified by centrifugal 
elutriation, basically according to Knook and 
Sleyster [14] except that after the isolation of 
non-parenchymal cells by metrizamide gradient 
centrifugation, Kupffer cells were separated in a 
range of size classes by increasing the buffer flow 
rate in the elutriation system stepwise at a con- 
stant rotor speed (2500 rpm) after being flushed in 
at 18.0 ml/min. The flow rates used were 20.5, 
25.0, 30.0, 35.0, 40.0 and 46.5 ml/min. These 
fractions were designated 0, A, B, C, D and E, 
respectively. At each flow rate, a cell suspension 
of 100 ml was collected. Cells were pelleted and 
resuspended in phosphate-buffered saline. One 
sample was used for protein determination accord- 
ing to Lowry et al. [15]. Bovine globulin was used 
as a standard. Another sample was diluted in 
Isoton | (Coulter electronics) and cells were 
counted with a Coulter counter (Coulter electron- 
ics) at threshold, sensitivity and aperture settings 
of 5, 2 and 64, respectively. 3H and 14C radioactiv- 
ity in a third sample was counted in Plasmasol 
(Packard) with an LKB scintillation counter. 

For in vitro experiments 6-105 cells of each 
subfraction were plated out in 24-well culture 
plates and cultured in DMEM, containing 20% 
fetal calf serum as described previously [2]. To 
obtain adequate amounts of cells for plating, 
elutriation subfractions were pooled in some ex- 
periments. After 2 days, in culture, cells were used 
in liposome uptake experiments. 

Incubations. Unless indicated otherwise, in vitro 
incubations were performed in quadruplicate in 
0.5 ml medium without antibiotics or serum. Ag- 
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gregated human immunoglobulin was added to 
the incubation medium 10 min before addition of 
the liposomes at a final concentration of 1 mg/ml. 
Liposomes were added to the medium as con- 
centrated suspensions. At the end of the incuba- 
tion time, the incubation medium was pipetted off 
and the cells were washed six times with cold 
phosphate-buffered saline (pH 7.4). Cells were 
digested in 0.7 ml NaOH (0.5 M) and assayed for 
protein and radioactivity. 

Other methods. Aggregated human immunog- 
lobulin was prepared by heating a solution of 
human immunoglobulin (20 mg/ml in 10 mM 
Hepes/135 mM NaCI buffer (pH 7.4)) for 30 rain 
at 63 ~ C. Subsequent centrifugation for 15 min at 
10000 x g was employed to remove large aggre- 
gates. The aggregated human Ig suspension was 
then sterilized by filtration through sterile mem- 
brane filters of 0.22 /tm pore size (Millipore). 
Phospholipid phosphorus was determined after 
perchloric acid destruction according to BSttcher 
[161. 

Results 

From Fig. la  it is evident that rabbit Ig lipo- 
somes are cleared from the bloodstream much 
faster than control liposomes. Pre-injection of 10 
mg aggregated human immunoglobulin does not 
appear to inhibit the clearance of rabbit Ig lipo- 
somes to a significant extent. 

After injection of the control liposomes the 
3H/14C ratio in the blood remains approx. 1.0 
throughout the 4 h monitoring period. In contrast, 
the ratio of the label in rabbit Ig liposomes in 
blood remains constant for only 30 min after 
injection and from then on declines (Fig. lb). This 
pattern remains unchanged when the animals re- 
ceive a pre-injection of aggregated human Ig, ex- 
cept for a small, unexplained increase immediately 
after injection of the rabbit lg liposomes. 

1 h after injection, when nearly all rabbit Ig 
liposomes have been cleared from the blood, the 
liver has accumulated 80-85% of the injected label, 
irrespective of prior injection of aggregated huma~ 
Ig (Table I). At that time, control liposomes have 
not yet been eliminated from the blood to the 
same extent and concomitantly, in that case 
hepatic uptake is only about 65% of the injectec 
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Fig. 1. Disappearance of the 3H label (A) and the 3H/14C 
ratio (B) was monitored in blood samples from rats equipped 
with a permanent heart catheter after injection of 
[3Hlcholesteryl hexadecyl ether/cholesteryl[14Cloleate labeled 
control (~.) or rabbit Ig-liposomes (e, 0), with (0) or without 
(e) prior injection of 10 mg aggregated human Ig. The initial 

liposome label ratio was 1.0. 

dose, again irrespective of  prior  injection of  ag- 
gregated human  Ig. The  relative contr ibut ion o f  
the spleen in l iposome uptake is notable  different 
in the two types o f  l iposome; the rat io of  splenic 
and hepatic uptake  is 2-fold higher in control  
l iposomes than in rabbit  Ig l iposomes. As regards 
the intracellular processing of  the l iposomes, the 
3H//14C ratios shown in Table I seem to indicate 
that liver and spleen degrade both  types o f  lipo- 
some at the same rate, the ratios being similar for  
the control  and rabbit  Ig-liposomes. A small dif- 
ference between liver and spleen appears  to arise 
upon  pre-injection of  aggregated h u m a n  Ig, which 
for the liver causes a decrease and for  the spleen 
an increase in the isotope ratio and thus, in 
metabolic activity. The isotopic rat io in liver and 
spleen increases approx.  2-fold compared  to the 
initial ratio in the liposomes. This means  that  after 
1 h, half  of  the t4C label that has entered the cells 
in association with the liposomes has been shed 
f rom the cells into the b loods t ream and  redistrib- 
uted to other  organs.  

In  a number  o f  studies we have shown that the 
principal liver cell type involved in the uptake  o f  
l iposomes f rom the b loodst ream is the Kupffer  
cell. Isolation of  a to ta l 'Kupffer  cell popula t ion  by  
elutriation centr i fugat ion involves the collection of  
all cells flushed out  of  the rotor  chamber  at a flow 
rate of  46.5 m l / m i n  after the endothelial  cells 
have been flushed out  at 20.5 rn l /min .  In  the 

TABLE I 

LABEL RECOVERY 1 H AFTER INJECTION OF LIPOSOMES 

Rabbit lg(Rblg) or control liposomes, doubly labeled with [3H]cholesteryl hexadecyl ether and cholesteryl[14C]oleate were injected 
into the tail veins of female Wistar rats, some of which had received an injection of 10 mg aggregated human immunoglobulin 
(aggHumlg) 5 min prior to liposome injection. 1 hour after injection, the rats were killed and radioactivity was determined in blood, 
total liver and spleen. Results are means:t: S.D. of four rats. 

Blood Total liver Spleen 
31-t 31t/14 C % 3H 3H/14 C % 3H 3H/14 c 

recovery ratio recovery ratio recovery ratio 

Rblg-liposomes 0.7 -I- 0.1 
Rblg-liposomes 

+ aggHumlg 1.9 + 0.2 

Control liposomes 16.2 + 3.8 
Control liposomes 

+ aggHumlg 6.1 + 2.7 

0.5• 85.1• 1.7• 4.8• 1.7~0.1 

1.3• 82.3• 1.5~0.1 3.9~0.8 2.4~0.2 

1.1!0.1 62.2~4.2 1.9~0.1 8.6~1.4 1.6~0.4 

0.8• 67.2• 1.3~0.1 5.8~1.2 2.1~0.4 



present study, however, we increased the counter 
flow rate stepwise between 25.0 m l / m i n  and 46.5 
m l / m i n  which allowed us to isolate five sub-frac- 
tions of Kupffer  cells ranging in diameter from 
about 9 to about 14 t tm (Table II). Starting the 
elutriation of a crude non-parenchymal cell frac- 
tion at a flow rate of 18.0 m l / m i n ,  mostly small 
ceils such as lymphocytes, cellular debris and blebs 
are collected in this fraction. The next fraction, at 
20.5 ml /min ,  fraction 0, consists of cells of which 
the majority is peroxidase negative and also fails 
to attach to culture plates. This fraction is there- 
fore likely to consist mostly of endothelial cells, as 
has also been reported previously [14]. The cells in 
fractions A - E  (Table II)  are nearly all peroxidase 
positive, albeit with different intensities, and read- 
ily attach to culture plates. Consequently, these 
cells are considered to be Kupffer  cells of differ- 
ent sizes. The relatively small cells in fraction A, 
although able to attach to culture dishes, stain 
only very faintly when assayed for peroxidase 
activity, in contrast to the larger cells in fractions 
D and E which stain heavily. The cells in the 
fractions in between, showed a gradually increas- 
ing stain intensity; thus, there appears to be a 
correlation between cell size and specific per- 
oxidase activity. Although peroxidase activity is 
widely used as a parameter  for the identification 
of Kupffer  cells, we feel that this may become 
questionable for cells isolated in fraction A. 
Staining is so faint in these ceils, especially upon 
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comparison with fractions D and E, that the des- 
ignation as a Kupffer  cell may become arbitrary 
without the use of an additional parameter.  The 
ability, "after 1 day in culture, to phagocytose 
particles such as liposomes may be considered to 
serve this purpose. Based upon these criteria, i.e., 
(faint) peroxidase staining, a t tachment  to culture 
dishes and st/bsequent phagocytic potential, virtu- 
ally all cells isolated in fraction A - E  can be 
considered macrophages. The recovery of cells was 
different in the various fractions, as indicated in 
Table II. The majority of cells was recovered in 
fractions A and B; fractions C - E  containing pro- 
gressively fewer cells. 

Upon injection of labeled liposomes, the label 
distribution in the various fractions showed a 
maximum in the fractions B - D  for control lipo- 
somes and in C and D for the rabbit  Ig liposomes 
(Fig. 2a). The differences in uptake, however, be- 
tween the control and protein-coated liposomes 
were not statistically significant in any of the 
subfractions, with or without prior injection of 
aggregated human Ig. If l iposome uptake is calcu- 
lated on the basis of cell number,  we obtain 
results, as presented in Fig. 2b, showing a more 
consistent correlation between the diameter of  the 
cell and the extent of  liposome uptake, i.e., uptake 
increases progressively with cell size. The highest 
liposome uptake per cell was found for rabbit  
liposomes without prior injection of aggregated 
human Ig. The uptake per cell of both types of 

TABLE II 

KUPFFER CELL SUBPOPULATIONS AFTER FRACTIONATED ELUTRIATION 

Kupffer cells were obtained by pronase digestion of hepatocytes followed by centrifugal elutriation of the resulting non-parenchymal 
cell fraction with stepwise increasing flow rate. This resulted in Kupffer cell populations of increasing diameter; n.d., not determined. 

Fraction Elutriation Cell size Recovery (%) Peroxidase Cellular protein 
number flow rate class * (mean ___ S.D.; positive (pg/cell) 

(ml/min) (diameter,/1 m) n = 16) cells (%) (mean___ S.D.; n = 16) 

0 20.5 8.7-9.2 n.d. 35 n.d. 

A 25.0 9.2-10.2 49.4-;-3.4 85 53.4+ 5.4 
B 30.0 10.2-11.2 26.4+2.8 86 75.74- 8.0 
C 35.0 11.2-12.0 11.0 4-1.6 88 97.6 4-10.0 
D 40.0 12.0-13.0 8.3 4-1.4 95 120.1 4-11.0 
E 46.5 13.0-14.0 5.0 4-1.4 95 141.9 4-11.0 

* Calculated from the nomogram supplied by the manufacturer of the elutriation centrifuge (Beckman Inc.). 
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Fig. 2. Uptake of liposomes by Kupffer cells of different size 
classes as calculated from cell associated [3H]cholesteryl 
hexadecyl ether. Rabbit Ig (o, o) or control liposomes (A, .',) 
were injected intravenously with (o, zx) or withodt (o, A) a 
prior injection of 10 mg aggregated human lg. 1 h after 
injection, Kupffer cells were isolated, counted and assayed for 

radioactivity. 

liposome was somewhat reduced as a result of 
pre-injection of aggregated human Ig, particularly 
in the larger cells. 

We also compared the digestive capacity of the 
subfractions of Kupffer  cells towards the internal- 
ized liposomes. The increase in the 3H/14C ratio 
in the cells provides a good measure of the extent 
to which the liposomes t a k e n u p  by  the cells were 
degraded, as outlined in the Introduction. Fig. 3 
shows that there is a substantial difference be- 
tween the subfraetions with respect to metabolic 
activity, particularly towards the control lipo- 
somes, for which we observed a 3H/14C ratio 
3-fold higher in fraction B than in fraction A cells. 
For rabbit Ig liposomes, this difference was less 
marked, while for nearly all subfractions, the ex- 
tent of degradation of the control vesicles was 

approx, twice as high as that of the rabbit  Ig-coated 
vesicles. Probably the protein coat has to be de- 
graded by proteolytie enzymes before the lipo- 
somal lipids can be hydrolyzed. 

Particularly remarkable is the effect of pre-in- 
jection of aggregated human Ig on the isotopic 
ratio. For both the control and the coated lipo- 
somes, the increase in the 3H/14C ratio was largely 
suppressed as a result of injection of 10 mg ag- 
gregated human Ig. 

Upon culture, almost all cells f rom the different 
subfractions became attached to the culture plates. 
After 2 days in culture, all the attached cells had 
spread and cell cultures were used in experiments. 

As shown in Fig. 4, the amount  of cellular 
protein remaining on the culture dishes after com- 
pletion of the experiments varied with cell size. It  
is difficult to determine whether this is a result of  
protein content difference per cell or a difference 
in the number  of cells remaining attached to the 
culture dishes. I f  we compare the amount  of pro- 
tein per cell for the various subfractions with the 
cellular protein contents immediately after cell 
isolation (Table II), we see that the ratio in pro- 
tein content between large (fraction E) and small 
(fraction A) cells has decreased f rom 2.6 to 1.3 
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Fig. 3. The 3H/I4C ratio was determined in Kupffer cells of 
different size classes, 1 hour after injection of [3H]cholesteryl 
hexadecyl ether/cholesteryl[14 C]oleate-labeled rabbit Ig (o, o) 
or control liposomes (A, a), with (o, A) or without (O, J0 prior 
injection of 10 mg aggregated human lg. The 3H/14C ratio 
was normalized for the liposome label ratio. Data presented 

are means+S.D. (n = 4). 



after 2 days in culture. Since the loss of cells due 
to improper binding to the culture dishes is par- 
ticularly noticeable in the cells from fraction A, it 
is likely that the actual difference in protein con- 
tent per cell is even less than would appear from 
the results shown in Fig. 4. This implies that 
during the 2 days in culture, the various Kupffer 
cell subfractions may behave differently. It is con- 
ceivable that especially the smaller cells mature, 
under these conditions into larger, more differenti- 
ated cells, thus levelling out the differences in size 
and function as observed immediately upon cell 
isolation. 

Fig. 5 shows the uptake of liposomes by Kupffer 
cell subfractions that have been in culture for 2 
days. For all subfractions both uptake at 37 ~  
and binding at 4~  can be inhibited to a substan- 
tial extent by pre-incubation of the cells with 
aggregated human immunoglobulin, as was also 
seen previously for the whole Kupffer cell popula- 
tion [2]. 

Upon increasing the liposome concentration in 
the-incubation medium, liposome uptake in all 
subfractions increased (Fig. 6). This implies that 
in none of the subfractions, was maximal uptake 
capacity reached at the concentrations used. Also 
in this set of experiments we observed a minimum 
in uptake in fraction B, which originally contained 
small Kup.ffer cells. This minimum is more promi- 
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Fig. 4. Protein content of culture dishes. Kupffer cells, isolated 
in a various size classes and cultured for 2 days, were in- 
cubated with liposomes. Unbound liposomes were removed, 
cells were washed six times with PBS and protein was de- 
termined. Data presented are means 4-S.D. from 30 individual 

cultures. 
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Fig. 5. Rabbit Ig liposome uptake by Kupffer cells isolated 
into different size classes. After 2 days in culture Kupffer cells 
were incubated with [3H]cholesteryl hexadecyl ether labeled 
rabbit lg liposomes (50 nmol total liposomal lipid/ml) at 
37~ (e, o)  or 4 ~  (A, ..,) in the absence (e, A) or presence 
(o,  zx) of 1 mg/ml aggregated human immunoglobulin. After 4 
h of incubation, Kupffer cells were harvested and cell-associ- 
ated 3H radioactivity was determined. Data represent means+__ 

S.D. of four incubations. 

nent with an increasing liposome concentrations, 
but only when using rabbit Ig liposomes. 

Discussion 

The lack of an inhibitory effect of aggregated 
human Ig on plasma clearance of rabbit Ig lipo- 
somes which we observed in this study may have 
several causes. Firstly, the capacity of Kupffer 
cells in vivo to phagocytose liposomes may be 
considerably larger than the capacity in vitro; so 
much larger, in fact, that any specific interaction 
with Fc receptors by the immunoglobulin coating 
is obscured. The increase in total liver uptake 
observed, which also occurs despite pre-injection 
of aggregated human Ig, may be due to an in- 
crease in liposomal diameter or surface charge by 
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Fig. 6. Concentration dependence of Kupffer cell liposome 
uptake. Kupffer cells, cultured for 2 days after isolation into 
different size classes, were incubated for 4 h at 37~ with 
increasing concentrations of [3Hlcholesteryl hexadecyl ether- 
labeled rabbit (Rb) lg (panel A) or non-coated iiposomes 
(panel B). The liposome concentrations used were 50 (e), 100 
(o),  200 (A), 400 (A) nd 600 ( x )  nmol total liposomal lipid/ml. 
Non-bound liposomes were removed, cells were washed vdth 
PBS and cell-associated radioactivity was determined (results 

are means of four incubations). 

the protein coat per se. Secondly, the concentra- 
tion of monomeric immunoglobulin in the in vivo 
situation is approx. 20 mg/ml [17], whereas in the 
experiments in vitro presented here no serum and 
thus no immunoglobulin was present. Interaction 
of this monomeric immunoglobulin with Fc recep- 
tors is likely to affect the interaction of rabbit Ig 
liposomes with Kupffer cell Fc receptors in vivo 
[18]. This is supported by the finding that in 
humans, the Fc-dependent clearance rate of anti- 
body-sensitized cells was inversely correlated to 
the serum monomeric IgG concentration [19]. 
Control experiments, in which we incubated rab- 
bit Ig liposomes in vitro in medium with increas- 
ing concentrations of rat serum, also showed an 
increasing inhibition of Fc receptor-dependent up- 

take of these liposomes by Kupffer cells (results 
not shown). 

Finally, the amount of aggregated human Ig 
injected m~ty have been inadequate to block the Fc 
receptors for a sufficiently long period. This is 
supported by the finding that aggregated swine 
immunoglobulins effectively block binding of im- 
mune complexes to Fc receptors in vivo only 
transiently [20]. 

During the first 20 min after injection, the rate 
of clearance of the 3H and t4C labels are identical, 
as judged by the c o n s t a n t  3 H / 1 4 C  ratio in plasma. 
The subsequent drop in the isotopic ratio, which is 
most likely caused by release of [14C]oleate from 
liver and spleen, is quantitatively of little rele- 
vance, since it refers to time points at which only 
very small amounts of liposomes remain in circu- 
lation. The label ratio in the total liver sample did 
not increase substantially, indicating that even 
though the t4C label is released from the Kupffer 
cells in the form of 14C-labeled fatty acids (Ref. 7 
and Derksen, J.T.P., unpublished results), only a 
minor fraction of the 14C label leaves the liver 
during the first hour after injection of the lipo~ 
somes. This suggests an extensive re-utilization of 
these fatty acids by the hepatocytes. The latter 
incorporate [t4C]oleate mainly into triacylglyc- 
erols [21,22]; thus, the 3H//14C ratio in total liver 
may eventually rise due to a release of triacylglyc- 
erols associated with very-low-density lipopro- 
teins. The drop in label ratio after pre-injection of 
aggregated human Ig is somewhat smaller than in 
the control experiment. This may suggest that in 
this case processing of rabbit Ig liposomes and the 
subsequent release of the 14C label from the cells 
is slower (confirmed by the results shown in Fig. 
3). The transient increase in isotopic ratio between 
20 and 40 min is not likely to be due to a relative 
loss of the 14C label as a result of cholesterylester 
exchange, since rats do not possess the exchange 
protein required for such a process [23]. Perhaps 
this phenomenon is a reflection of some hetero- 
geneity in the liposome preparation with respect 
to label distribution. The absence of a drop in the 
label ratio after injection of the control liposomes 
is probably related to the less rapid clearance of 
these liposomes. A small amount of ~4C label 
released into the bloodstream is not likely to have 
a substantial effect on the 3 H / 1 4  C label ratio 



when there is still a relatively large amount of 
liposomes present. 

Quantitatively, the uptake by  the liver of both 
control and rabbit  Ig liposomes can be attributed 
mainly to a relatively small number  of large 
Kupffer  cells. There is, however, a slight tendency 
towards a shift in uptake of rabbit  Ig liposomes to 
the large Kupffer  cells as compared to the control 
liposomes. Whether this is due to a difference in, 
for example, Fc receptor density remains to be 
seen. On a per cell basis, l iposome uptake appears 
to increase progressively with cell size. It can be 
noticed that the uptake of rabbit  Ig liposomes is 
more dependent on cell size than that of the 
control liposomes. Also the rate of processing of 
phagocytosed liposomes shows a dependence on 
cell size, as reflected by  the shift in (cellular) 
3H/14C ratio. This shift is much larger for control 
liposomes than for rabbit Ig liposomes which can 
be explained by assuming that the immunoglobu- 
lin coat retards the degradation of the liposomal 
lipids. The lowering of the 3H/14C ratio after 
previous administration of aggregated human Ig 
may also be due to a saturation of the Kupffer  cell 
lysosomal system with this protein, causing a de- 
lay in the degradation of the liposomes. 

It  has been shown by Sleyster and Knook that 
Kupffer  cells, localized periportally, are larger and 
show higher lysosomal enzyme activities than those 
localized perivenously [3]. They also showed that 
the periportal Kupffer  cells were the ones most 
actively involved in latex particle phagocytosis. 
This was independent of  the direction of perfu- 
sion, which implies an inherent difference in 
phagocytotic capacity between periportal and 
perivenous Kupffer  cells. In fluorescence micro- 
scopic studies using rhodamine phosphatidy- 
lethanolamine-labeled liposomes, we also observed 
preferential accumulation of fluorescence in peri- 
portal Kupffer  cells (not shown). 

The substantial differences in liposome uptake 
between the different Kupffer  cell subfractions are 
not reflected in our in vitro experiments. If we 
assume that a similar process underlies the 
phagocytosis of liposomes and latex particles [24], 
it is likely that this in vivo difference is an inher- 
ent property of the cells and not a result of their 
sinusoidal location. The lack of difference in the 
extent of rabbit  Ig liposome binding and uptake 
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between the Kupffer  cell subfractions, implies that 
at that time there are no major differences in the 
expression of Fc receptors at the cell surface by 
the Kupffer  cells of the subfractions used. We 
tentatively explain this discrepancy by postulating 
that during the 2-day culture period, the small 
cells develop towards a more fully mature type of 
macrophage, thus equalizing the phagocytic capac- 
ity of the cells in the different size categories. 
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