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Large liposomes, with a composition of egg phosphatidylcholine, cholesterol and ganglioside GM ,, prepared by an
extrusion method, were injected intravenously into mice. After 24 h, up to 50% of injected dose was accumulated in
spleen compared with about 15% in spleen for liposomes containing no GM,. The effect of GM, on spleen
accumulation of liposomes was liposome size dependent. Only relatively large liposomes (4 > 300 nm) showed high
accumulation; smaller liposomes were progressively less accumudated, The spleen accumulation increased with
increasing injection dose of the liposomes. 1t was noted that the enhanced uptake by spleen was accompanied by a

decrease in the liver uptake, but the total uptake of lipesomes by liver and spleen was mot dependent on the
diameter of liposome or the presence of the ganglioside GM,. Autoradiographs of fixed and sectioned spleen using
1251 labeled tyraminylinulin as a content marker for the liposomes, showed that liposomes localized at the reticular
meshwork of the red pulp. These results suggest that larger liposomes contaiming GM, are fiitered by the spleen
during the circulation in blood. The smaller ones with a mean diameter of less than 108 nm are not retained by the
filter. The function of GM, is to prevent liposomes from a rapid uptake by the liver so that liposomes may circulate
through the spleen and be filtered. These results, together with the observation that the lposome-emirapped

profeins were degraded by the spleen, suggest the potential use of these liposomes for specific drug defivery to the
spleen.

Introduction One of the most evident observations in liposome

research is that most of liposomes intravenously in-
jected into animals are rapidly removed from the blood
circutation by uptake primarily in liver, followed by the
splecn, and very slighily in the lung and bone marrow
[10). It has been reported that small liposomes (4 < 200

Liposomes have demonstrated considerable promise
as a carrier for the delivery of drugs in rire. Enhance-
ment of therapeutic cfficacy and rcduction of toxicity
for a variety of drugs have been demonstrated with

liposome encapsulated dosape forms (for reviews, see
Refs. 1 and 2). Some areas in which liposomes dispiay
therapeutic promise as carrier are for anticancer drugs
[3,4], antifungal drugs [5), antibacterials [6,7), antivirals
[8] and antiparasitics [9]. The application of liposomes
in immunomodulation and vaccine development has
also been reparted (for veview, see Ref 1)
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side b; HP1, hydrogenated phesphatidylinositol; PBS, phosphate-
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nm) can pass through fenestrated endothelium and
gain access to liver parenchymal cells [11,12]. Recently,
it has also been demonstrated that liposomes {4 = 100
nm} containing ganglioside GM, [13,14] exhibit a pro-
longed circulation time in the blood. More importantly,
it has been demonmstrated that this type of liposome
shows a higher level of uptake by the solid tumors than
the ordinary liposomes [14]. Presumably, liposomes with
longer circulation halflives stand a better chance to
penetrate the leaky vasculature of the solid tumor.
However, manipulation of liposomal properties such as
the particle diameter, surface charge, and lipid compo-
sition causes temporary alterations in the organ dispo-
sition, but no qualitative change in the final pattern of
liver predominance (on the per organ basis) has been
reporied.
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A detailed study of the localization of lipid-labeled
or content-labeled liposomes by Roerdink et al. [11]
conciuded that liposomes are taken up almost exclu-
sively by Kupffer cells in the liver. Liposomes were
phagocytosed and largely degraded in 12-24 h [2).
Most of the drugs arc eventually digested since liver is
the usual metabolic organ for most chemotherapeutic
agents {15].

We report here the observations that a high level of
accumulation of liposomes in spleen can be achieved
by manipulating the vesicle diameter and the inclusion
of ganglioside GM, in the lipid composition. Time,
dose and composition dependent biodistribution of li-
posomes suggest that the filtration function of spleen is
responsible for the high accumulation of the large,
GM ,-containing liposomes. Furthermore, the results of
the experinents using both lipid and content markers
suggest that these liposomes with a relatively high
capacity of entrapment may serve as an ideal vehicle to
deliver drugs to spleen.

Materials and Methods

Maerials. Egg PC and hydrogenated phosphatidyl-
inositol (HPI) were purchased from Avanti Polar
Lipids; ganglioside GM, and GT,, from Calbiochem;
bavine brain sulfatide from Supelco; asialo GM, from
Matreya; cholesterol and lysozyme were from Sigma.
The synthesis of DTPA-SA has been described [16),
The ['"'InIDTPA-SA was prepared by mixing 1 gl of
M nCl, - HCI with 500 pl of 1 mM DTPA-SA which
was dissolved in hot ethanol (approx. 65°C) with brief
sonication. Tyraminylinulin was prepared according to
Sommerman et al. [17]. The iodination of tyraminylin-
ulin and lysozyme was performed by using lodo-Gen
reagent from Pierce.

Liposome preparation. Liposomes were prepared by
hydrating a thin lipid film containing a trace amount of
{"InJDTPA-SA with an isotonic solution of PBS (pH
7.6) or the PBS buffer containing '“I-labeled tyra-
minylinulin or lysozyme (10 mg/ml), respectively, for
overnight at room temperature. The lipid suspension
was then extruded through polycarbonate filters of
defined pore size to obtain the desired particle diame-
ter. The diameter of the liposomes was measured by
dynamic laser light scattering using a Coulter NS4D
instrument. Liposome-associated '**1-lysozyme was re-
sistant to trypsin digestion as shown by co-clution of
""In and '¥1 cpm on a Bio-Gel A1SM column after
the liposomes had been treated with trypsin (data not
shown). Furthermore, '®I-lysozyme stayed liposome-
associated even after liposomes had incubated with
90% mouse serum for 2 h at 37°C (data not shown).
These results indicate that '*1-lysozyme was stably
entrapped in the liposomes.

Biodistribution of lippsames. Six to eight week old
Balb/c mice (male; Harlan Sprague Dawley, Indi-
anapolis, IN) were injected intravenously with lipo-
somes. Unless specified, 1 pmol lipids in 150 wl with
about 10" ¢pm of radioactivity was injected per mouse.
The diameter of liposomes used for most of the experi-
ments w s around 600 nm. Mice were bled at the retro
orbital sinus and killed by cervical dislocation after 24
h for most experiments. All organs were weighed and
their radioactivities were quantitated in a y-counter.
The amount of radioactivity in each organ was ex-
pressed as the percentage of total injected dose. The
percent recovery was calculated from the radicactivity
of the bliood, spleen, liver, lung, intestine, heart and
kidney. The weight of blood was assumed to be 7.4%
of the total body weight [18]. Blood volume and correc-
tion factors for the blood content of various tissues
were determined in Balb/c mice {same age, sex) by
examining the tissue distribution of *'Cr-labeled ery-
throcytes 30 min after iv. injection., Labeling of
erythrocytes was performed according to a standard
procedure. Briefly, red blood cells of the mouse were
isolated and washed with PBS five times. The sus-
pended cells (2- 107 celis/ml) were incubated for 1 h
at 37°C with 30 uCi of Na;*'CrO, (467 mCi/mg Cr,
ICN Radiochemicals). The free ' Cr was removed from
the cells by centrifugation. The 5!Cr-labeled red blood
cells were then injected {i.v.) into mice for determina-
tion of the blood content of various organs. The correc-
tion factors for various organs were relatively small,
with liver being the one with greatest correction which
was only approx. 8%.

Autoradiographic analysis of liposome localization in
spleen. Liposomes containing '251-tyraminylinulin (107
c¢pm) were injected intravenously and the spleens were
collected 4 hours after liposome administration. The
spleens were fixed in 5% glutaraldehyde and embed-
ded in paraffin. Sections (5 pm thick} were cut, de-
paraffinized, coated with emulsion and developed 21
days later, followed by staining with hematoxlin and
eosin.

Results

Effect of GM, and liposome size on the accumulation of
liposomes in spleen

The relationship between liposome size and the
disposition (24 h after injection) of liposomes in vivo
was studied with liposomes of defined diameter. Lipo-
somes were extruded through polycarbanate filters with
defined pore size and the mean diameter of the lipo-
somes was measured by dynamic light scattering. Fig. 1
shows the distribution of liposomes in spleen and liver
as a function of the mean diameter of liposomes, The
recovery of total injected marker was about the same
{approx. 90%) for alil liposome sizes tested. Liposomes
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Fig. L. Effect of the liposome size and ganglioside GM, on the distribution of liposomes in RES. !"'In-fabeled liposomes were injecied
intravenously at a dose of 1 umol lipid per monse and the hiodistribution of lhe liposomes was measured 24 h after administration. Each point
represents the mean +5.D. of three mice. 0. Spleen: ®. liver: a. other organs {including lung. heart, blood, intestine and kidney). {A)
Liposomes composed of ePC /chol /GM |, = 10:5: 1. (B) Liposomes composed of ePC /chol = 10:5.

containing GM ; showed a progressive increase of accu-
mulation in the spleen and a decrease in the liver as
the diameter of liposomes increased. Approx. 50% of
the injected dose was found in the spleen for liposomes

with a mean diameter of 1050 nm, However, the effect
of the liposome size on the spleen and liver uptake for
liposomes without GM, was of a much lesser extent;
only about 15% of the injected dose was found in the
spleen for liposomes with an average diameter of 900
nm. There is no significant correlation between the
diameter of the liposomes and the disposition of lipo-
somes in the organs ather than liver and spleen (data
not shown). The critical diameter of liposomes for the
enhanced spleen accumulation was around 300 nm.

Time course of liposome disposition in spleen

The disposition of liposomes containing GM, with
an average diameter of about 600 nm was deteymined
as a function of time. It is shown in Fig. 2 that the
amount of liposomes in blood rapidly decreased. The
increase of liposome accumulation in both spleen and
liver had a similar kinetics. It took about 4 h to reach
the steady state and the distribution of liposomes in
spleen and liver did not change thereafter.

Liposome disposition as a function of lipid dose
Increasing amounts of large (d =600 nm), GM,-
containing liposomes were imjected into mice. The
amount of lipid per 100 mg of organ or tissue weight
was plotted against the injected lipid dose (Fig. 3). In
the dose range of 0.4 to 4 mg (0.5-5 pmol) of lipids
injected per mouse, the uptake of lipesomes in both
spleen and liver was directly proportional to the in-
jected dose. The amount of lipids per 100 mg of spleen
was approximately 10-fold higher than that of the liver
at a dose of 4 mg per mouse, indicating that the

amount of splecn accumulation was much greater than
that of the liver. There was not an increase of liposome
concentration in blood even in the largest dos¢ in-
jected, indicating that the RES, both the liver and
spleen, was not satarated at this dose.

The effect of different lipid components on the distribu-
tion of liposomes in RES

It is clear from the data in Fig. 1 that GM, plays an
important role in the high level of accumulation of
liposomes in spleen. It was interesting to see if other
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Fig. 2. Time dependent distribution of large, GM,-containing lipo-
somes in bivod and RES. Liposomes {approx. 6500 nm in diameter)
compused of ePC /chol/GM, (10:5: 1) were iv. injecied into mice at
the dose of 1 pwmol lipid in 150 xl per mouse. Mice were killed at
different times and the radipactivity in each organ was counted. Each
point represents the mean+S.D. of three mice. O, Spleen; &,

liver; 4, blood.
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Fig. 3. Duse dependent accumulation of large, GM -contuining lipo-
somes in spleen and tiver 24 h post-injection. Different amounts of
liposomes with a diameler of about 600 nm were administered at 4
volume of M x| per mouse. The results were expressed as ug of
lipid accumulated per 100 mg of organ weight. The data were the
mean + 5.0, of three mice. O, Spleen; ¢, liver; A, blood.

lipid components would have the same effect. Among
all the lipids tested, GM, and GT,, were natural
gangliosides containing one and three sialic acid
residues, respectively. Asialo GM, has no sialic acid.
Sulfatide and HPI are both glycolipids with negative
charges on the headgroup. It is clear from the data in
Fig. 4 that no significant increase of spleen uptake was
observed for liposomes containing glycolipids except
the ones with GM,. Thus, GM, seems to be unique in
having the activity to cause a high level of liposome
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Fig. 4. The effecl of different lipid components on the distributicn of
liposomes {ePC/cholesterol = 10:5), Liposomes with a diameter of
600 nm were udministered intravenously at a dose of 1 gmol lipid in
150 zl per mouse. The distribution was analyzed 24 h after adminis-
tration. The amount of Lest lipids used was 6.25 mol% of total lipids.
The data were presented as mean= + 8.3, of three mice.

100

80 4

60

% RECOVERY

20 4

Q T T T T ¥ T

GM1 {male%a}
Fig. 5. Depaendence an the GM, concenitration of the distrihution of
large liposomes (4 =600 nm) in RES. Liposomes composed of
ePC /chol (2:1) containing different amounts of GM, were adminis-
tered {i.v.). The distribution was analyzed 24 h after administration.
Each point represents the mean + 5.0, of three mice. 0O,
Spleen; #. liver,

accumulation in spleen. Thus, it is important to study
the GM, concentration dependence of the liposome
accumulation in spleen. Fig. 5 shows the data of an
experiment in which large liposomes containing various
amounts of GM, were injected and the distribution of
liposomes in the RES was measured 24 h later. Statisti-
cally significant increase in the percent injected dose in
spleen and a concomitant decrease in liver were ob-
served for liposomes containing as little as 3.1% GM,.
There was a nearly equal amount of liposome accumu-
lated in the liver and spleen at the GM, concentrations
of 6.25% or greater. Thus, it does not require a large
amount of GM, in liposomes to cause a high level of
spleen accumulation of liposomes.

The biodistribution of water soluble molecules in Yipo-
some entrapped and free form

To test the ability of liposomes to carry water-solu-
ble molecules to the spleen, we have used two different
entrapped markers, ie. '*l-labeled lysozyme (M,
13400) and tyraminylinulin (M, = 5000) in addition to
the '"In-labeled lipids. The unentrapped molecules
were separated from the liposomes by gel filtration
using a Bio-Gel AISM column. Unentrapped, free
lysozyme and tyraminylinulin were also injected as a
comparison. Table | shows the distribution of the ra-
dioactivities of both the '*1 and '"'In markers in the
collected organs. It is clear that the molecules en-
trapped in the liposomes show different distributions
than the free ones. The total recovery of the ‘ZI
radioactivity in the liposome-entrapped form was higher
than that of the free form. Much higher amounts of
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Distribution of 1> I-lubeled, water-soluble molecules as free or liposome-entrapped form in major organs of the mouse at 4 A aver injection

Marker % Dose
blood spleen fiver lung intestine heart kidney recovery

13 L tyraminylinulin

free ozmnt L1 (LD 0.2Mm.1 IARONY] 0301 t14{0.1) Q44011 L4107

entrapped s 29939 IAD 0.7 0.1 RBRIHIY] 0.1 (@.m n3.n 69215
1251 lysozyme

free 21022 D.0(0.1) 0604} 0.1¢0.1) 5.4(3.2) 0.} (0.0) LY 9.1 (6.5

entrapped 23020 35407 4.1{0.5) 0.2(0.1) 72(2.3} w1{em 071001 16.8(5.5)
" n-lipids 3.0(0.6} 41.04(11) 41.7(3.6) 1.140.3) 2003 0.5(0.4) 0.6 (0.4) £9.3(2.5)

* 1 umol lipid in the form of liposome containing 10% cpm of content marker and 10* cpm lipid marker was administered intravenously per

mouse,
® Data represent the mean (5.D.) of 1hrec mice.

-

Fig. 6. Auloradiograph of a histologic section of mouse spleen. Liposomes of ePC/cholesiero) /GM, (10:5:1) with a diameter of about 600 nm
and containing 'ST-tyraminylinulin were i.v. injected (10 xmo! lipids and 107 cpm in 400 k1), The mouse was killed 4 h later and the splecn was

excised and fixed in 5% glutaraldehyde. Sections of spieen were coated with emulsion, exposed for 21 days, developed and visuali

1 under a

light microscope. Magnification is 465.6 x. Bar is 25 wm. WP. white pulp; RP, red pulp.

15 Ltyraminylinulin (30-32%) was found in the spleer:

and liver than '*I-lysozyme (3-4%) when they wer-
administered in the liposomal form. However, both
markers showed lower amounts in these RES organs
than the "' In-labeled lipid (approx. 41%).

The distribution of liposomes within the spleen

In order to explore the mechanisms of high uptake
of large, GM ,-containing liposomes by spleen, we have
examined the distribution of liposomes within the or-
gan. Fig. 6 shows an autoradiograph of a section of
spleen from a mouse injected with lipesomes contain-
ing '"®I-tyraminylinulin as a radioactive marker. It is
clear that the silver grains were only found in the
reticular meshwork of the red pulp. Furthermore, the
distribution of the silver grains in the red pulp was

uneven; clusters of grains were seen throughout the
red pulp and the marginal zone.

It has been well documented that imtravenously in-
jected liposomes of various size, charge content and
membrane fluidity are rapidly and predominantly taken
up by the Kupffer cells in the liver {for review, see Ref.
1}. Spleen uptake is usvally minor and increases only
after the liver uptake is sawrated [19]. The observa-
tions described here deviate from the liver dominance
rule and document the fact that the spleen uptake of
liposomes can be approx. equal to that of the liver
{approx. 10-times greater if calculated on the per organ
weight basis). Data in Fig. 1 also indicate that the
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enhanced spleen uptake is at the expense of the liver
uptake; i.e. there is a redistribution of liposomes within
the two RES organs.

This novel observation can be understood oan the
basis of two independent facts: (1) the presence of
GM, in liposomes significantly reduces the Kupffer
cell uptake of liposomes and results in a prolonged
circulation time of liposomes [13,14,20,21], (2} the
spleen contains a filtration mechanism which removes
unwanted red blood cells and particles from the blood
[22]. Data in Fig. 1 indicate that only those liposomes
containing GM, and having 2 mean diameter greater
than 300 nm are accumulated in the spleen. Thus,
GM, functions to reduce the liver uptake of liposomes
which showed a prolonged residence time in blood.
The volume of blood flow through spicen is usually a
small fraction of that of the liver. Ordinary liposomes
without GM,; would have little chance to circulate
through the spleen, hence they are predominantly taken
up by the liver. Liposomes containing GM,, because of
the prolonged residence in blood, encounter spleen
much more readily than the liposomes without GM . If
the GM,;-containing liposomes are large enough, they
would be retained by the spleen filter, resulting in an
elevated level of liposotne accumulation in the organ.

Spleen is a spongy organ which contains the white
pulp and the red pulp. The red pulp contains a mesh-
work of reticular cells which form the sinuses of the
spleen. It serves as z filter to purify the humors derived
from the liver or from the blood [22]. Damaged or aged
red blood cells are retained by the filter and are
ingested by the splenic macrophages residing in the red
pulp. Large liposomes must also be retained by the
reticular filter in the same manncr. Autoradiographic
study of the spleen revealed that the retained lipo-
somes were found exclusively in the red pulp (Fig. 6).
They seem to cluster in regions resembling the sinusoid
structure. These results strongly support that the filtra-
tion mechanism of the spleen is responsible for the
high level of spleen accumulation of large liposome
containing GM,.

GM, seems to be the only tested glycolipid which
endows the liposomes with a high level of spleen accu-
mulation (Fig. 4). Sulfatide and HPI are effective in
prolonging the circulation time of liposomes composed
of distearoyl PC and cholesterol [14]. In our own stud-
ies, GT),, also causes a reduction in the liver uptake of
liposomes composed of unsaturated phosphatidyl-
ethanolamine {unpublished data). These glycolipids are,
however, inefficient in reducing the liver uptake of
liposomes composed of PC and cholesterol. This result
strongly indicates that the activity of a glycolipid to
prolong the liposome circulation time depends on the
matrix lipid composition of liposomes, perhaps zlso on
the size and other physical parameters of liposomes.
Further studies will undoubtedly reveal more details of

the chemical and physical mechanisms which control
the uptake of liposomes by the Kupffer cells in liver.
While these mechanisms remain unclear at the present
lime, data from this lab {23] indicate that polyeth-
vleneglycol conjugated to phosphatidylethanolamine
can ¢ffectively enhance the spleen uptake of the large
lipozomes containing the conjugate. It has been shown
that the conjugate effectively reduces the liver uptake
of small liposomes composed of ePC and cholesterol,
resulting in a prolonged residence time in the blood.
Therefore, GM, is not unigue in causing an elevated
level of accumulation of liposomes in spleen.

Data in Table I indicate that liposomes accumulated
in the spleen are subjected to the metabolic process of
the otgan. The '"In-labeled lipid marker, which is
non-metabolizable and non-excretabie [24], accumu-
lated efficiently in the spleen. The accumulation of the
123].labeled entrapped marker, however, depended on
the molecular nature of the marker itself. Tyraminylin-
ulin is known as a non-metabolizable marker and it was
accumulated at a relatively high level. Lysozyme, on
the other hand, can be readily degraded by proteinase
and was not accumulated at any significant level in the
spleen. The fact that a protein marker entrapped in
liposomes is rapidly degraded and removed from the
spleen indicates that liposomes retained by the filter
must also be taken up by the splenic macrophages, just
like the damaged and aged red cells. This observation
has an important implication because it suggests that
the GM ,-containing liposomes are still ingestable by
the spleen macrophages. In other words, GM, may
only reduce the liposome’s affinity to the hepatic (the
Kupffer celis), but not the splenic, macrophages. While
this hypothesis will have to be further tested, the
observation that liposomes can deliver proteins to the
splenic macrophages may be significant in terms of the
vaccine development, Splenic macrophages are active
in antigen presentation. A high dpse of antigen deliv-
ered to these cells may facilitate an effective antigen
pracessing and presentation to other immune cells,
This possibility is certainly worthy of further experi-
mentation,
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