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Abstract

Liposomes composed of hydrogenated egg phosphatidylcholine (HEPC) and cholesterol (CHOL) were found to
activate the rat complement (C) system in a CHOL content-dependent manner. Liposomes containing 22 or 33 mol%
CHOL activated the C system in a Ca?*-dependent manner, suggesting that C activation occurred via the classical
pathway. Liposomes containing 44 mol% CHOL activated the C system in a Ca’>* independent manner, suggesting
that C activation occurred via the alternative pathway. The CHOL content appeared to dictate the pathway by which
the C system was activated. This C activation was inhibited by removal of serum component(s), which adsorb to the
liposomes. Activation of the alternative pathway, induced by the liposomes, was reduced by the depletion of IgG and
IgM, whereas the classical pathway activation was reduced by the depletion of IgG, but not IgM. In addition, the
removal of adsorbed serum component(s) by treatment with 44 mol% CHOL-containing liposomes decreased serum
IgG and IgM levels that adsorb to the same liposomes, whereas the removal of adsorbed serum component(s) by
treatment with 22 mol% CHOL-containing liposomes only slightly decreased serum IgG levels, which adsorbs to the
same liposomes. Collectively, both IgG and IgM, which are specifically adsorbed to the liposomes in a CHOL-content
dependent manner, were responsible for C activation via the alternative pathway induced by the 44 mol% CHOL
containing liposomes. IgG alone would be partially responsible for C activation via the classical pathway induced by
22 or 33 mol% CHOL-containing liposomes. The discovery of this unique C-activating property of liposomes will be
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of value in attempts to decipher the underlying mechanism of C activation by providing a useful model membrane

system. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The complement (C) system plays a crucial role
in humoral defense against infectious agents such
as microbial pathogens (Miiller-Eberhard, 1975,
1988; Porter and Reid, 1979; Reid, 1983). The
deposition of activated C3 fragments (C3b or
iC3b) onto microbial surface leads to two major
effects, (I) the components serve as opsonins for
C3 receptor-bearing phagocytes; and (II) they act
as a stable C5 convertase, resulting in the forma-
tion of a membrane attack complex (MAC),
which is capable of lysing susceptible bacteria.
The C system can be activated by any of three
pathways, designated the alternative, classical and
lectin pathways (Szebeni, 1998).

Liposomes have been utilized as potent drug
carriers, which improve the therapeutic index of
the drug associated with them. Liposomal formu-
lations of some anti-cancer drugs, most impor-
tantly sterically stabilized liposomal doxorubicin
(Doxil®), have been reported to cause immediate
hypersensitivity reactions that cannot be ex-
plained by the conventional paradigm of IgE-me-
diated (type-I) allergy (Uziely et al., 1995; Alberts
and Garcia, 1997; Skubitz and Skubitz, 1998).
Recently, Szebeni et al. (2000) presented a ratio-
nale and experimental evidence for the concept
that these novel-induced hypersensitivity reactions
can be referred to as a C activation-related pseu-
doallergy. Therefore, it is important to under-
stand the interaction of the C system with
liposomes when considering liposomes for use as
drug carrier systems, since C activation will re-
duce the effectiveness of liposomes by assisting
the body in removal of the drug carrier from
circulation (Szebeni, 1998) as well as causing the
hypersensitivity reactions related to C activation
(Szebeni et al., 2000).

To date, activation of C system by liposomes
that do not contain any specific ligands has been
reported for the human (Alving et al., 1977,

Chonn et al., 1991; Marjan et al., 1994), the rat
(Devine et al., 1994; Funato et al.,, 1992; Ha-
rashima et al., 1996; Ishida et al., 1997) and the
guinea pig (Chonn et al.,, 1991; Huong et al.,
2001). Chonn et al. (1991) reported that for both
human and guinea pig serum the surface charge is
a key determinant of C-activating liposomes; neg-
atively charged liposomes activate the C system
via the classical pathway, while positively charged
liposomes activate the C system via the alternative
pathway. In rat serum, however, both negatively
and positively charged liposomes activated the C
system via the classical pathway (Devine et al.,
1994; Szebeni et al., 1994). In our earlier investi-
gations, activation of the C system via the alterna-
tive pathway was observed in rat plasma or serum
by negatively charged liposomes composed of hy-
drogenated egg phosphatidylcholine (HEPC),
cholesterol (CHOL) and dicetylphosphate (DCP)
(Funato et al., 1992). The apparent inconsistencies
in the C activation by liposomes might be due to
differences in experimental conditions (e.g. lipo-
some composition, liposome size or animal species
studied). This suggests the importance of the spe-
cific conditions employed in the study of lipo-
some-induced C activation. In this study,
therefore, controlled experimental conditions were
used to investigate the induction of C activation,
based on the chemical and physical properties of
liposomes. Three compositionally different lipo-
somes were prepared. Each contained saturated
phospholipid (PL) and 11 mol% DCP to maintain
identical surface net charges. The CHOL content
was varied (22, 33 or 44 mol%) and the size was
maintained at a mean diameter of 800 nm. We
chose to concentrate on the CHOL content, be-
cause of its widespread distribution in mammalian
membranes and its ability to affect the fluidity of
the biomembrane. Our findings show, using rat
serum, that the CHOL content in the liposome
composition appears to dictate the pathway by
which the C system is activated; the 22 and 33
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mol% CHOL-containing liposomes activate the C
system via the classical pathway whereas 44 mol%
CHOL-containing liposomes activate the C sys-
tem via the alternative pathway. We also show
that natural Abs are responsible for C activation
induced by the liposomes.

2. Materials and methods
2.1. Preparation of liposomes

Multilamellar vesicles (MLVs) composed of
HEPC/CHOL/DCP (44:44:11 mol/mol), HEPC/
CHOL/DCP (55:33:11 mol/mol) and HEPC/
CHOL/DCEP (66:22:11 mol/mol) were prepared by
an extrusion procedure through a Nuclepore poly-
carbonate filter having a defined pore size (800
nm) (Costar, MA, USA) as described in detail
elsewhere (Funato et al., 1992). HEPC was kindly
donated by Nippon Fine Chem. (Osaka, Japan).
DCP was purchased from Nacalai Tesque (Kyoto,
Japan). CHOL was of analytical grade from
Wako Pure Chem. (Osaka, Japan). These lipids
were used without further purification. 5(6)-Car-
boxyfluorescein (CF) (Eastman Kodak Co., NY,
USA) was encapsulated into the liposomes in
order to investigate their destabilization. Once
prepared, the liposomes were dialyzed in cellulose
dialyzing tubing against PBS(—) (Na,HPO, 8.10
mM, NaH,PO, 1.47 mM, NaCl 137 mM, KCl
2.68 mM: pH 7.4, PBS(—)) at 4 °C to remove
unencapsulated CF. For preparing the liposome-
treated rat serum, liposomes were hydrated by
using PBS(—) in place of the CF solution. These
liposomes were suspended at a concentration of
20 pmol/ml in PBS(—). The average size of the
liposomes was 775 + 65 nm (n = 6) as determined
with a NICOMP 370 HPL submicron particle
analyzer (Particle Sizing System, CA, USA). A
nonexchangeable, radiolabeled lipid marker, [*H]-
cholesterylhexadecyl ether (CHE) (NEN, CA,
USA) (0.02 pCi/umol of total lipid), was incorpo-
rated to quantify the concentration of liposomes
(Pool et al., 1982). The specific radioactivity of
liposomes was determined by measuring their ra-
dioactive content using standard liquid scintilla-
tion counting methods.

2.2. Serum and antibodies

Blood was collected from the carotid arteries of
Wistar male rats (Inoue Experimental Animal,
Kumamoto, Japan) through polyethylene tubing
into a test tube and allowed to clot at room
temperature for 30 min. Serum was prepared by
centrifugation (3000 rpm, 30 min, 4 °C), which
removed blood cells and other insoluble debris,
and stored at 4 °C until used. Peroxidase-conju-
gated anti-rat C3 goat IgG, anti-rat IgG (whole
molecule) rabbit IgG and anti-rat IgM (p-chain)
goat IgG were purchased from Organon Teknika
(PA, USA).

2.3. Pretreatment of rat serum

Liposome-treated serum was prepared accord-
ing to previously described methods (Funato et
al., 1994). In brief, 300 pl of liposomes (20 umol/
ml) was incubated with 2700 pl of rat serum at
4 °C for 30 min. The liposome/serum mixture
was centrifuged (60 min, 3000 rpm, 4 °C) (Hi-
tachi Himac CR5B2, Tokyo, Japan) and the up-
per layer, which comprised the liposome/serum
proteins complex was removed by aspiration. The
clear serum was pooled as liposome-treated serum
and stored at 4 °C. The hemolytic activity of the
liposome-treated serum remained unchanged after
the incubations and centrifugation (data not
shown)

Serum, depleted of Ca?* and Mg?>*, was ob-
tained by treatment of rat serum with EDTA (10
mM, pH 7.4) for 5 min. Ca®>*-depleted serum was
obtained by treatment with 10 mM EGTA con-
taining 100 mM MgCl, for 5 min (pH 7.4). C-in-
activated serum was obtained by heating at 56 °C
for 30 min.

Natural Abs (IgG or IgM)-depleted sera were
prepared by incubation of rat serum with either
anti-rat [gG Ab or anti-rat IgM Ab. In brief, 300
pl of Ab solution (10 mg/ml) was incubated with
2700 pl of rat serum at 4 °C for 4 h. The incuba-
tion mixtures were centrifuged (60 min, 13000
rpm, 4 °C) (Hitachi Himac CRI15D, Tokyo,
Japan) and the clear serum was separated from
the sediment, pooled and stored at 4 °C. The
absence of IgG was confirmed by sodium dodecyl
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sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). All bands detected in normal rat serum
were also detected in the treated serum with the
exception of those bands corresponding to IgG. A
sample of pure IgG was run on the same gel to
confirm that the molecular weight of the depleted
protein corresponded to that of IgG. The deple-
tion of IgG was further confirmed by Westernblot
analysis under non-reducing conditions; a 150
kDa band, reactive with anti-rat IgG Ab in un-
treated serum, was not detected in the treated
serum. Similarly, the depletion of IgM was confi-
rmed by Westernblot; under reducing conditions,
the band which had been reactive with anti-rat
IgM Ab in untreated serum was no longer de-
tectable in the treated serum.

2.4. Liposome-destabilization assay in rat serum

The liposome-destabilization assay is described
in detail elsewhere (Funato et al., 1992). An
amount of 50 pl of CF encapsulated liposome (6
pmol/ml) was added to 450 pl of either untreated
serum (90%, v/v), liposome-treated serum or natu-
ral Abs-depleted serum. The resulting mixture was
then incubated for 30 min at 37 °C. The fluores-
cence intensity of the reaction mixture was deter-
mined with a Hitachi 650-40 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) at ex-
citation and emission wavelengths of 490 and 520
nm, respectively. The fluorescence intensity of the
total releasable CF was measured by lysing the
liposomes with 5% (v/v) Triton X-100 solution.
The extent of release of CF from liposomes (re-
lease (%)) was calculated by dividing the fluores-
cence intensity of the reaction mixture by the
fluorescence intensity of total releasable CF.

2.5. Complement hemolytic assays

Total or residual C hemolytic activity in either
untreated or liposome-treated serum was mea-
sured using established methodology (Tanaka et
al., 1987; Funato et al., 1994). The C induced
hemolysis of rabbit erythrocytes (E), involve acti-
vation via the entire alternative pathway and the
level of hemolysis is proportional to the level of C
activity present in the serum (Tanaka et al., 1987;

Funato et al., 1994). A reduction in C hemolysis
activity in the serum, after the removal of the
serum component(s) which adsorb to the lipo-
somes implies the depletion of a C system initia-
tor. In brief, 200 pl of rabbit E solution (5 x 10%
cells per ml) was incubated at 37 °C for 60 min
with 800 pl of either untreated or liposome-
treated rat serum. After the incubation, 2 ml of
cold PBS(—) containing 40 mM EDTA (pH 7.4)
was added to terminate the reaction. The reaction
mixture was centrifuged at 3000 rpm for 11 min
to remove unlysed E. Hemolysis (%) was evalu-
ated by measuring the absorbance of the superna-
tant at 542 nm.

2.6. Westernblot analysis of C3 fragments
associated with liposomes after incubation with
serum

To 1 ml of a liposome suspension (20 pmol/ml),
9 ml of untreated serum was added and the
resulting liposome/serum mixture was incubated
at 37 °C for 15 min, in order to detect C3 binding
to the liposomes. The liposomes were isolated by
centrifugation (12000 rpm, 30 min, 4 °C) after
the addition of 40 ml of ice-cold PBS(—) to the
incubation mixture, followed by three washings
with 50 ml portions of cold PBS(—). The final
liposome pellet was dissolved in 700 pul PBS(—)
and the liposome concentration was adjusted to
10 pmol/ml with PBS(—) by measuring the ra-
dioactivity of the [*H]-CHE incorporated into the
liposomes. Proteins were extracted from the lipo-
somes (5 pmol) according to a published method
(Wessel and Flugge, 1984). In brief, 4 ml of
methanol, 1 ml of chloroform, and 1.5 ml of
distilled water was added to 1 ml of the resus-
pended liposomes with vortexing after each addi-
tion. The resulting two phase-system was
separated by centrifugation (20 min, 3000 rpm).
The majority of the upper phase was removed by
aspiration but a slight amount was left, to cover
the protein at the interface. Then, 1.5 ml of
methanol was added, resulting in the protein pre-
cipitated. The mixture was subjected to centrifu-
gation (30 min, 3000 rpm) and the supernatant
removed by aspiration leaving the pellet, which
was subsequently dried under nitrogen. The dried
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pellet was resuspended in 1 ml of PBS(—) con-
taining 0.5% SDS (w/v). Protein separation was
performed by SDS-PAGE on 7.5% polyacry-
lamide gels. Prestained SDS-PAGE standards
(Bio-Rad, CA, USA) were used to estimate the
molecular weight of the proteins. For immunode-
tection of C3 fragments, the SDS-PAGE sepa-
rated proteins were electrophoretically transferred
onto a nitrocellulose membrane. The blotted ni-
trocellulose membrane was incubated in blocking
buffer, which consisted of PBS( — ) containing 1%
(w/v) dried skim milk, for 30 min at room temper-
ature. The membrane was then incubated with
5000-fold diluted peroxidase-conjugated anti-rat
C3 goat IgG for 4 hr at room temperature. The
dilution buffer consisted of PBS(—), which con-
tained 0.1% (w/v) BSA. Finally, the labeled C3
fragments (C3b/iC3b) were developed via the use
of ECL Western blotting detection reagents
(Amersham, England). The Westernblot analyses
were repeated twice.

2.7. Solid-phase ELISA for the detection of
natural Abs (IgG or IgM) reactive with the
liposomes

Solid-phase ELISA, to ascertain the identity of
the natural Abs that have reactivity to the lipo-
somes, was carried out according to methods
described earlier (Szebeni et al., 1994) with minor
modifications. In brief, the wells of a 96-well plate
(Nunc-immuno plate, Nunc, Denmark) were
coated with a liposome suspension (100 nmol/ml)
by incubation overnight at 50 °C. After cooling
to room temperature, the plates were blocked
with 100 pl of 0.3% (w/v) gelatin in PBS( — ) for 3
h at room temperature, then washed with PBS( —
), and subsequently incubated with 100 upl of
untreated or liposome-treated serum at a specific
dilution ratio overnight at 4 °C. The plates were
then washed three times with PBS(— ), and 100 pl
of 3000-fold diluted peroxidase-conjugated anti-
rat IgG (whole molecule) goat IgG or peroxidase-
conjugated anti-rat IgM (p-chain) rabbit IgG.
After incubation for 2 h at room temperature, the
plates were washed three times with PBS(—).
Color was developed by adding o-phenylene di-
amine (OPD) (1 mg/ml) in substrate buffer (citric

acid 36.4 mM, Na,HPO, 66.7 mM) with 0.018%
H,O0,. After incubation for 5 min at room temper-
ature, the reaction was terminated by adding 100
ul of 1 M H,SO, and the absorbance at 490 nm
was measured using a Microplate Reader (Model
450, Bio-Rad).

2.8. Statistics

Statistical analyses were performed using
StatView software (Abacus Concepts, CA, USA).

3. Results and discussion

3.1. CHOL content-dependent C activation
induced by liposomes

The release of an entrapped aqueous and mem-
brane impermeable dye, CF (Haugland, 1992),
from liposomes, which is directly related to the
extent of liposome destabilization was determined
following incubation at 37 °C for 30 min in either
untreated rat serum, treated serum or buffer
(PBS(—)) (Table 1). In untreated serum, the lipo-
somes released their contents (CF), and the extent
of CF release increased with increasing CHOL
content of the liposomes. The release of CF from
liposomes of all compositions was higher in the
presence of untreated serum, compared with those
in the absence of serum (in PBS( —)). In addition,
the release of CF from the liposomes was dimin-
ished when either heated serum or divalent cation
(Ca®>* and Mg>*)-depleted serum was used.
These findings indicate that heat labile serum
component(s) and divalent cations (Ca®>* and
Mg? ") are involved in the destabilization of the
liposomes in rat serum. It is well-known that C
activity is completely inactivated by heating serum
at 56 °C for 30 min (Okada et al., 1982) as well as
by excluding the divalent cations (Ca’?* and
Mg?*) from serum (Okada et al., 1982). Collec-
tively, it appears that the release of CF from the
liposomes was caused by CHOL-content depen-
dent C activation induced by the liposomes.

To further verify that the destabilization of
liposomes occurs as a result of C activation, re-
sulting in the fixation of the activated components
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Table 1

Effect of serum treatment on release of entrapped CF from the liposomes containing various cholesterol contents

Release (%)*

Serum treatment HEPC/CHOL/DCP (66:22:11)

HEPC/CHOL/DCP (55:33:11)

HEPC/CHOL/DCP (44:44:11)

Untreated 18.5+3.4 303+1.5 40.1 £2.0

PBS(—) 3.4 £ 0.2%** 2.9 +0.3%** 5.9 +0.3%**
EDTA (10 mm) 3.0 £ 0.6%** 3.3 £0.5%** 4.8 + 0.4%**
56 °C/30 min 3.0 £ 0.1%** 4.1 +0.1%** 6.9 £ 0.1%**

Liposomes were incubated at 37 °C for 30 min with untreated serum, treated serum (90% v/v) or PBS(—). The fluorescence intensity
of released CF was determined as described in Section 2 and expressed as a percentage of the total releasable CF by addition of

5%(v/v) Triton-X solution.

# Values represent mean + S.D. from three independent experiments. ***, P <(0.005 vs. untreated serum.

onto the liposomal surface, C3 fragments, one of
major components of the C system, which were
associated with the liposomes after incubation in
untreated serum at 37 °C were isolated and ana-
lyzed by Westernblot analysis. Four bands (43,
68, 75 and 116 kDa) corresponding to C3 (Wessel
and Flugge, 1984) were detected under reducing
conditions (data not shown).

3.2. Activation pathway of the C system induced
by the liposomes

The effect of Ca?* -depletion on the destabiliza-
tion of the liposomes was examined. The destabi-
lization of both liposomes containing both 22 and
33 mol% CHOL was nearly completely abolished
in Ca?™*-depleted serum, compared with that in
untreated serum, whereas the destabilization of
the liposomes containing 44 mol% CHOL was not
affected (Fig. 1). The liposome-destabilization
pattern changed as a function of the CHOL con-
tent. By excluding Ca®* from the serum, the
alternative pathway activation can be distin-
guished from the classical pathway activation
since the initiation complex of the classical path-
way (Clqr2s2) requires Ca?* (Miiller-Eberhard,
1975). Therefore, we concluded that the lipo-
somes, which contain 22 or 33 mol% CHOL
activated the C system via the classical pathway
and the liposomes containing 44 mol% CHOL
activated the C system via the alternative path-
way. It appeared that the CHOL content dictates
the pathway by which the C system was activated.

3.3. Serum component(s) involved in the C
activation which are induced by the liposomes

Rat serum was incubated with each of the three
liposome formulations at 4 °C for 30 min. Subse-
quently, the liposomes, along with any surface-ad-
sorbed proteins, were removed by centrifugation
(liposome-treated serum). Finally, the C-depen-
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Liposome lipid composition
(HEPC/CHOL/DCP)

Fig. 1. Complement-mediated destabilization of liposomes in
Ca?*-depleted serum. Carboxyfluorescein (CF) entrapped
liposomes composed of either HEPC/CHOL/DCP (66:22:11),
HEPC/CHOL/DCP  (55:33:11) or HEPC/CHOL/DCP
(44:44:11) were incubated at 37 °C for 30 min with either 90%
untreated serum (filled bars) or Ca®* -depleted serum (open
bars). The fluorescence activity due to the released CF from
liposomes was determined as described in Section 2, and is
expressed as a percentage of the total releasable CF by the
addition of 5% (v/v) Triton X-100 solution. Values represent
mean + S.D. (n = 3). ***, P <0.005 vs. Ca?* -depleted serum.
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dent destabilization of each liposome formulation
was determined in each of the liposome-treated
sera at 37 °C (Fig. 2A). The removal of serum
component(s), which are adsorbed to the 22 mol%
CHOL-containing liposomes significantly reduced
the destabilization of, not only the same lipo-
somes, but the 33 mol% CHOL-containing lipo-
somes as well, whereas it had very little effect on
the destabilization of the 44 mol% CHOL-con-
taining liposomes (Fig. 2A, column 2). The re-
moval of serum component(s), which adsorbed to
the 33 mol% CHOL-containing liposomes signifi-
cantly reduced the destabilization of, not only the
same liposomes but 22 mol% CHOL-containing
liposomes as well (Fig. 2A, column 3). This treat-
ment also exhibited an inhibitory effect on the
destabilization of 44 mol% CHOL-containing
liposomes. The removal of serum component(s),
which adsorbed to the 44 mol% CHOL-contain-
ing liposomes significantly reduced the destabi-
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25 50
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Fig. 2.

lization of the liposomes (Fig. 2A, column 4). In
all cases, the removal of serum component(s),
which adsorbed to the liposomes significantly re-
duced the C activation induced by the same lipo-
somes. In addition, C activation via the
alternative pathway, which was induced by the 44
mol% CHOL-containing liposomes, was also re-
duced by this treatment in a CHOL content-de-
pendent manner. These results indicate that serum
component(s), which normally adsorb to the lipo-
somal surface are involved in the initiation of
individual C activation induced by the liposomes.
It should be noted that the removal of serum
component(s), which adsorbed to the 22 mol%
CHOL-containing liposomes significantly reduced
the classical pathway activation without reducing
the alternative pathway activation (Fig. 2A,

Fig. 2. Effect of removal of serum component(s) adsorbed to
the liposomes from serum on either complement-mediated
destabilization of the liposomes or hemolysis of rabbit erythro-
cyte. (A) Carboxyfluorescein (CF) entrapped liposomes com-
posed of either HEPC/CHOL/DCP (66:22:11) (open bars),
HEPC/CHOL/DCP (55:33:11) (hashed bars) or HEPC/
CHOL/DCP (44:44:11) (filled bars) were incubated at 37 °C
for 30 min in untreated serum (column-1), the liposome-
treated serum (90% v/v) in which the serum component(s)
which are adsorbed to the liposomes composed of HEPC/
CHOL/DCP (66:22:11) were removed (column-2), the lipo-
some-treated serum (90% v/v) in which the serum
component(s) which are adsorbed to the liposomes composed
of HEPC/CHOL/DCP (55:33:11) were removed (column-3),
and the liposome-treated serum (90% v/v) in which the serum
component(s) adsorbed to the liposomes composed of HEPC/
CHOL/DCP (44:44:11) were removed (column-4). The lipo-
some-treated serum was prepared as described in Section 2.
The fluorescence activity due to the released CF was deter-
mined as described in Section 2, and is expressed as a percent-
age of the total releasable CF by the addition of 5% (v/v)
Triton X-100 solution. Values represent mean + S.D. (n = 3).
¥ P <0.01; ¥** P <0.005 vs. untreated serum. (B) Rabbit E
(5 x 108 cells per ml) were incubated at 37 °C for 30 min with
untreated serum (%) or each liposome (HEPC/CHOL/DCP
(66:22:11))-treated serum (O), liposome (HEPC/CHOL/DCP
(55:33:11))-treated serum (A) and liposome (HEPC/CHOL/
DCP (44:44:11))-treated serum ([J) in the absence (open sym-
bol) or presence of 10 mM EDTA treatment (filled symbol),
diluted with PBS(+) (PBS(—) with 0.9 mM CaCl, and 0.5
mM MgCl,) as indicated. The liposome-treated serum was
prepared as described in Section 2. The remaining hemolytic
activities were expressed as a percentage of hemolysis in each
sera.
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column 2). This indicates that rat serum contains
at least two separate serum components, which
are responsible for activation of the classical and
alternative pathway.

There is a possibility that the non-specific bind-
ing of C components to the liposomes due to
electrostatic and/or hydrophobic interactions and
their subsequent removal by centrifugation de-
creased the C activity in the serum, thereby reduc-
ing C-dependent liposome destabilization. To test
this, the hemolysis of rabbit E with the adsorbable
protein-removed sera (liposome-treated sera) was
examined. A reduction in the remaining hemolytic
activity signifies the depletion or consumption of
C component(s) by such treatment. Diluting un-
treated serum with PBS(+ ) decreased the levels
of hemolytic activity (Fig. 2B). The dilution curve
for hemolysis in each liposome-treated sera was
not reduced when compared with that in un-
treated serum. Indeed, the hemolytic activity of
serum with or without the removal of liposome-
adsorbed serum component(s) was reduced by
excluding the divalent cations (Ca®>* and Mg ™).
Therefore, the reduction of C activation by the
removal of serum component(s), which adsorbed
to the liposomes (Fig. 2A) was not the result of
the depletion or consumption of C component(s)
required for liposome destabilization.

3.4. Contribution of natural Ab to the
liposome-induced C activation

A likely candidate for the serum component
responsible for the initiation of liposome-induced
C activation is natural Ab, particularly in view of
reports that sera from some animal species con-
tain Abs of the IgG and IgM classes which are
reactive with liposomes (Wassef et al., 1990; Alv-
ing and Swartz, 1991). Therefore, the destabiliza-
tion of the 22 mol% CHOL-containing liposomes
(classical pathway activator) and the 44 mol%
CHOL-containing liposomes (alternative pathway
activator) was examined in IgG- or IgM-depleted
serum. The extent of destabilization of these lipo-
somes was significantly reduced by IgG-depletion
(75.9% inhibition for 44 mol% CHOL-containing
liposomes, 44.9% inhibition for 22 mol% CHOL-
containing liposomes) (Table 2). In the use of

Table 2

Effect of depletion of natural antibodies from rat serum on
C-mediated release of entrapped CF from the liposomes con-
taining of various cholesterol contents

Serum Release (%0)*
treatment
HEPC/CHOL/DCP HEPC/CHOL/DCP
(66:22:11) (44:44:11)
Untreated 455427 62.0+5.3
IgM-depleted 429+1.3 7.8 £+ 0.2%**
IgG-depleted 25.7 +0.6%* 14.9 + 0.5%**

Either anti-rat IgG Ab or anti-rat IgM Ab was incubated at
4 °C for 4 h with rat serum and then the mixture was
centrifuged to remove insoluble conjugate. Carboxyfluorescein
(CF) containing liposomes composed of HEPC/CHOL/DCP
(66:22:11) or HEPC/CHOL/DCP (44:44:11) were incubated at
37 °C for 30 min with the IgG-depleted or IgM-depleted
serum. The fluorescence intensity due to the released CF was
determined as described in Section 2, and expressed as a
percentage of the total releaseable CF by the addition of
5%(v/v) Trition X-100 solution.

# Values represent mean + S.D. from three independent ex-
periments. **, P<0.01; *** P <0.005, vs. untreated serum.

IgM-depleted serum, a reduction was observed in
44 mol% CHOL-containing liposomes (87.4% in-
hibition) and little reduction was observed in the
22 mol% CHOL-containing liposomes (5.7% inhi-
bition) (Table 2). These results suggest that IgG
and IgM class natural Abs contribute to the alter-
native pathway activation, which is induced by
the 44 mol% CHOL-containing liposomes and the
IgG class of natural Abs contributes, in part, to
the activation of the classical pathway. Further-
more, IgG and IgM class natural Abs, which are
both associated with each liposome formulation
(22 or 44 mol% CHOL-containing liposomes)
were determined with solid phase ELISA. This
assay showed the presence of natural Abs (IgG
and IgM), which adsorb to the liposomes in rat
serum (Fig. 3). The amount of natural Abs associ-
ated with 44 mol% CHOL-containing liposomes
was larger than those associated with 22 mol%
CHOL-containing liposomes. These findings,
along with earlier results in this study, suggest
that natural Abs affect the C activation induced
by the liposomes and play an important role in
liposome-induced C activation. The removal of
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serum component(s) which adsorbed to the 44
mol% CHOL-containing liposomes reduced the
amounts of natural Abs (both IgG and IgM
classes) associated with the same liposomes, while
the removal of serum component(s) which ad-
sorbed to the 22 mol% CHOL-containing lipo-
somes reduced the amount of IgG, not IgM,

1.2
A-1

[=]
e 2
S os [% .,
Y
f<3 *®
g @h % o
™ 0.4 A
[=] T
2 2
a
< g

0 T T T

0 200 400 600
Dilution factor
1.5
B-1
o
g
< 1
-
[}
o
(%]
c
[}
£ o5 - i
o
[}
E-}
[ ]
0 T T T
0 100 200 300 400

Dilution factor

associated with the same liposomes (Fig. 3). The
reduction patterns were similar to the reductions
found for the destabilization of liposomes in ei-
ther IgG- or IgM-depleted serum (Table 2).
Therefore, it appears that the IgG and IgM class
natural Abs both contribute to C activation via
the alternative pathway, which is induced by 44
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Fig. 3. Natural antibodies in rat serum, which have a reactivity with the liposomes in untreated or the liposome-treated serum. The
plate coated with liposomes composed of either HEPC/CHOL/DCP (66:22:11) or HEPC/CHOL/DCP (44:44:11) was incubated with
untreated serum or liposome-treated serum overnight. The liposome-treated serum was prepared as described in Section 2. The
detectable Abs (IgG or IgM) reactive with the liposomes were determined with the peroxidase-conjugated anti-rat IgG goat IgG or
peroxidase-conjugated anti-rat IgM rabit IgG. (A-1) Detectable IgG class natural Abs reactive with the liposomes (HEPC/CHOL/
DCP (66:22:11)) in untreated serum (O) or in the liposome (HEPC/CHOL/DCP (66:22:11))-treated serum (A). (A-2) detectable IgG
class natural Abs reactive with the liposomes (HEPC/CHOL/DCP (44:44:11)) in untreated serum (O) or in the liposome
(HEPC/CHOL/DCP (44:44:11))-treated serum (A). (B-1) detectable IgM class natural Abs reactive with the liposomes (HEPC/
CHOL/DCP (66:22:11)) in untreated serum (@) or in the liposome (HEPC/CHOL/DCP (66:22:11))-treated serum (A). (B-2)
detectable IgM class natural Abs reactive with the liposomes (HEPC/CHOL/DCP (44:44:11)) in untreated serum (@) or in the
liposome (HEPC/CHOL/DCP (44:44:11))-treated serum (A). Values represent mean + S.D. for triplicate wells. *, P <0.05; **,

P <0.01; *** P <0.005.
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mol% CHOL-containing liposomes, and IgG class
natural Ab plus another adsorbable serum com-
ponent(s) contributes to C activation via the clas-
sical pathway, which is induced by 22 and 33
mol% CHOL-containing liposomes.

A possible candidate for the other, presently
unknown, serum component responsible for the C
activation via classical pathway induced by the 22
or 33 mol% CHOL-containing liposomes is C-re-
active protein (CRP). CRP exhibits Ca? " -depen-
dent binding to pneumococcal C-polysaccharide
and phosphorylcholine, and subsequently pro-
motes classical pathway activation at the Clq
level (Volanakis, 1982). Liposomes, which contain
large amounts of phosphatidylcholine exhibit
dense areas of phosphorylcholine groups in the
membrane (Collins and Phillips, 1982). Such
dense areas could mediate the binding of CRP
onto liposomal membrane and thereby cause Ab-
independent classical pathway activation. The in-
volvement of CRP in the liposome-induced
classical pathway activation is presently under
investigation in our laboratory.

The findings presented here show that the
amount of CHOL in the liposomes is a determi-
nant of the activation pathway of the C system
(classical vs. alternative pathway). This suggests
that optimal membrane properties might exist,
such as fluidity, which serve as requirements for
the binding of serum component(s) to initiate C
activation via the alternative pathway or classical
pathway. The fluidity of biological and liposomal
membranes is largely determined both by the PL
fatty acyl unsaturation and by the CHOL content
of the membrane (Oldfield and Chapman, 1971).
The fluidity of the liposomes used here would be
expected to be increased by the addition of CHOL
into a membrane composed of saturated PL
(HEPC); however, we found previously that the
fluidity remained virtually unchanged by the addi-
tion of CHOL (Nagayasu et al., 1996), indicating
that the change in the extent of C activation and
the activation pathway, which is dependent on the
CHOL content, are not solely due to the fluidity
of the liposomal membrane. It has been shown
that changes in membrane fluidity affect both the
initiation of C activation and the assembly of
membrane attack complex of C on liposome

membranes (Humphries and McConnell, 1975).
This complication has prevented our understand-
ing of the underlying mechanism of C activation
by liposome systems. The liposome system de-
scribed here represents a potentially useful model
with which to study the underlying mechanism of
the activation of the C system because the fluidity
remains virtually unchanged (Nagayasu et al.,
1996).

CHOL has widely been studied as a fundamen-
tal and ubiquitous constituent because of its wide-
spread distribution and important biological
roles. Recently, CHOL-dependent C activation
has been implicated as a possible mechanism for
the pathogenesis of atherosclerosis (Alving, 1998;
Alving and Swartz, 1991). Furthermore, natural
Abs to CHOL would serve a useful normal func-
tion through C activation for removing debris
derived from damaged or dead cells due to either
necrosis or apoptosis. Therefore, the liposomal
system described here represents a potentially use-
ful tool for investigating how C activation occurs
in vivo and how the C system plays a role in the
pathogenesis of atherosclerosis and for removing
debris derived from self-cells in vivo.
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