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The interaction of liposomes with blood proteins is believed to play a critical role in the clearance
pharmacokinetics and tissue distribution of intravenously injected liposomes. In this article we have
focused our discussion on the interaction of liposomes with key blood proteins, which include immu-
noglobulins, complement proteins, apolipoproteins, fetuin, von Willebrand factor, and thrombospondin,
and their role in liposome recognition by professional phagocytes and nonmacrophage hepatic cells.
Alternatively, macrophages as well as hepatocytes and liver endothelial cells may phagocytose/
endocytose liposomes via direct recognition of phospholipid headgroups. A number of plasma mem-
brane receptors such as lectin receptors, CD14, various classes of scavenger receptors (e.g., classes A, B,
and D), FcyRI and FeyRII-B2 may participate in phospholipid recognition. These concepts are also
discussed.
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INTRODUCTION

Recovery of liposomes from the blood or separation of
liposomes from in vitro serum or plasma incubations has dem-
onstrated that liposomes acquire a coating of proteinaceous
molecules (1). However, the binding of blood proteins to li-
posomes differs considerably in amount and in pattern de-
pending on the biophysical properties of the vesicles and
other factors. These include vesicle morphology, surface cur-
vature and charge, lipid composition, bilayer packing, tem-
perature-dependent packing defects, and vesicle dose, as well
as the methods used for isolating liposomes from the blood or
serum (2-5). Studies of blood protein-liposome interactions
have begun to rationalize the clearance pharmacokinetics and
tissue distribution of intravenously injected vesicles in differ-
ent animal models. If such protein-lipid interaction studies
are indicative of liposome clearance profiles and their final
destination, then it is necessary to identify the key blood pro-
teins and determine their mode of action. In addition, it is also
necessary to evaluate how the protein binding profile changes
over time for liposome compositions having relatively long
circulation times or following repeated vesicle administration.
For example, a recent study (6) demonstrated that intrave-
nous administration of poly(ethylene glycol)-grafted lipo-
somes (an example of long circulating vesicles) into rats could
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elicit the production of a serum factor that influences phar-
macokinetics and Kupffer cell recognition of subsequent li-
posome injections. Interpretation of the in vitro observations
should also be done cautiously. For example, differences have
been reported in the sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) profile of the proteins as-
sociated with various anionic large unilamellar vesicles
(LUVs) isolated in vivo compared with vesicles isolated from
in vitro incubations, thus reflecting the complexity associated
with the in vivo system. For instance, two proteins with ap-
parent molecular weights of 22 and 14 kDa were found to be
associated with LUVs in vivo, but were absent from recov-
ered LUVs in vitro (4). Some of these proteins may represent
cell-derived proteins and/or proteolytic fragments generated
from physiologically vital protein-protease systems (e.g.,
blood coagulation systems) and could play a vital role in
vesicle recognition by phagocytic cells.

In this minireview, we discuss recent breakthroughs in
liposome blood protein interaction and recognition of such
complexes by macrophages and other relevant cells. We also
speculate on the role of some ignored blood proteins on
vesicle opsonization. Nonopsonic blood proteins could also
play an important role in particle clearance. Following ad-
sorption onto particle surfaces, nonopsonic proteins could ex-
perience conformational changes. Such changes probably ex-
pose chemical groups that could either be recognized directly
by certain phagocyte cell surface receptors or could act as
ligands for subsequent recognition by blood opsonins. On the
other hand, macrophages and endothelial cells may directly
recognize phospholipid headgroups leading to vesicle endo-
cytosis/phagocytosis. We also discuss the involvement of pos-
sible receptors in this process.
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OPSONIZATION AND OPSONORECOGNITION
OF LIPOSOMES

Immunoglobulins

Liposomes can be intentionally opsonized with nonspe-
cific and monoclonal antibodies in order to enhance their
recognition and clearance by macrophages via their Fc recep-
tors both in vitro and in vivo. This subject has been reviewed
repeatedly in the past (7). In vivo opsonization of liposomes
by IgM and different subclasses of IgG can also occur. For
example, interaction of natural antibodies against liposomal
cholesterol and phospholipids may play a critical role in
vesicle clearance from the blood, not only via macrophage Fc
receptors but also by incorporation with complement and
apolipoprotein receptors (see also complement and apolipo-
proteins) (8,9). In the absence of complement, the clearance
of IgG-opsonized particles by macrophages involves binding
to Fc receptors, engulfment by lamellipodia that project from
the cell surface, internalization by a zipper process, and sub-
sequent delivery of the particles to acidic endosomes and fi-
nally to lysosomes for degradation (10). Furthermore, the size
of immunoliposomes plays a critical factor in determining the
extent of vesicle entry into the cell; the smaller the size of the
immunoliposomes, the greater their uptake (reviewed in ref-
erence 7). [gG-mediated phagocytosis of drug carriers is as-
sociated with the loss of the cell surface Fc receptor. This
down-regulation of Fc receptors arises when the receptor is
not recycled to the plasma membrane, but instead is degraded
in lysosomes. Recycling of Fc receptors takes place only when
a monovalent ligand is bound to the receptor (10).

A number of Fc receptors could participate in recogni-
tion of antibody-bearing vesicles. The human FcyRI (ho-
mologous to murine FcRI or the monomeric IgG2a receptor)
is not only the high-affinity receptor for monomeric IgG, but
also recognizes IgG-coated particles (11) (see also macro-
phage FcyRII-B2 in this review). This receptor is unique
among the Fcy receptors in being confined to resting cells of
a single lineage, the phagocytic monocyte/macrophage (12).
However, resting human Kupffer cells do not express FcyRI
(12). In the liver, expression of FcyRI, is restricted to Kupffer
cells at the sites of inflammation and is apparently unrelated
to the type of liver disease (12). This receptor may play some
role in liposome clearance in individuals suffering from liver
diseases (see also Macrophage FcyRII-B2 section, this re-
view). The recognition of IgG-coated particles by resident
liver and spleen macrophages is usually confined to FcyRIITA
(11,12). In human liver, the expression of the FcyRIITA is
restricted only to Kupffer cells located in the central area of
the liver lobule, and its expression is enhanced in patients
with acute and chronic active hepatitis (types B and C) (12).
The Fc receptors found on monocytes and lymphocytes also
seem to participate in the recognition of C-reactive protein-
coated vesicles (7,10,11).

Complement Proteins

Liposomes have been used extensively as a model mem-
brane to study the mechanism of complement activation and
complement-mediated membrane damage. However, con-
flicting reports have emerged concerning the important phys-
icochemical properties of liposomes for complement activa-
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tion and the relevance of such information with regard to in
vivo liposome pharmacokinetics and clearance in different
mammals. The basis of these inconsistencies is due to either
species/intraspecies differences in complement proteins and
complement activation and/or to the artificial nature of the in
vitro studies (e.g., the absence of vascular shear forces, expo-
sure to anticoagulated plasma or serum, type of the antico-
agulant, or premature degradation of some complement pro-
teins).

Nevertheless, liposomal activation of the classical path-
way occurs when natural antibodies to phospholipids and cho-
lesterol bind to the vesicles (5,8,9,13,14). Such antibodies are
widespread in all animal species, although specificities and
titers show substantial inter- and intraspecies variation (8,14).
Liposomes can also activate complement through nonanti-
body-mediated mechanisms via the classical and alternative
pathways (5,13,15,16). For example, in the absence of specific
antibodies, anionic phospholipids such as cardiolipin, phos-
phatidylserine (PS), phosphatidic acid (PA), dicetyl phos-
phate (DCP), and phosphatidylglycerol (PG) when incorpo-
rated into the liposome bilayer interact with the complement
protein Clq, a process which leads to activation of the clas-
sical pathway in rat, guinea pig, and human (13,17,18). In
human serum, PS also activates complement via the alterna-
tive pathway; this activation is further enhanced by incorpo-
ration of phosphatidylethanolamine (PE) into the vesicular
bilayer (7). Similarly, liposomes prepared from lipid extracts
of the inner membrane leaflet of erythrocytes (enriched with
PS and PE) or having a composition similar to that of sickle
red blood cell outer leaflet (enriched with PE) all activate the
human complement system via the alternative pathway. The
presence of positively charged lipids, particularly those that
have been used in gene-transfer protocols, promotes comple-
ment activation by the alternative pathway in human serum.
However, some positively charged vesicles activate the clas-
sical pathway following binding to C-reactive protein (CRP)
(19). Note that in rat serum, alternative pathway activation by
cationic lipids is minimal (20). Complement activation may
also occur following association of serum mannose-binding
protein (MBP), a C-type lectin with specificity for mannose
and N-acetylglucosamine sugars, with the liposome surface.
For example, MBP is known to bind to certain anionic phos-
pholipids such as phosphatidylinositol (PI) (21). MBP is be-
lieved to activate the classical pathway of complement
through the interaction and activation of the C1r2Cls2 com-
plex (1). Furthermore, MBP itself may act as an opsonin hav-
ing an affinity for the macrophage Clq receptor (e.g., as ex-
pressed by human Kupffer cells) (22). In contrast to charged
liposomes, neutral egg phosphatidylcholine (PC) or lysoPC
vesicles activate complement only after prolonged incubation
in serum, presumably via CRP (23). Recently, Nilsson et al.
(24) demonstrated a unique set of conformational changes
related to a target adsorbed form of C3. This was evident
from the exposure of neo-antigenic epitopes detected by
mono- and polyclonal antibodies specific for bound C3 frag-
ments. A subset of epitope, which occurs during denaturation
and binding of C3, is capable of forming an initiating C3
convertase in the presence of factors B and D, leading to
initiation of complement activation via the alternative path-
way. It is therefore possible that nonspecific adsorption of
human C3 on to the liposome surface in general could lead to
complement activation via the alternative pathway.
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Incorporation of cholesterol into the liposomal bilayer
influences complement activation in a dose-dependent man-
ner; increasing the cholesterol content of the vesicles in-
creases the extent of complement activation (5,20). Here, fa-
cilitation of complement activation may be due to the forma-
tion of crystalline cholesterol (a potent activator of
complement) and/or changes in bilayer structure, fluidity, and
surface curvature, thus affecting lipid-protein interaction
(e.g., Clg-phospholipid). Vesicle size also plays a critical role
in complement activation (18,20,25). From static in vitro stud-
ies it appears that at a fixed lipid concentration, larger lipo-
somes (200 nm and above) are more efficient at activating
complement than are smaller vesicles. This probably suggest
the importance of geometric factors and surface dynamics on
the initial assembly of proteins involved in complement acti-
vation.

Immunoblotting studies have shown that the exposure of
complement-activating vesicles to serum is associated with
deposition of degradative C3 components and C9
(5,15,20,26). However, analysis of the pattern of C3 degrada-
tion products and their mode of linkage to the surface of
liposomal formulations needs to be studied in detail. Such
experiments may explain why a particular type of comple-
ment-activating vesicle exhibits different pharmacokinetics
and clearance behavior from the blood when compared to
another. Nevertheless, the deposition of C3 degradative prod-
ucts onto the surface of liposomes could stimulate vesicle
recognition by activated complement receptors of polymor-
phonuclear cells (PMN), Kupffer cells, and spleen macro-
phage in rats, monkeys, and humans. However, murine
Kupffer cells apparently lack complement receptors for C3
fragments, as they are hardly detectable by immunohisto-
chemical techniques (11). The inability to detect these frag-
ments could be due to the absence of such receptors or to
blockade by bound ligands. Experiments with cDNA probes
by in situ hybridization are necessary to determine whether
the mRNA for C3 receptors is present in murine Kupffer
cells. Nevertheless, this apparent lack of C3 receptors on
mouse Kupffer cells suggests the involvement of other mecha-
nisms for liposome uptake. Macrophage clearance and recog-
nition of liposomes in knockout mice with abnormalities in
the complement component C3 could further clarify this issue
(27). Erythrocytes as well as platelets also express comple-
ment receptors and therefore are likely to participate in lipo-
some clearance. For instance, Loughrey et al. (28) demon-
strated C3b-mediated interaction of liposomes with rat plate-
lets and suggested that such an interaction will result in
removal of liposomes by the reticuloendothelial system
(RES) due to formation of platelet-liposome microaggre-
gates. Even though human platelets lack CR1, the receptor is
expressed by blood monocytes, PMN, and erythrocytes (11).
The role of these cells in liposome clearance has been ne-
glected in the past. Since human and primate erythrocytes can
bind to immune complexes (via a C3b-CR1 interaction) and
transfer them to phagocytic cells during erythrocyte passage
through the liver and spleen, a role for erythrocytes in lipo-
some transfer to tissue macrophages seems possible. This
speculation is worthy of investigation, because circulating
erythrocytes outnumber circulating leukocytes and the vast
majority of CR1 receptors present in circulation are located
on the erythrocytes.

The association of C9 with liposomal membranes could

be indicative of the activation of the entire complement path-
way and possibly the assembly of membrane attack com-
plexes (MACs) on the vesicle bilayer. The pores induced by
MAC could also serve as sites for insertion of other plasma
proteins into lipid bilayers. This mechanism may be respon-
sible for murine Kupffer cell recognition of liposome follow-
ing complement activation. Finally, activation of complement
by liposomes in vivo may have effects beyond opsonization or
MAC formation. For example, pigs have natural antibodies to
cholesterol and phospholipids, and infusion of certain lipo-
some compositions into these animals causes anaphylaxis or
death (14).

Apolipoproteins

Association of plasma apolipoproteins with liposomes
has been reported (see reference 29 for a recent review). Such
associations may bear some importance for liposome recog-
nition and clearance from the blood by both phagocytic and
nonphagocytic cells. Experiments with transgenic animals
that overexpress or lack several apolipoproteins (A-I, A-II,
A-1V, C, E, B) or their corresponding receptors (30) (see also
Scavenger Receptors section) are beginning to clarify this
matter. For example, studies in apo E-deficient mice demon-
strated a role for apo E in recognition and uptake of choles-
terol-containing, small-sized egg PC liposomes by hepato-
cytes, presumably via low-density lipoprotein receptors (31).
PS-containing liposomes adsorb significantly more apo E than
do neutral liposomes, but their sequestration by the liver of
apo E-deficient mice was found to be higher than that in
control animals. Although Kupffer cells were predominant in
liposome uptake, a significant fraction of PS-vesicles were
cleared by hepatocytes. Therefore, recognition of PS-vesicles
by hepatocytes is either mediated by apolipoproteins other
than apo E or is independent of the opsonization processes
(see also Scavenger Receptors section). In contrast to hepa-
tocytes, the uptake of both neutral and PS-containing lipo-
somes by splenic macrophages of apo E-deficient knock-out
mutant mice is independent of apo E (31).

Recently, it was suggested that autoantibodies to phos-
pholipids bind to oxidized anionic lipids (e.g., cardiolipin), but
not to a reduced form of an anionic lipid that cannot undergo
oxidation (9). The neoepitopes recognized by some auto anti-
phospholipid antibodies consist of adducts formed between
the breakdown products of oxidized phospholipids (e.g., al-
dehydes generated during the decomposition of oxidized
polyunsaturated fatty acids) and associated proteins, particu-
larly the “reverse” acute-phase apolipoprotein H (B2-
glycoprotein I) (9). Therefore, apolipoprotein H may mediate
the phagocytic uptake of anionic vesicles either directly via
the corresponding receptors on macrophages or in association
with other blood proteins, such as anti-phospholipid antibod-
ies (i.e, via complement and/or Fc receptors). Indeed, a recent
study in mice demonstrated the association of apolipoprotein
H with rapidly cleared anionic vesicles injected at low doses
(32). Interestingly, apolipoprotein J, which shares some struc-
tural similarities with apolipoprotein H, has no affinity for
anionic vesicles (32).

A Putative Egg PC/Cholesterol Opsonin

In rats, large size cholesterol-containing liposomes (700—
800 nm) are cleared rapidly from the blood by the liver.



Complement activation was suggested to be a key mechanism
for the hepatic clearance of such vesicles (33,34). On the other
hand, numerous in vivo studies in rats have demonstrated that
smaller sized cholestrol-containing vesicles (100-400 nm) lo-
calize less efficiently to the liver; spleen and bone marrow
tend to play a major role in the clearance of such liposomes
from the blood (reviewed in reference 35). Studies with
freshly isolated rat Kupffer cells demonstrated a minor role
for rat serum complement in recognition of both cholesterol-
poor (20 mole% cholesterol content) and cholesterol-rich
(46.6 mole % cholesterol) egg PC vesicles of 100-400 nm (de-
spite the complement-activating nature of such vesicles and
the presence of active complement receptors on isolated
Kupffer cells) (11,36). However, serum displayed a dual role
in Kupffer cell recognition of liposomes: It enhanced the up-
take of cholesterol-poor vesicles but suppressed that of cho-
lesterol-rich counterparts. The enhanced uptake of choles-
terol-poor vesicles was attributed to the presence of an un-
identified heat-stable calcium-sensitive serum protein (37,38).
Two heat-stable rat serum proteins, responsible for suppres-
sion of liposome uptake by Kupffer cells, were also partially
purified (11,35). A tentative hypothesis (11) has suggested
that a balance between the blood opsonic molecule and these
suppressive proteins (dysopsonins) could regulate the quan-
tity and the rate of clearance of liposomes from the blood by
Kupffer cells. Dysopsonins could modulate the rate of lipo-
some uptake by reducing the amount of liposome-bound op-
sonin and hence protect Kupffer cells from being destroyed
by excessive binding and ingestion of liposomes, particularly
for those vesicles that are more resistant toward lysosomal
esterases (39). This attractive speculation is rather analogous
to nonmacrophage Hepatoma G2 cells, where the uptake of
egg PC liposomes is mediated by apo E (40). Although apo-
lipoproteins A-IV and A-I become associated with liposomes,
these lipoproteins modulate the receptor-mediated uptake of
vesicles by reducing the amount of liposome-bound apo E.

In contrast to hepatic macrophages, from in vitro cell
studies it appears that heat-labile serum factors (e.g., some
components of the complement system) play an important
role on the uptake of cholesterol-rich liposomes by rat spleen
and bone marrow phagocytic cells (reviewed in reference 11).
These simple in vitro studies are in agreement with in vivo
tissue distribution of intravenously injected cholesterol-
containing vesicles and indicate the involvement of different
serum factors on liposome recognition by different phagocytic
cells.

Fetuin (Human «2-HS-Glycoprotein)

Fetuin is an acidic negative acute-phase glycoprotein
with three N-linked and three O-linked oligosaccharide
chains, the terminal sugar residues of which are rich in sialic
acid. Hepatocytes are the principal cell source of circulating
fetuin. The biological role of fetuin is unknown, although it
has been implicated as an immunomodulator that can partici-
pate in the stimulation of bacterial phagocytosis by neutro-
phils and promotion of endocytosis by mouse macrophages
(41). Recently, fetuin was shown to act as an opsonin for
cationic molecules (e.g., spermine) (41). Macrophages use fe-
tuin to assess the abundance of extracellular spermine, which,
in turn, down regulates synthesis of proinflammatory cyto-
kines and prevents excessive inflammation (41). A role for
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fetuin in stability and blood clearance of cationic liposomes is
worthy of investigation.

von Willebrand Factor (and Thrombospondin)

von Willebrand factor is an adhesive protein that mainly
contributes to hemostatic plug formation, and its function is
limited to the maintenance of intact blood vessels. This pro-
tein is stored in the a-granules of platelets or in endothelial
cell-specific Weibel-Palade bodies. Although the contribution
of von Willebrand factor in immune defense has not been
recognized fully, a recent study demonstrated that plasma von
Willebrand factor, as well as thrombospondin, opsonized sul-
fatide-rich particles and enhanced their phagocytosis by hu-
man monocytes independent of immunoglobulins and
complement (42). Thrombospondin had three times more af-
finity than von Willebrand factor for sulfatide-rich particles.
It is reasonable to speculate that these macromolecules may
opsonize sulfatide-rich or other anionic vesicles and promote
their recognition by the scavengers of the RES, either directly
(presumably via the scavenger receptor CD36 and the inte-
grin o ;) or via transfer by platelets (e.g., following interac-
tion with platelet CD36 or the integrin a;p,B5) (43).

OPSONIC-INDEPENDENT RECOGNITION

Recently, Liu and Liu (44) demonstrated that the uptake
of liposomes by perfused mouse liver, when expressed as per-
centage of added dose, is insensitive to the presence of serum.
This led to the suggestion that the uptake was directly related
to surface characteristics of the vesicles and direct recognition
by macrophage receptors. For example, while the uptake of
neutral egg PC/cholesterol vesicles was relatively poor, inclu-
sion of low concentrations of either DCP or PS in the lipid
bilayer dramatically enhanced vesicle uptake by the perfused
liver both in the absence and the presence of serum. Further-
more, preperfusion of liver with neutral or DCP-containing
vesicles had no effect on the uptake of PS liposomes. This
further suggested the existence of multiple serum-
independent mechanisms of liposome recognition (44,45).
Similarly, other workers (46) have also suggested that the
liposome uptake by certain cell lines is also insensitive to the
presence of serum. For instance, endocytosis of liposomes
containing 9 mole% of various negatively charged lipids by
CV1 cells, an African green monkey kidney cell line, as well
as J774 cells, a murine macrophage-like cell line, was insen-
sitive to the presence of serum (46). The same was true with
liposomes bearing higher percentages of negative charge in
the case of CV1 cells. However, uptake by J774 cells was
strongly reduced by serum, particularly at high surface-charge
density. Furthermore, liposome uptake by J774 cells dis-
played a strong inhibitory response toward polyanions,
whereas uptake by CV1 cells was insensitive to such agents
(46). Although the views of Liu and Liu (44) and others
(45,46) seem logical with respect to the existence of a serum-
independent mechanism in liposome recognition by macro-
phages, a serum-dependent mechanism can also explain these
observations. Let us assume that two macrophage receptors
R1 and R2 participate in liposome recognition; R1 recognizes
a particular phospholipid headgroup (a serum-independent
mechanism) while R2 binds to and internalizes protein-coated
vesicles (serum-dependent uptake). However, when uptake is
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expressed as a percentage of the added dose, similar values
are obtained. This raises doubt as to which mechanism is the
true representation of liposome uptake in vivo. This problem
can be resolved by identifying and cloning the participant
receptors and performing liposome distribution studies in
transgenic animals.

If macrophages, hepatocytes and liver endothial cells can
recognize phospholipid headgroups in vivo, then what are the
likely receptors that participate in this process and initiate
vesicle internalization?

Hepatic Lectin Receptors

Recent in vitro studies have demonstrated that the rat
liver MBP binds strongly to PG liposomes and to some extent
to PS liposomes (21). Competition studies further indicated
that the binding sites for PG and PS in the liver-MBP mol-
ecule might be different from each other (21). Although these
observations provide evidence for a novel type of ligand bind-
ing specificity for liver-MBP, the physiological significance of
liver-MBP binding to acidic phospholipids remains to be clari-
fied.

Scavenger Receptors (SRs)

SRs are well known to endocytose chemically modified
lipoproteins (47). Other ligands for SRs include polyanionic
macromolecules, bacterial polysaccharides, silica, and possi-
bly anionic liposomes. Six classes of SRs have now been rec-
ognized on the basis of structural homologies and ligand-
binding properties (reviewed in references 48 and 49). All are
plasma membrane proteins that are expressed on a number of
cell types; in particular, cells of the immune system and en-
dothelia. With regard to liposome recognition, macrophage
classes A, B, and D SRs are of potential interest. In addition,
endothelial and hepatocyte SRs may also participate in lipo-
some clearance from the blood.

Class A SRs

Class A SRs are essentially restricted in expression to
macrophages. Class A receptors are trimeric: three members
have been identified (two type A receptors and MARCO)
(48). SR-AI and SR-AII are alternative transcripts of the
same gene. The type II receptor is identical to type I, except
that the cysteine-rich domain is replaced by a six-residue car-
boxyl-terminus. Both SR-AI and SR-AII have four identified
domains: a cytoplasmic tail, a transmembrane domain, an al-
pha-helical coil, and a collagenous domain. The binding site
for acetylated low-density lipoprotein, and possibly microbial
ligands, is located in the collagenous domain (49). It is also
interesting to note that Clq also has a collagenous domain
that exhibits similar ligand-binding properties to SR-AI (e.g.,
binding to polyanions and anionic liposomes, as discussed
earlier), but Clq is not able to bind acetylated low-density
lipoproteins (50). The third member, MARCO, has cytoplas-
mic, transmembrane, and spacer domains that are not related
to SR-ATI and SR-AII, but a collagenous and a cysteine-rich
domain that are homologous to SR-AI (49). This receptor
was shown to recognize intact Gram-negative bacteria (51).

There have been contrasting views regarding a role for
class A SRs in liposome recognition. Early studies of Dijkstra
et al. (52) excluded the participation of such receptors on the
uptake of liposomes containing 10 mole% PS by isolated rat

Kupffer cells in culture. However, the binding of PS-
containing liposomes to Kupffer cells was competitively in-
hibited by carboxylated latex beads, emphasizing the impor-
tance of multiple negatively charged groups for macrophage
recognition. Recently, a role for class A SRs in the uptake of
liposomes containing 30 mole% or more PS by cultured rat
Kupffer cells was suggested (31,53). Therefore, it is very likely
that particular stereo organization and density of charge are
essential for liposome recognition by Kupffer cell SRs in
vitro. Surprisingly, preinjection of rats with polyinosinic acid
(an inhibitor of class A SRs) failed to inhibit the uptake of
such PS-containing vesicles by Kupffer cells (53). This prob-
ably indicates the importance of other pathways or macro-
phage SRs, such as CD36 and macrosialin (see below), for in
vivo liposome recognition. Confusion also exists with regard
to liposome recognition by peritoneal macrophage SRs. Com-
petition studies with various ligands for the class A SRs
showed that acetylated low-density lipoprotein, dextran sul-
fate, or fucoidan was able to compete for up to 60% of the
binding of PS-containing liposomes to mouse peritoneal mac-
rophages (54). Furthermore, PS-containing vesicles were able
to compete for more than 90% of the binding of acetylated
low-density lipoproteins to mouse peritoneal macrophages.
While these studies indicated a role for class A SRs, COS cells
that were transfected with type Al and type AII receptors
were not able to bind and internalize PS-incorporated vesicles
(54). Recently, mice deficient in type I and type II macro-
phage SR-A were generated by disrupting exon 4 of the mac-
rophage SR-A gene (55). Biodistribution of liposomes in such
transgenic animals could clarify the role of macrophage SR-A
in recognition of anionic vesicles. Similarly, it would be inter-
esting to study the response of mice with a targeted disruption
of the MARCO gene to a range of anionic phospholipid
vesicles.

Class B SRs (CD36, BI, and BII)

These receptors are expressed on macrophages, platelets,
adipocytes, and some endothelial cells, and all have a single
extracellular domain with a carboxyl-terminal region that has
conserved cysteine residues (48). So far, the identified ligands
for class B receptors include thrombospondin, collagen, oxi-
dized LDL, PS, and PS-incorporated liposomes (56-58).
Gene transfer of CD36 to nonphagocytic cells also confers
recognition for PS (58).

Rat liver hepatocytes express a BI type SR that partici-
pates on the uptake of high-density lipoprotein cholesteryl
esters (HDL-CE) without parallel apolipoprotein uptake
(59). Anionic phospholipid liposomes can inhibit HDL-CE
uptake by 40%, whereas neutral vesicles are ineffective (59).
Therefore, a role for rat hepatocyte SR-BI in recognition of
anionic vesicles cannot be ruled out.

Class D SRs: Murine and Rat Macrophage Macrosialin
(Human Homologue CD68)

Macrosialin or CD68 are macrophage-specific members
of a family of widely distributed and extensively O- and N-
glycosylated lysosome-associated membrane glycoproteins
with a unique mucin-like extracellular domain (47). Macro-
sialin is overexpressed in thioglycollate-elicited murine mac-
rophages (60). Treatment of murine macrophages with phor-



bol ester also increases the expression of macrosialin (60).
The expression of macrosialin by rat Kupffer cells has been
demonstrated recently (61). Class D receptors are capable of
recognizing both oxidized low-density lipoproteins as well as
PS-rich liposomes (47,60). Although the predominant intra-
cellular localization of macrosialin in late endosomes contra-
dicts its possible role as an anionic phospholipid receptor, it is
possible that macrosialin exhibits very rapid translocation be-
tween intracellular sites and the plasma membrane. A defini-
tive demonstration that macrosialin or CD68 is an important
player in liposome recognition is dependent on future analysis
of macrosialin knockout animals.

Other Endothelial SRs

In addition to class B receptors, endothelial cells express
a number of lectin-like SRs (e.g., classes E and F) that par-
ticipate in the uptake of low-density lipoproteins, apoptotic
cells, and possibly anionic liposomes (62-65). To date, limited
studies have shown that, in a serum-free media, rat liver en-
dothelial cells are able to recognize liposomes containing 30
mole% PS via the SRs (53). However, in the presence of
serum the uptake was inhibited, indicating that the adsorption
of serum proteins onto the liposome surface can mask the PS
headgroups and hence block interaction with SRs. Similarly,
vesicles containing 100% PS also failed to interact with liver
endothelial cells in vivo (53). Studies with annexin-V are still
necessary to demonstrate whether serum protein can mask PS
headgroups in vesicles of different surface curvature; indeed,
annexin-V has high affinity for apoptotic cells or activated
platelets with exposed PS in vivo (66). In contrast to the
above-described liposome formulations, rat liver endothelial
cells recognized and cleared intravenously injected poly-
anionized proteoliposomes (e.g., polyaconitylated human se-
rum albumin-grafted liposomes) of 100 nm in diameter via
SRs (67). Presumably, the projected polyaconitylated albu-
min molecules can expose the correct conformational require-
ments of the negative charge cluster for recognition by such
receptors. However, the targeting was not fully specific, be-
cause Kupffer cells and to some extent hepatocytes partici-
pated in the clearance process. Increasing the size of the
vesicles also resulted in efficient capture by Kupffer cells (67).
Nevertheless, it seems that the abundant presence of various
types of SRs in the liver plays an important role in intrahe-
patic distribution of anionic vesicles.

Macrophage FcyRII-B2

The murine 50 kDa FcyRII-B2 macrophage protein has
also been identified as a putative oxidized low-density lipo-
protein receptor that mediates internalization independent of
IgG (68). Preliminary results also indicate that FcyRI also
binds oxidized low-density lipoprotein with high affinity (69).
An immunoglobulin-independent recognition mechanism of
anionic vesicles by such classes of Fc receptors seems possible.

CD14 Antigen

This molecule is a physiologically important receptor for
lipopolysaccharide (which is also a ligand for SR-AI) and is
expressed strongly by blood monocytes and activated granu-
locytes (70). Recently, CD14 was shown to bind to apoptotic
B cells, presumably recognizing the exposed PS (70). In the

Moghimi and Hunter

human liver, the expression of CD14 on Kupffer cells is neg-
ligible (12). However, in both acute and chronic liver diseases,
most liver macrophages are positive for CD14 (12). It is pos-
sible that liver macrophages in various liver diseases are ac-
tivated to express CD14. Therefore, a role for CD14 in the
recognition of modified lipoproteins as well as anionic lipo-
somes by monocytes and stimulated liver macrophages must
be considered.

A Putative Stearylamine Receptor

Recently, it was demonstrated that treatment of rats with
diethylstilbestrol (a synthetic estrogen) results in overexpres-
sion or increased activity of a putative plasma membrane re-
ceptor in Kupffer cells (or newly recruited liver macrophages)
that can recognize the surface determinants of stearylamine
incorporated egg PC vesicles in the blood (71). In vitro com-
petition studies further demonstrated that this putative recep-
tor plays a minor role in the clearance of neutral and anionic
vesicles (e.g., DCP-incorporated vesicles).

WHY SO MANY MECHANISMS?

It appears that phagocyte recognition of phospholipid
vesicles is a complex phenomenon and it is unlikely that this
complexity is merely a reflection of in vitro approaches. Li-
posomes represent a simple model for biological membranes
and it is therefore not surprising to see that they share similar
mechanisms, for example, with apoptotic or damaged cells for
recognition by phagocytes. Not all macrophages are identical:
considerable heterogeneity with respect to phenotype and
physiological properties exists between different types of
macrophages and even among macrophages of the same tis-
sue (11). Therefore, particular populations of phagocytes may
employ one predominant recognition mechanism.

There are also data to show that phagocyte receptors
may need to cooperate to achieve phagocytosis of certain
particulates and cells. Therefore, cooperation between fibro-
nectin (or immunoglobulins) with complement (72) or o3
with CD36 (43) may increase the efficiency of liposome
phagocytosis and clearance from the blood. The presence of
multiple mechanisms may further suggest an arrangement
based on a recognition hierarchy. For example, a particular
macrophage receptor might recognize the earliest changes as-
sociated with the liposome surface in the blood, while other
receptors might recognize liposomes at a later stage, thus
ensuring complete removal of vesicles from the circulation.

Finally, the advances in immunological sciences and the
use of increasingly sophisticated genetic approaches to
modify selected macrophage receptor activity or generating
abnormalities in circulating levels of candidate opsonins will
begin to define more clearly the in vivo contribution of each
of the different receptors and opsonic molecules in macro-
phage recognition of phospholipid vesicles. Such biochemical
and immunological approaches will facilitate and focus the
mind of pharmaceutical scientists for rational design of lipo-
somal-based medicines.
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