Original Paper

International Archives of

Allergy..
Immunology

Int Arch Allergy Immunol 2005;136:83-89
DOI: 10.1159/000082588

Received: April 22, 2004
Accepted after revision: September 30, 2004
Published online: December 8, 2004

An Increased Adjuvanticity of Liposomes by
the Inclusion of Phosphatidylserine in
Immunization with Surface-Coupled Liposomal

Antigen

Masahito Mori2 Mitsuhiro Nishida?

Naoya Maekawa?

Hiroyuki Yamamura? Yuriko TanakaP? Michiyuki Kasai® Maiko TaneichiP

Tetsuya UchidaP®

aDrug Delivery System Development Division, Nippon Oil and Fat Corporation, and PDepartment of
Safety Research on Blood and Biological Products, National Institute of Infectious Diseases, Tokyo, Japan

Key Words
Phosphatidylserine - Liposome - Antigen presentation -
Adjuvant - Lipid component

Abstract

Background: Exposure of phosphatidylserine (PS) on
apoptotic cells is known to result in the enhanced recog-
nition of apoptotic cells by phagocytes. By the inclusion
of PS in the lipid component of liposomes, increased
liposome immune adjuvant activity was expected. Meth-
ods: In the present study, two different liposome prepa-
rations containing either PS, i.e. PS-liposome, or phos-
phatidylcholine (PC), i.e. PC-liposome, were made, and
macrophage recognition, processing, and antigen pre-
sentation of surface-coupled liposomal antigen were
compared. Results: When ovalbumin-liposome conju-
gates were added to a culture of macrophages, en-
hanced recognition and processing of ovalbumin by the
macrophages were observed by the inclusion of PS in
the liposomes. The results correlated well with those
regarding macrophage antigen presentation of lipo-
some-coupled ovalbumin. Furthermore, in vivo immuni-
zation in mice with ovalbumin-liposome conjugates
made with PS-liposomes induced a significantly higher

level of anti-ovalbumin IgG antibody production than
was induced by ovalbumin-liposome conjugates made
with PC-liposomes. IgE-selective unresponsiveness was
induced by ovalbumin-liposome conjugates regardless
of the lipid components of liposomes. Conclusions:
These results suggest that the inclusion of PS in lipo-
somes enhances recognition and processing of surface-
coupled liposomal antigen by macrophages, and in-

creases liposome immune adjuvant activity.
Copyright© 2005 S. Karger AG, Basel

Introduction

Apoptotic cells are recognized and removed by profes-
sional phagocytes, such as macrophages, dendritic cells, or
neighboring semiprofessional cells including fibroblasts
and epithelial cells. The clearance of apoptotic cells by
phagocytes is essential to prevent tissue damage and
inflammation due to the release of toxic intracellular con-
tents, and to prevent an unwanted immune reaction, as
apoptotic cells are a potential source of autoantigens [1-
4]. Among the elements displayed on the apoptotic cells,
phosphatidylserine (PS) is exposed on the surface of apop-
totic lymphocytes and triggers the specific recognition
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and removal of apoptotic cells by phagocytes [5]. There-
fore, the enhanced liposome uptake by phagocytes, which
leads to an enhanced induction of the immune response,
would be expected by the inclusion of PS in liposomes.

Liposomes have attracted increasing attention as car-
riers (vehicles) of antigens because they are known to act
as powerful adjuvants when physically associated with a
protein antigen [6-9]. Most of liposomal vaccines pro-
posed to date have been prepared by antigen entrapment
within the aqueous lumen of the liposome [10]. However,
it is known that encapsulated and surface-linked liposo-
mal antigens induce differential immune responses in
both humoral- [11] and cell-mediated [12] immunity. We
previously reported that surface-linked liposomal anti-
gens induce antigen-specific IgG antibody production,
but not antigen-specific IgE antibody production [13], by
a mechanism not involving T cells [14]; such findings
have suggested the existence of an alternative mechanism
not involving T cells in the regulation of IgE synthesis.
Furthermore, in the secondary immune response, ovalbu-
min (OVA)-liposome conjugates were shown to enhance
anti-OVA IgG antibody production, but they did not
enhance ongoing IgE production; those findings suggested
that the IgE-selective unresponsiveness induced in vivo
by the liposomal antigen involved direct effects on IgE,
but not IgG switching [14].

Thus, surface-linked liposomal antigens are expected
to serve as a novel protocol for the development of vac-
cines that induce only a minimal allergic response and
also for the development of allergen vaccines for allergen
immunotherapy. This study is aimed at investigating the
effect of the inclusion of PS in liposomes on liposome
immune adjuvant activity.

Materials and Methods

Mice
BALB/c mice (8 weeks of age, female) were purchased from
Charles River (Yokohama, Kanagawa, Japan).

Chemicals

All phospholipids were obtained from NOF Co., Tokyo, Japan.
Reagent grades of cholesterol were purchased from Wako Pure
Chemical Industries, Osaka, Japan.

Antigens

OVA (grade VII) was purchased from Sigma (St. Louis, Mo.,
USA). For the analysis of the processing of liposome-coupled OVA
by macrophages, DQ™-OVA, which exhibits green fluorescence
upon proteolytic degradation, was purchased from Molecular
Probes, Inc. (Eugene, Oreg., USA).
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Fluorescence Labeling of OVA

OVA was labeled with fluorescence using an Alexa Flour™ 488
protein labeling kit (Molecular Probes, Inc.) following the manufac-
turer’s protocol.

Liposomes

Liposomes that consisted of two different lipid components were
used in this study. The first type was phosphatidylcholine (PC)-lipo-
somes composed of dipalmitoyl PC, dipalmitoyl phosphatidyl etha-
nolamine, cholesterol, and dimyristoyl phosphatidyl glycerol in
4:3:7:2 molar ratios. The other type was PS-liposomes, which were
composed of dipalmitoyl PS, dipalmitoyl phosphatidyl ethanol-
amine, cholesterol, and dimyristoyl phosphatidyl glycerol in 4:3:7:2
molar ratios. The crude liposome solution was passed through a
membrane filter (Nucleopore polycarbonate filter; Coster, Cam-
bridge, Mass., USA) with a pore size of 0.2 um.

Coupling of OVA to Liposomes

Liposomal conjugates with plain OVA, fluorescence-labeled
OVA, or DQ-OVA were prepared essentially in the same manner as
described previously [13]. Briefly, a mixture of 90 mg of liposomes
and 6 mg of OVA in 2.5 ml phosphate buffer (pH 7.2) was used, to
which 0.5-ml drops of 2.5% glutaraldehyde solution were added. The
mixture was stirred gently for 1 h at 37°C, and then 0.5 ml of 3 M
glycine-NaOH (pH 7.2) were added in order to block excess aldehyde
groups. This step was followed by incubation overnight at 4°C. The
liposome-coupled OVA and uncoupled OVA in the resulting solution
were separated using CL-4B column chromatography (Pharmacia
Fine Chemical Co., Uppsala, Sweden). The amount of lipid in the
liposomal fraction was measured using a Phospholipid-Test-Wako™
phospholipid content assay kit (Wako Pure Chemical Industries).
The OVA-liposome solution was adjusted to 10 mg lipid/ml in
RPMI-1640 and then sterile-filtered using Millex™-HA syringe fil-
ter unit (0.45 um; Millipore Corp., Bedford, Mass., USA), and kept at
4°C until use.

Quantification of OVA Coupled to Liposome

Radiolabeled OVA ([methyl-1#C], purchased from New England
Nuclear, Boston, Mass., USA) was mixed with cold OVA and used
for coupling to liposome and for determining the calibration curve.
The radioactivity of the resulting OVA-liposome solution was
counted using a calibration curve. The amount of OVA coupled to
the PC- and PS-liposomes was 47.1 and 47.0 ug/mg lipid, respec-
tively.

Cloned Macrophage Hybridoma

Macrophage hybridoma clone No. 39, obtained from the fusion
of splenic adherent cells from CKB mice and P388D; [15], was
used.

Macrophage Culture

Macrophage hybridoma clone No. 39 was maintained in RPMI-
1640 (Gibco Laboratories, Grand Island, N.Y., USA) supplemented
with 10% heat-inactivated FCS (Hyclone Laboratories, Logan, Utah,
USA), 100 U/ml of penicillin and streptomycin (Gibco Laboratories)
in a 75-cm? flask (No. 3111, Becton Dickinson Labware, Franklin
Lakes, N.J., USA).
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Flow Cytometry

In order to investigate the capture of OVA-liposome by macro-
phages, the No. 39 macrophage clone was incubated for 60 min at
37°C in the presence of Alexa-labeled OVA-liposome conjugates
containing 4 ug/ml OVA. After incubation, the cells were washed
with ice-cold PBS, and were then analyzed on a FACS Calibur™
flow cytometer (BD Biosciences, Mountain View, Calif., USA). The
fluorescence distribution histograms were plotted as the number of
cells versus fluorescence intensity on a logarithmic scale.

Antigen-Specific T-Cell Clone
An OV A-specific T-cell clone, 42-6A [16], was kindly provided by
Dr. T. Kakiuchi of the Toho University School of Medicine, Tokyo.

Antigen Presentation by Macrophages Cocultured with

OVA-Liposome

OVA-liposome conjugates made with PC- or PS-liposomes were
added to cultures of macrophage clone No. 39 at a final concentra-
tion of 0.5 mg lipid/ml and the cultures were incubated overnight.
The macrophages were then washed 3 times in ice-cold media and
5 x 104 cells were cocultured with 2 x 104 cells of the OV A-specific
T-cell clone, 42-6A, on 96-well plates (No. 3072, Becton Dickinson
Labware). After 18 h of incubation, the amount of IL-2 in the culture
supernatants was assayed using a Biotrak™ mouse ELISA system
(Amersham International, Buckinghamshire, UK). The final concen-
tration of OVA-liposome added to the macrophage culture was
800 pg lipid/ml, which included 32 ug OVA/ml. As a control, soluble
OVA was continuously added to the macrophage culture, achieving a
final concentration of 32 pg/ml.

Immunization

Mice were immunized intraperitoneally with OV A-liposome at a
dose of 2 mg lipid/200 ul, with OVA solution, or with OVA-alum.
OVA solution and OV A-alum contained the same doses of OVA as in
OVA-liposome (94 ug OVA/200 pul in PBS and in 0.5 mg alum,
respectively). Four weeks after primary immunization, the mice were
administered a booster in the same manner as that used for the pri-
mary immunization. For the measurement of serum antibodies, the
mice were bled weekly from the tail vein.

Measurement of Serum Antibodies

Anti-OVA IgG antibodies in the sample sera were determined by
an ELISA assay using peroxidase-labeled rabbit antibodies against
mouse IgG or mouse Ig subclasses (Zymed Lab., San Francisco, Cal-
if., USA). For the quantitative analysis of antigen-specific antibody,
murine monoclonal antibodies against OVA were produced and
affinity-purified in our laboratory and used as the assay standard.
The levels of antigen-specific IgE were determined by monoclonal
antibody-captured ELISA using monoclonal antibody against mu-
rine IgE produced by clone B1E3.

Statistic Analysis
Student’s t test was employed for the statistical analysis.
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Fig. 1. Phagocytosis of OVA-liposome conjugates by macrophages.
Fluorescence-labeled OV A was coupled to either PC-liposomes (a) or
PS-liposomes (b) and added to a culture of macrophages as described
in Materials and Methods. Macrophages recovered from the culture
were analyzed using flow cytometry.

Results

Phagocytosis of Fluorescence-Labeled OVA by

Macrophages

Phagocytosis of OVA-liposome by macrophages was
investigated by adding fluorescence-labeled OVA coupled
with PC- or PS-liposomes to the macrophage culture.
FACS analysis was performed 60 min after the addition of
OVA-liposome conjugates to the macrophage culture.
Figure 1 shows the fluorescence intensity of macrophages
cultured for 60 min with the OVA-liposome conjugates.
More OVA was incorporated into the macrophages when
OVA was coupled to PS-liposomes (OVA-PS-liposome)
than when OV A was coupled to PC-liposomes (OVA-PC-
liposome). The mean channels of fluorescence intensity
were 11.6 and 16.7 at 0 and 60 min, respectively, in mac-
rophages cultured with OVA-PC-liposome, and 11.8 and
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Fig. 2. Processing of liposome-coupled OVA by macrophages. PC-
liposomes (a) or PS-liposomes (b) coupled with DQ-OVA were add-
ed to macrophage cultures. Sixty minutes after the onset of the cul-
ture period, the macrophages were recovered and analyzed using
flow cytometry.

31.7 at 0 and 60 min, respectively, in macrophages cul-
tured with OVA-PS-liposome.

Processing of Liposome-Coupled OVA by

Macrophages

In order to compare the macrophage processing of
OVA coupled either to PC- or PS-liposomes, the fluores-
cence intensity of the macrophages was investigated by
adding DQ-OVA-coupled liposome to the macrophage
culture. FACS analysis was performed 60 min after the
addition of DQ-OVA-liposome to the macrophage cul-
ture. Figure 2 shows the FACS results at 60 min after the
addition of DQ-OV A-liposome to the culture. More OVA
appeared to be processed by macrophages when DQ-OVA
was coupled to PS-liposome and added to the culture than
when DQ-OVA were coupled to PC-liposome and added
to the culture. The mean channels of fluorescence intensi-
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Fig. 3. Antigen presentation by macrophages pulsed with OV A-lipo-
somes. Macrophages preincubated with OV A-liposomes were cocul-
tured with OV A-specific T-cell clones as described in Materials and
Methods. Data represent the mean IL-2 concentration and the SE of
the culture supernatant in triplicate cultures. 2 p < 0.01: significant
difference as compared with the other groups; ® p < 0.01: significant
difference as compared with the OVA solution.

ty were 9.6 and 11.9 at 0 and 60 min, respectively, in mac-
rophages cultured with PC-liposome, and 9.4 and 28.3 at
0 and 60 min, respectively, in macrophages cultured with
PS-liposome.

Antigen Presentation by Macrophages Cocultured with

OVA-Liposome Conjugates

Macrophages were cultured overnight in the presence
of OVA-liposome prior to coculture with the OV A-spe-
cific T-cell clone, 42-6A. IL-2 production by the T-cell
clone was then monitored. Because no cytokine produc-
tion was observed in the absence of OVA under the cul-
ture condition described in Materials and Methods, the
data shown in figure 3 are considered to represent anti-
gen-specific cytokine production. Figure 3 shows the
amount of IL-2 in the culture supernatant. A significantly
high level of IL-2 production was observed when the mac-
rophages were precultured with OVA-PS-liposome. The
amount of OVA in the culture to which the OVA-lipo-
some conjugates were added was 32 ug/ml. However, the
addition of 32 pg/ml of plain OVA to the culture resulted
in no or very low production of IL-2. Although a signifi-
cant level of IL-2 was produced when the macrophages
were precultured with OVA-PC-liposome, the amount of
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IL-2 was more than threefold lower than that produced
when PS-liposome was added to the culture. No IL-2 pro-
duction was observed when the macrophages were precul-
tured with PS- or PC-liposome to which OVA was not
coupled (data not shown).

Comparison of Anti-OVA Antibody Production in

Mice Induced by OVA-Liposome Conjugates Made

with PC- or PS-Liposomes

Mice were immunized with OVA-PC-liposome, OVA-
PS-liposome, plain OVA solution, or with alum-adsorbed
OVA. Figure 4 shows serum anti-OVA IgG and IgE titers.
Levels of anti-OVA IgG antibody production induced by
the two different types of OVA-liposome conjugate were
significantly different; OVA-PS-liposome induced signifi-
cantly higher levels of anti-OVA IgG antibody production
than that observed in association with OVA-PC-liposome
at 2, 4, 5, and 6 weeks after primary immunization
(fig. 4a). Plain OVA solution induced significantly lower
levels of anti-OVA IgG antibody production than those in
groups of mice immunized with OVA-liposome. An en-
hanced induction of anti-OVA IgG production was ob-
served by the immunization of mice with OVA-alum as
compared with that in the group of mice immunized with
OVA solution. The levels of anti-OVA IgG at 4-6 weeks
were comparable in groups of mice immunized either with
OVA-PS-liposome or with OVA-alum. On the other hand,
anti-OVA IgE antibody production was observed in mice
immunized either with OVA solution or with OVA-alum
but not in mice immunized with OVA-liposome (fig. 4b).

Discussion

Inclusion of PS in the lipid component of liposomes
resulted in enhanced recognition (fig. 1), processing
(fig. 2), and antigen presentation (fig. 3) of liposomal anti-
gens by macrophages. The results correlated well with the
results observed in a study of the induction of in vivo anti-
body production in mice (fig. 4). Enhanced recognition of
liposomal antigen may lead to an enhanced T helper cell
activation which in turn would lead to increased activa-
tion of B cells and antibody production. It is unlikely that
substitution of neutral PC with negatively charged PS in
liposomes could result in a change in surface charge and
better uptake by some mechanism not involving the PS
receptor, since addition of antigen-free PS-liposomes but
not PC-liposomes in the macrophage culture inhibited
macrophage recognition and processing of liposomal anti-
gens (data not shown).
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Fig. 4. Anti-OVA IgG (a) and IgE (b) antibody production in mice
immunized with OVA-liposome, plain OVA solution, or with OVA-
alum. BALB/c mice were immunized with OVA-liposome made
using PC-liposomes (O) or PS-liposomes (), plain OVA solution
(A), or with OVA-alum (@) at 0 and 4 weeks as described in Materi-
als and Methods. Mice were bled weekly from the tail vein, and
serum anti-OVA IgG and IgE were measured. Data represent mean
and SE of 5 mice per group. 2 p < 0.01: significant difference between
the PC- and PS-liposome groups; ® p < 0.01: significant difference
between the PC-liposome and OVA solution groups. 2’ = Secondary
immunization.
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A variety of cell surface molecules (e.g. lectin-like mol-
ecules [17], CD14 [18], scavenger receptor antagonists
[19], and PS [5]) have been implicated in the recognition
of apoptotic cells. Among them, PS is known to trigger the
specific recognition and removal of apoptotic lympho-
cytes by macrophages [5], suggesting that the inclusion of
PS in the lipid components of liposomes would lead to
enhanced recognition by macrophages, and thereby result
in an enhanced induction of the immune responses. On
the other hand, a number of reports have shown that PS
possesses immunosuppressive properties, such as an inhi-
bition of the T-cell mitogen response [20], a reduction of
macrophage NO synthesis [21], the inhibition of tumor
cytotoxicity by macrophages [22], and the suppression of
antigen-specific antibody production when PS was orally
administered [23]. However, in this study, the inclusion
of PS in the liposome composition significantly enhanced
the induction of antigen-specific antibody production in
mice immunized with antigen-liposome conjugates.
These results therefore suggest that the inclusion of PS in
liposomes increases the adjuvant activity of liposomes.

We previously reported that surface-linked liposomal
antigen induces IgE-selective unresponsiveness [13]. This
phenomenon was consistently observed regardless of the
particular antigen coupled to the liposomes [24, 25], the
lipid components of the liposomes [26], or the procedure
for coupling the antigen and the liposome [27]. Antigen-
specific, IgE-selective unresponsiveness was induced by
antigen-liposome conjugates only when antigen and lipo-
somes were chemically coupled [28]. As regards liposome
immune adjuvant activity, the lipid composition of the
liposomes was demonstrated to affect liposomal adjuvant
activity, resulting in the induction of antigen-specific IgG
antibody production [26]. However, no correlation was
found between liposomal adjuvant activity and the induc-
tion of IgE-selective unresponsiveness. During the course
of an investigation intended to clarify the mechanism of
IgE-selective unresponsiveness induced by surface-cou-
pled liposomal antigens, we discovered an alternative
approach to regulate the production of IgE. We found a
mechanism that is independent of the activity of T cells
[14]; OV A-liposome conjugates were found to induce IgE-
selective unresponsiveness without induction of apparent
Th1-type immune response. CD4+ T cells of mice immu-
nized with OV A-liposome produced a significant level of
IL-4 upon in vitro stimulation with OVA and were capa-
ble of inducing antigen-specific IgE antibody production
in athymic nude mice which were immunized with OVA-
alum, suggesting that IgE production was regulated by a
mechanism that did not involve polarization of Thl in
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mice immunized with OV A-liposome. On the other hand,
the enhancement of liposome adjuvant activity by the
inclusion of PS in liposomes was found to correlate with
the enhanced induction of antigen-specific T helper cells.

Adjuvants play a key role in the development of vac-
cines, particularly in the case of vaccine antigens with
weak immunogenicity. Adjuvants may increase the im-
munogenicity of weak antigens, enhance the speed and
duration of the immune response, modulate antibody
avidity, or decrease the dose of antigen in the vaccine
[29]. However, the precise mechanism underlying so-
called adjuvant activity is unknown. In the present study,
inclusion of PS in liposomes was shown to increase lipo-
some immune adjuvant activity via enhanced recognition
and also by the processing of surface-coupled liposomal
antigen by macrophages, in the context of immunization
with a surface-coupled liposomal antigen. Thus, in the
present study, the inclusion of PS in liposomes was shown
to enhance recognition and processing of surface-coupled
liposomal antigen by macrophages, and increase liposome
immune adjuvant activity.

Acknowledgment

This work was supported in part by a grant from The Japan
Health Sciences Foundation (Research on Health Sciences focusing
on Drug Innovation).

Mori/Nishida/Maekawa/Yamamura/
Tanaka/Kasai/Taneichi/Uchida



| )

>3

>4

»5

»6

»7

>3

»9

> 10

> 11

References

Giles KM, Hart SP, Haslett C, Rossi AG,
Dransfield I: An appetite for apoptotic cells?
Controversies and challenges. Br J Haematol
2000;109:1-12.

Fadok VA, Bratton DL, Henson PM: Phago-
cyte receptors for apoptotic cells: Recognition,
uptake, and consequences. J Clin Invest 2001;
108:957-962.

Van Lent PLEM, Licht R, Dijkman H, Holt-
huysen AEM, Berden JHM, Van den Berg WB:
Uptake of apoptotic leukocytes by synovial lin-
ing macrophages inhibits immune complex-
mediated arthritis. J Leukoc Biol 2001;70:708—
714.

Nauta AJ, Daha MR, Van Kooten C, Roos A:
Recognition and clearance of apoptotic cells: A
role for complement and pentraxins. Trend Im-
munol 2003;24:148-154.

Fadok VA, Bratton DL, Rose DM, Pearson A,
Ezekewitz RA, Henson PM: A receptor for
phosphatidylserine-specific clearance of apop-
totic cells. Nature 2000;405:85-90.
Gregoriadis G: Immunological adjuvants: A
role for liposomes. Immunol Today 1990;11:
89-97.

Gluck R: Liposomal presentation of antigens
for human vaccines. Pharm Biotechnol 1995;6:
325-345.

Alving CR, Koulchin Y, Glenn GM, Rao M:
Liposomes as carriers of peptide antigens: In-
duction of antibodies and cytotoxic T lympho-
cytes to conjugated and unconjugated peptides.
Immunol Rev 1995;145:5-31.

De Haan A, Tomee JFC, Huchshorn JP, Wil-
schut J: Liposomes as an immunoadjuvant sys-
tem for stimulation of mucosal and systemic
antibody responses against inactivated measles
virus administered intranasally to mice. Vac-
cine 1995;13:1320-1324.

Gregoriadis G: Liposomes as immunoadju-
vants and vaccine carriers: Antigen entrap-
ment. Immunomethods 1994;4:210-216.
Shahum E, Therien HM: Immunopotentiation
of the humoral response by liposomes: Encap-
sulation versus covalent linkage. Immunology
1988;65:315-317.

Adjuvant Activity of Liposomes Containing
Phosphatidylserine

>12

»13

> 14

» 15

»16

»17

> 18

> 19

»20

»21

Fortin A, Shaum E, Krzystyniak K, Therien
HM: Differential activation of cell-mediated
immune functions by encapsulated and sur-
face-linked liposomal antigens. Cell Immunol
1996;169:208-217.

Naito S, Horino A, Nakayama M, Nakano Y,
Nagai T, Mizuguchi J, Komuro K, Uchida T:
Ovalbumin-liposome conjugate induces IgG
but not IgE antibody production. Int Arch Al-
lergy Immunol 1996;109:223-228.

Taneichi M, Naito S, Kato H, Komuro K,
Uchida T: T cell-independent regulation of IgE
antibody production induced by surface-linked
liposomal antigen. J Immunol 2002;169:4246—
4252.

Uchida T, Ju ST, Fay A, Liu YN, Dorf ME:
Functional analysis of macrophage hybrido-
mas. 1. Production and initial characterization.
J Immunol 1985;134:772-778.

Kakiuchi T, Watanabe M, Hozumi N, Nariu-
chi H: Differential sensitivity of specific and
nonspecific antigen-presentation by B cells to a
protein synthesis inhibitor. J Immunol 1990;
145:1653-1658.

Duvall E, Wyllie AH, Morris RG: Macrophage
recognition of cells undergoing programmed
cell death (apoptosis). Immunology 1985;56:
351-358.

Devitt A, Monffatt OD, Raykundalia C, Capra
JD, Simmons DL, Gregory CD: Human CD14
mediates recognition and phagocytosis of
apoptotic cells. Nature 1998;392:505-509.
Platt N, Suzuki H, Kurihara Y, Kodama T,
Gordon S: Role for the class A macrophage
scavenger receptor in the phagocytosis of apop-
totic thymocytes in vitro. Proc Natl Acad Sci
USA 1996;93:12456-12460.

Ponzin D, Mancini C, Toffan G, Bruni G,
Doria G: Phosphatidylserine-induced modula-
tion of the immune response in mice: Effect of
intravenous administration. Immunopharma-
cology 1989;18:167-176.

Phillips NC, Gagné LM: Modulation of murine
macrophage nitric oxide synthesis by liposomal
phospholipids: Correlation with liposome im-
mune adjuvant activity. J Drug Target 1995;3:
137-147.

»22

»23

»24

»25

» 26

»27

»28

»29

Daemen T, Regts J, Scherphof GL: Liposomal
phosphatidylserine inhibits tumor cytotoxicity
of liver macrophages induced by muramyl di-
peptide and lipopolysaccharide. Biochim Bio-
phys Acta 1996;1285:219-228.

Carr DJ, Guarcello V, Blalock JE: Phosphati-
dylserine suppresses antigen-specific IgM pro-
duction by mice orally administered sheep red
blood cells. Proc Soc Exp Biol Med 1992;200:
548-554.

Naito S, Horino A, Komiya T, Fukuda T,
Takahashi M, Ami Y, Suzaki Y, Sato F, Gon-
daira J, Sugiyama Y, Nakano Y, Mori M, Awai
K, Nishinohara S, Komuro K, Uchida T: Pro-
tection against verotoxin in mice induced by
liposome-coupled verotoxin. Int Arch Allergy
Immunol 1997;114:293-297.

Naito S, Horino A, Komiya T, Fukuda T,
Takahashi M, Ami Y, Suzaki Y, Oka T, Okuma
K, Morokuma M, Nakano Y, Mori M, Nishi-
nohara S, Komuro K, Uchida T: Induction of
protection against tetanus toxin in mice by tet-
anus toxoid-liposome conjugate. Int Arch Al-
lergy Immunol 1998;116:215-219.

Nakano Y, Mori M, Nishinohara S, Takita Y,
Naito S, Kato H, Taneichi M, Komuro K,
Uchida T: Surface-linked liposomal antigen in-
duces IgE-selective unresponsiveness regard-
less of the lipid components of liposomes. Bio-
conjug Chem 2001;12:391-395.

Nakano Y, Mori M, Nishinohara S, Takita Y,
Naito S, Horino A, Kato H, Taneichi M, Ami
Y, Suzaki Y, Komuro K, Uchida T: Antigen-
specific, IgE selective unresponsiveness in-
duced by antigen-liposome conjugates. Int
Arch Allergy Immunol 1999;120:199-208.
Uchida T: Surface-linked liposomal antigen in-
duces IgE-selective unresponsiveness in a T-
cell independent fashion. Curr Drug Targets
Immune Endocr Metabol Disord 2003;3:119-
135.

O’Hagan DT: Recent developments in vaccine
delivery systems. Curr Drug Targets Infect Dis-
ord 2001;1:273-286.

Int Arch Allergy Immunol 2005;136:83-89

89



