
235

*Corresponding author: Mailing address: Department of
Microbiology, Saitama Medical University, 38 Moro-
hongo, Moroyama-machi, Iruma-gun, Saitama 350-0495,
Japan. Tel: ＋81-49-276-1166, Fax: ＋81-49-295-9107,
E-mail: uchidat＠saitama-med.ac.jp

This article is an Invited Review based on a lecture
presented at the 23th Symposium of the National Institute
of Infectious Diseases, Tokyo, May 21, 2013.

235

Jpn. J. Infect. Dis., 67, 235-244, 2014

Invited Review

Application of Surface-Linked Liposomal Antigens to the Development of
Vaccines That Induce Both Humoral and Cellular Immunity

Tetsuya Uchida1,2* and Maiko Taneichi1,2

1Department of Microbiology, Saitama Medical University, Saitama 350-0495; and
2Department of Safety Research on Blood and Biological Products, National Institute of

Infectious Diseases, Tokyo 208-0011, Japan

(Received August 20, 2013)

CONTENTS:
1. Introduction
2. Surface-linked liposomal antigens induce IgE-selec-

tive unresponsiveness in an antigen-specific manner
3. Mechanism of IgE-selective unresponsiveness in-

duced by antigen-liposome conjugates
4. Development of tetanus vaccines

5. Development of Shiga toxin-producing Escherichia
coli vaccines

6. Antigens coupled to liposome induce cellular im-
munity

7. Development of a cytotoxic T lymphocyte-based
universal influenza vaccine

8. Conclusions

SUMMARY: The first characteristic identified in surface-linked liposomal antigens was the ability to
induce antigen-specific, IgE-selective unresponsiveness. These results remained consistent even when
different coupling procedures were employed for antigens with liposomes or for liposomes with differ-
ent lipid components. The potential usefulness of surface-linked liposomal antigens for application to
vaccine development was further investigated. During this investigation, a significant difference was ob-
served in the recognition of liposomal antigens by antigen-presenting cells between liposomes with
different lipid components, and this difference correlated closely with the adjuvant activity of lipo-
somes. In addition to this ``quantitative'' difference between liposomes with differential lipid compo-
nents, a ``qualitative'' difference (i.e., a differential ability to induce cross-presentation) was observed
between liposomes with different lipid components. Therefore, by utilizing the ability to induce cross-
presentation, surface-linked liposomal antigens might be used to develop virus vaccines that would in-
duce cytotoxic T lymphocyte (CTL) responses. We have successfully developed a liposome vaccine that
is capable of inducing CTL responses against internal antigens of influenza viruses and thus removing
virus-infected cells in the host. This CTL-based liposomal vaccine might be applicable to the develop-
ment of vaccines against influenza and other viruses that frequently undergo changes in their surface an-
tigenic molecules.

1. Introduction

Adjuvants are indispensable to vaccines, especially
when weak immunogenic antigens are used. However,
the currently used aluminum (alum) adjuvants are
known to stimulate only humoral responses (1) and are
known to induce IgE antibody production, which elicits
allergic responses in some individuals following vaccina-
tion (2). Therefore, there is a need for improved ad-
juvants suitable for clinical use. Among the candidates
for novel vaccine adjuvants, liposomes are garnering at-
tention as antigen carriers (vehicles) because they are

known to act as powerful adjuvants when physically as-
sociated with a protein antigen (3–6). Most liposomal
vaccines proposed thus far have been prepared by en-
trapping antigen within the aqueous lumen of liposomes
(7). However, it is known that encapsulated and sur-
face-linked liposomal antigens induce differential hu-
moral (8) and cellular (9) immune responses.

In general, extracellular antigens are presented via
MHC class II molecules to CD4＋ T cells, whereas in-
tracellular antigens are presented via MHC class I mole-
cules to CD8＋ T cells. To induce antigen-specific cyto-
toxic T lymphocytes (CTLs), vaccine antigens must be
loaded into the MHC class I processing pathway in an-
tigen-presenting cells (APCs) via cross-presentation. In
cross-presentation, exogenous proteins cross over to the
endogenous pathway to gain access to MHC class I
molecules (10). However, the currently approved alum
adjuvant, which was first described by Glenny and Pope
(11) in 1926, is known to be effective only for the induc-
tion of humoral immunity but not for the induction of
cellular immunity (12). Consequently, the development
of a novel vaccine adjuvant is essential to the produc-
tion of CD8＋ T cell vaccines.



236236

In this review, data supporting an existing correlation
between the lipid component of liposomes and the im-
mune response induced by surface-linked liposomal an-
tigens are summarized and the potential of surface-
linked liposomal antigens in the development of lipo-
somal vaccines that would induce both humoral and cel-
lular immunity has been discussed.

2. Surface-linked liposomal antigens induce IgE-selec-
tive unresponsiveness in an antigen-specific manner

Induction of antigen-specific, IgE-selective unrespon-
siveness was first observed in mice immunized with anti-
gens coupled to the surfaces of red blood cells (RBCs)
(13). When ovalbumin (OVA) was coupled with murine
RBCs (MRBCs) using glutaraldehyde (GA) and inocu-
lated into mice, the OVA-MRBC conjugate induced an-
ti-OVA IgG antibody production at almost the same
level as OVA in alum. However, no OVA-specific IgE
antibody production was observed in the same mice.
IgE-specific unresponsiveness was also observed in mice
immunized with OVA coupled with sheep RBCs, sug-
gesting that the induction of antigen-specific, IgE-selec-
tive unresponsiveness was not restricted to a property of
MRBCs. These results demonstrate the potential ability
of antigen-RBC conjugates in the development of vac-
cines that could induce sufficient IgG antibody produc-
tion without inducing IgE synthesis. However, because
the use of biological materials such as RBCs was avoid-
ed in vaccine development because of the possibility of
infection, we decided to employ liposomes instead of
RBCs.

The antibody responses in mice were investigated
after immunization with surface-coupled OVA of lipo-
somes (14). OVA was coupled to the liposomal surfaces
via amino groups using GA. This OVA-liposome con-
jugate induced significant anti-OVA IgG antibody
production in mice, whereas no OVA-specific IgE anti-
body production was observed. Therefore, the results
demonstrate the potential of antigen-liposome con-
jugates with respect to the development of vaccines with
least risk of allergic reaction as well as immunotherapy
applications.

Coupling procedure of antigens with liposomes was
further investigated (15). OVA-liposome conjugates
were generated using four different coupling protocols:
GA (Fig. 1A), N-(6-maleimidocaproyloxy) succinimide
(EMCS; Fig. 1B), disuccinimidyl suberate (DSS; Fig.
1C), and N-succimidyl-3(2-pyridyldithio)propionate
(SPDP; Fig. 1D), and the induction of antigen-specific
IgG and IgE antibody production mediated by each was
investigated. OVA-liposome conjugates coupled using
GA or DSS induced substantial anti-OVA IgG antibody
production but did not induce anti-OVA IgE antibody
production. On the other hand, OVA-liposome con-
jugates coupled using EMCS or SPDP failed to com-
pletely induce anti-OVA IgE unresponsiveness.

To optimize the lipid component of liposomes, OVA-
liposome conjugates were generated with liposomes
comprising four different lipid components, including
an unsaturated carrier lipid and three different saturat-
ed carrier lipids, and the abilities of these OVA-lipo-
some conjugates to induce anti-OVA antibody produc-
tion were investigated in mice. All OVA-liposome con-

jugates induced IgE-selective unresponsiveness. The
membrane fluidity of liposomes, which was measured
by detecting changes in the fluorescence polarization of
a 1,6-diphenyl-1,3,5-hexatriene probe located in the
lipid bilayers of liposomes, was significantly higher in
liposomes consisting of unsaturated carrier lipids than
in those consisting of saturated carrier lipids. The chain
lengths of the three types of saturated fatty acids were
14, 16, and 18. In general, the shorter the acyl chain
length, the higher the membrane mobility. As a result,
the membrane mobility of liposomes correlated well
with liposomal adjuvanticity in immunization with
antigen-liposome conjugates (Fig. 2). The results sug-
gest that the membrane fluidity of liposomes might
affect the adjuvant effect of liposomes but not the in-
duction of IgE-selective unresponsiveness in immuniza-
tions with surface-linked liposomal antigens (16).

To further examine whether the differential adjuvant
effects displayed among liposomes with different lipid
components were due to the differential recognition of
liposomal antigens by APCs, antigen-liposome con-
jugates prepared using liposomes with differential lipid
components were added to macrophage cultures and
recognition and digestion of liposomal antigens were
compared (17). The antigen-liposome conjugates that
induced higher levels of antibody production in vivo
were recognized more often by macrophages (Fig. 3A),
and the liposome-coupled antigen was digested to a
greater degree by macrophages than the antigen-lipo-
some conjugates that induced lower levels of antibody
production (Fig. 3B). These results correlated closely
with those regarding antigen presentation by macro-
phages (Fig. 4); specifically, the macrophages cocul-
tured with antigens coupled to liposomes with stronger
adjuvant effect could more strongly activate antigen-
specific T cells. Furthermore, 25-fold lesser antigen was
required for antigen-specific T cell activation via an-
tigen-liposome conjugates than via soluble antigens
(Fig. 4B). These results demonstrated that the primary
in vivo adjuvant activities of liposomes correlated close-
ly with the recognition of antigen-liposome conjugates
and the antigen presentation of liposome-coupled anti-
gens by macrophages, thus suggesting that the adjuvant
effects of these liposomes were exerted at the beginning
of the immune response (i.e., antigen recognition by
APCs).

3. Mechanism of IgE-selective unresponsiveness
induced by antigen-liposome conjugates

Control of IgE antibody production is important for
the prevention of IgE-related diseases. However, in con-
trast to the existing information regarding the induction
of IgE production, little is known about the regulation
of IgE production, with the exception of the well-
documented mechanism involving T cell subsets and
their cytokine products. During an investigation intend-
ed to clarify the mechanism of IgE-selective unrespon-
siveness induced by surface-coupled liposomal antigens,
we discovered an alternative T cell-independent ap-
proach toward interfering with IgE production. In mice,
immunization with OVA-liposome conjugates induced
IgE-selective unresponsiveness without apparent Th1
polarization. Neither IL-12 (Fig. 5), IL-10, nor CD8＋ T
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Fig. 1. Coupling procedure of antigen with liposomes. (A) Coupling of ovalbumin (OVA) to liposomes via glutar-
aldehyde (GA). (B) Coupling of OVA to liposomes via N-(6-maleimidocaproyloxy) succinimide (EMCS).
(C) Coupling of OVA to liposomes via disuccimidyl suberate (DSS). (D) Coupling of OVA to liposomes via N-
succimidyl 3-(2-pyridyldithio) propionate (SPDP).
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Fig. 2. Fluorescence polarization degree in liposomes having
four different lipid formulations and antibody production in
mice immunized with OVA-liposome conjugates. (A) Fluores-
cence polarization degree in liposomes. The degree of fluores-
cence polarization at 379C is shown. Data represent mean and
SE of triplicate measurements. Asterisk, P º 0.000001 com-
pared with myristoyl group; two asterisks, P º 0.001 com-
pared with palmitoyl group; three asterisks, P º 0.01 com-
pared with stearoyl group. (B) Anti-OVA antibody production
in mice. Six weeks after immunization, mice were bled from the
tail vein and serum anti-OVA antibodies were measured. Data
represents mean anti-OVA IgG and SE of 5 mice per group.
Asterisk, P º 0.005 compared with myristoyl group; two
asterisks, P º 0.05 compared with myristoyl group and
stearoyl group; three asterisks, P º 0.001 compared with
OVA-liposome-immune groups. Control group received injec-
tions with plain OVA solution at the same OVA dose as that
given the OVA-liposome-immune group. Data represent mean
and SE of 5 mice per group. Reprinted with permission from
(16). Copyright (2001) American Chemical Society.

Fig. 3. Phagocytosis and digestion of OVA-liposome conjugates
by macrophages. (A) Phagocytosis of OVA-liposome con-
jugates by macrophages. Fluorescence-labeled OVA was cou-
pled to either stearoyl or oleoyl liposomes and added to the cul-
ture of macrophages. Macrophages recovered from the culture
were analyzed using flow cytometry. (B) Digestion of
liposome-coupled OVA by macrophages. Stearoyl or oleoyl
liposomes coupled with DQ-OVA were added to the macro-
phage culture. Sixty minutes after the onset of the culture,
macrophages were recovered and analyzed using flow cytome-
try. Reprinted with permission from (17). Copyright (2004)
American Chemical Society.
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cells (Table 1) participated in this regulatory process.
Furthermore, CD4＋ T cells of mice immunized with
OVA-liposome were capable of inducing antigen-specif-
ic IgE synthesis in athymic nude mice immunized with
alum-adsorbed OVA. In contrast, immunization of the
recipient mice with OVA-liposome conjugates did not
induce anti-OVA IgE production, even when CD4＋ T
cells of mice immunized with alum-adsorbed OVA were
transferred. During the secondary immune response,
OVA-liposome conjugates enhanced anti-OVA IgG
antibody production but did not enhance ongoing IgE
production, suggesting that the IgE-selective unrespon-
siveness induced by the liposomal antigen involved
direct effects on IgE, but not IgG class switching, in
vivo (Table 2). These results suggest the existence of an
alternative T cell-independent mechanism for regulating
IgE synthesis (18).
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Fig. 4. Antibody production in mice immunized with OVA-lipo-
some conjugates and antigen presentation by macrophages
pulsed with OVA-liposomes. (A) Anti-OVA IgG antibody
production. BALB/c mice were immunized with OVA-lipo-
some made using stearoyl or oleoyl liposomes or with plain
OVA solution at 0 and 4 weeks. Six weeks after primary
immunization, mice were bled from the tail vein, and serum
anti-OVA IgG was measured. Data represent mean and SE of
five mice per group. Asterisk, significant (P º 0.01) difference
as compared with stearoyl group. (B) Antigen presentation by
macrophages pulsed with OVA-liposomes. Macrophages pre-
incubated with OVA-liposomes were cocultured with OVA-
specific T cell clone. Data represent mean IL-2 concentration
and the SE of the culture supernatant in triplicate cultures.
Asterisk, significant (P º 0.01) difference as compared with
stearoyl group. Two asterisks, significant (P º 0.01) differ-
ence as compared with the other groups. Reprinted with per-
mission from (17). Copyright (2004) American Chemical
Society.

Fig. 5. Anti-OVA antibody production in IL-12 deficient mice
immunized with OVA-liposome, OVA-alum, or OVA-CFA.
IL-12 deficient mice were immunized with OVA-liposome (),
OVA-alum (), or OVA-CFA (#) on days 0 and 28. Data
represent mean anti-OVA IgE ELISA titers and SE of five mice
per group. Reprinted with permission from (18). Originally
published in the Journal of Immunology. Copyright [2002]
The American Associate of Immunologists, Inc.

Table 1. Effect of in vivo administration with mAbs on anti-
OVA antibody production in mice immunized with OVA-
liposome

mAb
In vivo

administration
with mAb

Anti-OVA antibody

IgG (mg/ml) IgE

Exp. 1 aIL-10 no 179.8 ± 22.0 N.D.
yes 176.3 ± 18.7 N.D.

Exp. 2 aCD8 no 192.7 ± 28.3 N.D.
yes 178.6 ± 23.8 N.D.

BALB/c mice were immunized with OVA-liposome at 0 and 4
weeks. During the immunization, mice received inoculation with
monoclonal antibody (mAb). Six weeks after primary immuniza-
tion, mice were bled and serum anti-OVA antibodies were moni-
tored. Data represent the mean antibody titers and SE of five
mice per group. N.D., not detected. Reprinted with permission
from (18). Originally published in the Journal of Immunology.
Copyright [2002] The American Association of Immunologists,
Inc.
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4. Development of tetanus vaccines

Allergic symptoms such as local swelling and an im-
mediate-type reaction are frequently observed phenom-
enon associated with human vaccination (19), and IgE
formation upon vaccination is thought to contribute to
these reactions. A diphtheria-pertussis-tetanus vaccine
was shown to induce significant IgE antibody produc-
tion in mice in addition to the induction of IgG antibody
production (20). Therefore, a possible application for

surface-linked liposomal antigens in tetanus vaccine de-
velopment was investigated. Tetanus toxoid (Ttd) was
coupled to liposomes using GA. Immunization of mice
with these Ttd-liposomes induced substantial anti-Ttd
IgG antibody production and an extremely low level of
anti-Ttd IgE antibody production, whereas both alum-
adsorbed Ttd (Ttd-alum) and a plain Ttd solution in-
duced the production of both IgG and IgE antibodies
against Ttd. In addition, Ttd-liposome immunized mice
were successfully protected against a subsequent chal-
lenge with a lethal dose of tetanus toxin (Ttx). More-
over, secondary immunization with Ttd-liposome in
mice, in which anti-Ttd IgG and IgE antibody produc-
tion was induced by Ttd-alum, led to enhanced anti-Ttd
IgG and limited anti-Ttd IgE antibody production.
When this Ttd-liposome preparation was lyophilized,
the efficacy of the Ttd-liposomes was maintained for up



240

Table 2. Anti-OVA antibody production in BALB/c nu/nu mice transferred splenic
CD4＋ cells of BALB/c mice

Immunization of
T cell donor

Immunization of
recipient mice

Anti-OVA antibody

IgG (mg/ml) IgE ELISA titer

No immunization OVA-liposome 12.3 ± 8.7 N.D.
OVA-alum 17.7 ± 5.2 N.D.

OVA-liposome OVA-liposome 144.7 ± 24.3 N.D.
OVA-alum 124.3 ± 12.8 105.6 ± 10.7

OVA-alum OVA-liposome 178.0 ± 28.3 N.D.
OVA-alum 246.8 ± 29.4 139.3 ± 12.3

BALB/c mice were immunized with OVA-liposome, OVA-alum, or not at all, and
splenic CD4 cells of these mice were transfered intravenously into naive BALB/c
nu/nu mice. Data represent the mean antibody titers and SE of five mice per
group. N.D., not detected. Reprinted with permission from (18). Originally pub-
lished in the Journal of Immunology. Copyright [2002] The American Associa-
tion of Immunologists, Inc.
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to 6 months at 379C, suggesting that this vaccine prepa-
ration would remain stable without refrigeration. These
results demonstrate the potential ability of Ttd-lipo-
some conjugates to produce a tetanus vaccine that could
provide protection against Ttx while inducing the lowest
level of anti-tetanus IgE antibody production (21).

The efficacy of these Ttd-liposome conjugates was
further evaluated in SCID-hu-PBL mice. Severe com-
bined immunodeficient (SCID) mice, in which human
lymphoid cells can survive, were used to study the hu-
man anti-tetanus immune response. Human peripheral
blood lymphocytes (hu-PBL) obtained from 88 healthy
donors (age, 18–62 years) were transplanted into the
SCID mice, and anti-Ttd antibody production and pro-
tection against lethal doses of Ttx were investigated in
these SCID-hu-PBL mice. For 37.5z of the donors, hu-
PBL transfer evoked significant human anti-Ttd IgG
antibody production. Following in vivo immunization,
the percentage of donors with PBL that exhibited posi-
tive anti-Ttd IgG production in the mice increased to
54.5z. The mean serum anti-Ttd IgG levels were also
significantly elevated in response to immunization. The
mean IgG titer in mice injected with PBL from donors
º40 years of age was significantly higher than that in
mice injected with PBL from donors Æ40 years. Four
weeks after the cell transfer, the mice were challenged
with Ttx. Induced protection against the Ttx challenge
was observed primarily in mice that received PBL from
donors aged º40 years. In vivo immunization in SCID
mice with Ttd increased the number of Ttx-resistant
cases. These results suggest that SCID-hu-PBL mice
might serve as a tool for predicting the protective abili-
ties of vaccines against pathogens in PBL donors and
for evaluating vaccine efficacy (22).

5. Development of Shiga toxin-producing
Escherichia coli (STEC) vaccines

STEC infection is a current and serious public health
concern because it causes two life-threatening complica-
tions; hemorrhagic colitis and hemolytic uremic syn-
drome. For the prevention of STEC infection and pro-
tection against systemic complications, immunization
and therapeutic strategies have been considered. Im-

munization strategies to reduce the incidence and effects
of STEC would include the following: vaccination of
livestock to reduce the STEC load; vaccination of hu-
mans to prevent gut colonization by STEC; and vacci-
nation of humans to prevent the serious systemic com-
plications of STEC diseases. Vaccines directed against
colonization factors would effectively prevent both in-
dividual STEC infections and infection spread within
the community. However, the current information re-
garding the factors responsible for gut colonization by
STEC is limited. Because active immunization with a
detoxified Shiga toxin (Stx) to induce the production of
neutralizing antibodies against Stx was an attractive op-
tion, we evaluated the efficacy of Stx-liposome con-
jugates preventing life-threatening and systemic compli-
cations caused by STEC infection.

Purified Stxs, Stx1 and Stx2, were coupled to lipo-
somes using GA. Both Stx1 and Stx2 were detoxified
during the coupling procedure. Immunization of mice
with Stx1-liposome or Stx2-liposome induced substan-
tial anti-Stx1 or anti-Stx2 IgG antibody production, re-
spectively. Mice immunized with the Stx2-liposome con-
jugates were protected against intravenous challenge
with a lethal dose of Stx2, and the degree of protection
correlated well with the amount of IgG induced against
Stx2. Although the Stx1-liposome conjugates failed to
induce protection against Stx1, the reduction in body
weight observed after the toxin challenge correlated in-
versely with the amount of anti-Stx1 IgG induced, sug-
gesting that Stx1 neutralizing antibody was present in
Stx1-liposome conjugate-immunized mice. In addition,
the Stx-liposome conjugates induced no detectable anti-
Stx IgE antibody production (23).

The efficacy of the Stx-liposome conjugates was fur-
ther evaluated in mice infected orally with cytotoxin-
producing E. coli O157:H7. The mice were immunized
with a mixture of Stx1-liposome and Stx2-liposome con-
jugates, followed by oral E. coli O157:H7 infection.
Eight weeks after immunization, the mice were inoculat-
ed intragastrically with 109 CFU of E. coli O157:H7
strain 96-60. All Stx-liposome conjugate-immunized
mice survived without any apparent symptoms, whereas
the non-immunized control mice died within 5 days. In
addition, as shown by other antigen-liposome con-
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Fig. 6. (Color online) Confocal laser scanning microscopic
analysis of macrophages co-cultured with DQ-OVA-liposome
conjugates. (A) DQ-OVA was coupled to either stearoyl or
oleoyl liposomes and added to the culture of cloned macro-
phages expressing DM-DsRed (class II) or labeled with red
fluorescein (class I). Two hours after the onset of the culture,
macrophages were recovered and analyzed using confocal laser
scanning microscopy. These optically merged images are
representative of most cells examined by confocal microscopy.
Yellow, co-localization of green (DQ-OVA after proteolytic
degradation) and red (macrophage DM or class I); cell only,
macrophages without coculture with DQ-OVA-coupled lipo-
somes. (B) Green- and yellow-color compartments in the im-
munofluorescent pictures were quantified by the image analysis
software MetaMorph. Ratios of the yellow to green compart-
ments are shown. Data represent the mean values ± SD of the
images shown in Fig. 7A. Asterisk, significant (P º 0.01)
difference of samples. Reprinted with permission from (26).
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jugates, Stx-liposome conjugates induced undetectable
levels of anti-Stx IgE antibody but substantial amounts
of anti-Stx IgG antibodies (24).

As the Stx-liposome conjugate-immunized mice were
successfully protected against oral STEC infection, the
induction of protection against Stx2 by Stx2-liposome
was further evaluated in monkeys. Stx2-liposome con-
jugates induced substantial anti-Stx2 IgG and Stx2 neu-
tralizing antibody production in monkeys. The test
monkeys were successfully protected against challenges
with lethal doses of Stx2. Moreover, these monkeys ex-
hibited no apparent symptoms, whereas nonimmunized
control monkeys died within 4 days after presenting
with hemorrhagic gastroenteritis and renal disorder. In
addition, as shown in other cases involving antigen-lipo-
some conjugates, the Stx2-liposome conjugates did not
induce anti-Stx2 IgE antibody production, although it
stimulated the production of a substantial amount of
anti-Stx2 IgG antibodies (25).

These results suggest that Stx-liposome conjugates
might serve as candidate vaccines for inducing protec-
tion against STEC infection-related death.

6. Antigens coupled to liposome induce cellular
immunity

Liposomes with different lipid components were
found to exhibit different adjuvant effects when anti-
gens were chemically coupled to their surfaces (17). The
presentation of liposome-coupled OVA was further in-
vestigated in vitro, and it was found that OVA coupled
to liposomes comprising unsaturated fatty acid was
presented to both CD4＋ and CD8＋ T cells, whereas
OVA coupled to liposomes made using saturated fatty
acid was presented only to CD4＋ T cells. Confocal laser
scanning microscopy analysis demonstrated that a frac-
tion of OVA coupled to liposomes comprising unsatu-
rated, but not saturated fatty acid, underwent proc-
essing beyond the MHC class II compartment (Fig. 6),
suggesting that OVA might be degraded in the cytosol
and that the peptides generated in this manner would
subsequently be presented to CD8＋ T cells via MHC
class I (26).

The ability to induce the cross-presentation of an an-
tigen coupled to unsaturated fatty acid-containing lipo-
somes was further confirmed by the in vivo induction of
CTL and tumor eradication in mice; specifically, E.G7
tumors were completely eradicated in OVA257–264-lipo-
some conjugate-immunized mice (Fig. 7). In those mice,
the frequencies of CD8＋ T cells that reacted to
OVA257–264 peptides in the context of H-2Kb were sig-
nificantly increased. These results suggested that the
selected liposomal lipid components might render sur-
face-coupled liposomal antigens applicable for the de-
velopment of tumor vaccines to present tumor antigens
to APCs and induce antitumor responses (27).

Given the above results, the mechanism by which lip-
osome-coupled antigens were cross-presented by APCs
to CD8＋ T cells was further investigated. Flow cytome-
tric analysis demonstrated that antigens coupled to the
surfaces of unsaturated fatty-acid-liposomes were taken
up by APCs even at 49C; however, this was not true of
saturated fatty-acid-liposomes. When the two inhibi-
tors, dimethylamiloride (DMA) and cytochalasin B,

which inhibit pinocytosis and phagocytosis by APCs,
respectively, were added to the APC cultures prior to
antigen pulsing, DMA but not cytochalasin B sig-
nificantly reduced the uptake of liposome-coupled anti-
gens. Further analysis of the intracellular trafficking of
liposomal antigens using confocal laser scanning mi-
croscopy revealed that in APCs, a fraction of the lipo-
some-coupled antigens taken up was delivered to the
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Fig. 7. Effect of peptide-liposome conjugates on the growth of
E.G7 tumor in mice. A mixture of CpG and anti-IL-10 were in-
oculated around the tumor mass with liposome-coupled pep-
tide (#), peptide solution containing the same amount of pep-
tide as liposome-coupled peptide (), or with nothing (). *,
P º 0.001 as compared with the mean diameter of mice
without inoculation of liposome-coupled peptides. Data
represent the mean and SE of four mice per group. Reprinted
with permission from (27). Originally published in the Journal
of Immunology. Copyright [2006] The American Associate
of Immunologists, Inc.
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lysosomal compartment. In agreement with the reduced
antigen uptake by APCs, antigen presentation by APCs
was also significantly inhibited by DMA, and resulted in
reduced interferon (IFN)-g production by antigen-
specific CD8＋ T cells. These results suggest that anti-
gens coupled to the surfaces of liposomes consisting of
unsaturated fatty acids might be pinocytosed by APCs,
loaded into the MHC class I processing pathway, and
presented to CD8＋ T cells. Therefore, these liposome-
coupled antigens are expected to be applicable for vac-
cine development to induce cellular immunity (26).

CD8＋ T cells provide broad immunity against viruses
because they are able to recognize all types of viral pro-
teins. Therefore, the development of vaccines capable
of inducing long-lived memory CD8＋ T cells is desired
to prevent diseases, especially those for which no vac-
cines exist currently. However, when designing CD8＋ T
cell vaccines, the role of CD4＋ T cells in the induction
and maintenance of memory CD8＋ T cells remains un-
certain. Therefore, the requirement for CD4＋ T cells in
the induction and maintenance of memory CD8＋ T cells
was investigated in liposome-coupled CTL epitope pep-
tides-immunized mice. When OVA-derived CTL epi-
tope peptides were chemically coupled to the surfaces of
liposomes and inoculated into mice, both primary and
secondary CTL responses were induced successfully.
These results were further confirmed in mice in which
the CD4＋ T cells had been eliminated, suggesting that
CD4＋ T cells were not required for the generation of
memory CD8＋ T cells in response to immunization with
liposome-coupled peptides. Therefore, surface-linked
liposomal antigens capable of inducing long-lived mem-
ory CD8＋ T cells without the contribution of CD4＋ T
cells might be applicable to vaccine development to pre-

vent viral infection (28).

7. Development of a CTL-based universal influenza
vaccine

The current vaccination strategy against influenza is
to elicit neutralizing antibody responses against hemag-
glutinin (HA), a surface glycoprotein of influenza
viruses. Although antibody-mediated immunity against
viral surfaces reduces the likelihood of infection and
morbidity, an antibody against one influenza virus type
or subtype can provide limited or no protection against
another type. Moreover, an antibody against one anti-
genic variant of an influenza virus might not protect
against a new antigenic variant of the same type or sub-
type because of the frequent development of antigenic
variants through antigenic drift. Therefore, although
vaccines designed to induce antibodies against HA pro-
vide reasonable protection against homologous viruses,
it is feared that the currently produced vaccines may
have HA sequences that differ so significantly from
those of any pandemic strain that the vaccines would
have little or no efficacy because of the high rate of viral
diversification (29). During natural infection, it is
known that the host responds by inducing humoral and
cellular immune responses against the pathogen. Hu-
moral immune responses are represented by the produc-
tion of antibodies that bind to the surfaces of bacteria
and viruses, whereas cellular immune responses mediate
immunity against intracellular pathogens. Since Effros
et al. (30) reported in 1977 that influenza A virus-specif-
ic CTLs were broadly cross-reactive against cells of the
same MHC class I type that had been infected with sero-
logically distinct H1N1 and H3N2 influenza viruses, it
has been known that CTLs specific for internal proteins
exhibit high cross-reactivity between strains and sub-
types, reflecting an internal viral protein conservation
rate of À90z (31). Lee et al. (32) reported that memory
T cells established in response to seasonal human in-
fluenza A infection cross-reacted with H5N1 in healthy
individuals who had not been exposed to H5N1 viruses.
CD8＋ T cells of the participants recognized multiple
synthesized influenza peptides, including peptides from
the H5N1 strain. Therefore, vaccine formulas that in-
clude heterosubtypic T cell-mediated immunity might
confer broad protection against both avian and human
influenza A viruses.

Because the liposomal conjugates efficiently induced
CTLs when the CTL epitope peptides were coupled to
the liposomal surfaces, these conjugates were expected
to be applicable to the development of CTL-based vac-
cines. The efficacy of a CTL-based influenza vaccine
was first evaluated in a C57BL/6 mouse model with an
H-2b-restricted CTL epitope, NP366–374, which was de-
rived from nucleoprotein (NP) of H3N2 influenza virus
(33). The liposome-coupled peptide NP366–374 induced
antigen-specific CTLs and successfully suppressed repli-
cation of H3N2 influenza virus in the lungs of the
C57BL/6 mice. Then we further evaluated the possible
application of liposome-coupled peptides to the de-
velopment of an influenza vaccine using HLA-A*0201-
restricted CTL epitope peptides in HLA-A*0201-trans-
genic mice.

Liposomal conjugates formed with CTL epitope pep-
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Fig. 8. Induction of antigen-specific CD8＋ T cell and CTL
responses. Mice received immunization with the liposome-cou-
pled peptides M1 58-66, NS1 128-136, and PB1 410-418 (lipo-
some) or liquefied peptides in the same amounts as liposome
conjugates (solution) in the presence of CpG. Control mice
received no immunization (no imm.). One week after the im-
munization, ICS (A) and in vivo CTL assay (B) were per-
formed. (A) ICS of antigen-specific CD8＋ T-cells among
spleen cells of A2Tg mice. Cells were stained for their surface
expression of CD8 (x axis) and their intracellular expression of
IFN-g (y axis). The numbers shown indicate the percentage of
CD8＋ cells that were positive for intracellular IFN-g. (B) In-
duction of CTLs by liposome-coupled peptides. The numbers
shown indicate the percentage of total cells killed. The data
shown are representative of three independent experiments.
Reprinted with permission from (34).

Fig. 9. Viral titers in lungs of mice following challenge with
H1N1 or H3N2 influenza virus. Mice received immunization
with either liposome-coupled peptide M1 58-66 liposome con-
jugates in the presence of CpG (gray bars) or none (black bars).
One week later, mice were challenged intranasal administration
with either the H1N1 (A) or the H3N2 influenza virus (B). On
day 2, 4, or 6 post-infection, viral titers in the lungs were deter-
mined by calculating TCID50 using MDCK cells. Data
represent mean and SE of five mice per group. *, P º 0.05;
**, P º 0.01. Reprinted with permission from (34).
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tides from highly conserved internal antigens of influen-
za viruses were evaluated for their ability to protect
against influenza virus infection. The liposome-coupled
CTL epitope peptides successfully induced antigen-
specific CD8＋ T cells and CTLs in HLA-A*0201-trans-
genic mice (Fig. 8). In addition, after nasal infection
with the H1N1 or H3N2 virus, viral replication in the
lung was significantly inhibited in the immunized mice
(Fig. 9). These protective activities lasted for at least 6

months after immunization. Therefore, these results
suggest that liposome-coupled CTL epitope peptides
derived from highly conserved internal antigens of in-
fluenza viruses might facilitate the development of vac-
cines that would induce protection against heterosub-
typic influenza virus infection (34).

8. Conclusions

Surface-linked liposomal antigens are expected to be
applicable for the vaccine development against viruses,
in particular those viruses that evade humoral immunity
by varying their surface proteins such as influenza virus,
coronaviruses (severe acute respiratory syndrome and
Middle East acute respiratory syndrome), hepatitis C
virus, human immunodeficiency virus, and noroviruses.

Moreover, as described above, surface-linked lipo-
somal antigens were initially found to effectively induce
antigen-specific IgG antibody production without in-
ducing IgE synthesis. Taken together, liposome-coupled
antigens are potentially applicable to the development
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of vaccines that would induce both humoral and cellular
immunity.
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