
Introduction

Vaccines are currently regarded as the most efficient tool
to control or eliminate severe infectious diseases. However,
a number of reports have also described the unwanted side
effects of vaccinations, including local swelling, fever, and
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Abstract
Background: We have previously reported that ovalbu-
min (OVA) coupled with liposome via glutaraldehyde
(GA) induced OVA-specific- and IgE-selective unrespon-
siveness in mice. Methods: In this study, OVA-liposome
conjugates were made using four different coupling pro-
tocols: via GA, N-(6-maleimidocaproyloxy) succinimide
(EMCS), disuccinimidyl suberate (DSS) and N-suc-
cimidyl-3(2-pyridyldithio)propionate (SPDP) and the 
induction of antigen-specific IgG and IgE antibody pro-
duction was investigated for each. In addition, antigen-
specific cytokine production by spleen cells of mice 
immunized either with OVA-liposome or with OVA ad-
sorbed with aluminum hydroxide was investigated. Re-

sults: OVA-liposome conjugates coupled via GA or DSS
did not induce anti-OVA IgE antibody production but in-
duced substantial anti-OVA IgG antibody production. On
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the other hand, the induction of anti-OVA IgE unrespon-
siveness by OVA-liposome conjugates coupled via EM-
CS or SPDP was incomplete. The amount of interleukin 4
(IL-4) produced by spleen cells stimulated in vitro with
OVA correlated well with anti-OVA IgE antibody produc-
tion in donor mice. However, the production of no other
cytokine, i.e., IL-2, IL-5, IL-10 or interferon-γ, was corre-
lated with in vivo IgE antibody production. Conclusion:

OVA-liposome coupled via GA or DSS induced complete
suppression of anti-OVA IgE production. The results in
this study further suggest that the regulation of IgE anti-
body production does not neccessarily correlate with so-
called Th1 cytokine production.
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anaphylaxis [1, 2]. Many of these cases are diagnosed as
immediate-type allergic reactions, and it has been well es-
tablished that these reactions are caused by IgE antibody in-
duced against the vaccine antigen or the vaccine compo-
nents. Adjuvants are commonly used in the vaccine
preparations to elicit an immune response because most
vaccine antigens, especially purified, subunit and synthetic
antigens, possess weak immunogenicity by themselves [3].
Aluminum adjuvants, the only adjuvants approved for clin-
ical use, are well known to induce IgE synthesis [4, 5]. Im-
proved adjuvants other than currently used aluminum adju-
vants are essential for the development of new vaccines.

Among the candidates for vaccine carriers in the im-
proved vaccines, liposomes have been shown to promote
humoral and cell-mediated immunity to a wide spectrum of
bacterial, protozoan and viral antigens as well as to tumor
cell antigens in animal immunization studies [6], and have
been successfully used in clinical trials [7, 8]. To date, most
liposomal vaccines tested have been made by antigen en-
trapment [9]. However, antigen-entrapped liposomes and
surface-coupled antigens of liposomes are reported to in-
duce different types of immune responses [10]. That is,
antigen-entrapped liposomes have been shown to induce
antigen-specific IgE antibody production [11], while we
have previously reported that immunization of mice with
surface-coupled OVA of liposomes (OVA-liposome) in-
duced substantial IgG antibody production with a minimal
amount of IgE antibody production [12]. The same results
were found when different antigens other than OVA, such
as tetanus toxoid [13] or Shiga-like toxin [14], were cou-
pled to liposomes. Therefore, antigen-liposome conjugates
are expected to be candidates for novel protocols of vacci-
nation that induce the least IgE antibody production.

The aim of this study was to determine the optimal pro-
cedure among four antigen-liposome coupling procedures
for producing antigen-liposome conjugates. In addition,
antigen-specific cytokine production was investigated us-
ing spleen cells (SC) of mice immunized with OVA-lipo-
some or with aluminum-adsorbed OVA. The correlation be-
tween T cell cytokine profile and IgE regulation in vivo is
discussed.

Material and Methods

BALB/c mice (8 weeks of age, female) were purchased from
Charles River (Yokohama, Kanagawa, Japan). Antigen: ovalbumin
(OVA, grade V) was purchased from Sigma (St. Louis, Mo., USA).
Liposomes (45 mg lipid/ml) used for the coupling with OVA were
composed of dipalmitoyl phosphatidylcholine (DPPC), dipalmitoyl
phosphatidyl ethanolamine (DPPE), cholesterol, and dimyristoyl

phosphatidyl glycerol (DMPG) acid in 4:3:7:2 molar ratios. The lipo-
some preparation used in this study contained DPPE since the amino
group was essential on the surface of the liposome to couple the anti-
gen with liposomes.

Coupling of OVA to Liposomes via GA
Liposomal conjugates with OVA (OVA-liposome) via glutaralde-

hyde (GA; fig. 1) were prepared as described previously [5]. Briefly,
to a mixture of 90 mg of liposomes and 6 mg of OVA in 2.5 ml phos-
phate buffer (pH 7.2) was added in drops 0.5 ml of 2.5% GA solution.
The mixture was stirred gently for 1 h at 37°C, and then 0.5 ml of 3 M
glycine-NaOH (pH 7.2) was added to block excess aldehyde groups.
This was followed by incubation overnight at 4°C. The OVA-lipo-
some and uncoupled OVA in the resulting solution were separated us-
ing CL-4B column chromatography (Pharmacia Fine Chemical Co.,
Uppsala, Sweden). The amount of lipid in the liposomal fraction was
measured using a phospholipid content assay kit (Phospholipid-Test-
Wako: Wako Pure Chemical Industries, Osaka, Japan). The OVA-li-
posome solution was adjusted to 10 mg lipid/ml and kept at 4°C until
use.

Coupling of OVA to Liposomes via N-(6-Maleimidocaproyloxy)
Succinimide
Coupling of OVA to liposomes via N-(6-maleimidocaproyloxy)

succinimide (EMCS: fig. 2) was performed according to the proce-
dure described by Martin et al. [15] with a modification. Briefly,
11.1 ml of 1% EMCS solution in anhydrous methanol and 45µl of tri-
ethylamine (TEA) were added to 0.2068 g of DPPE dissolved in
10 ml of a 1:1 mixture of anhydrous methanol and chloroform. The
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Fig. 1. Coupling of OVA to liposomes via GA.



mixture was stirred for 5 h at 40°C. After evaporating the solvent un-
der reduced pressure, residue was dissolved in 15 ml of acetone and
cooled at 4°C for 2 h to precipitate DPPE-EMCS. 0.188 g of dried
crystals of purified DPPE-EMCS was obtained in the vacuum cham-
ber with further recrystallization. 0.6 M DPPC, 0.1 mM DPPE-EM-
CS, 0.7 mM cholesterol, and 0.2 mM DMPG were dissolved in 10 ml
of chloroform/methanol (1/1). The solvent was then removed under
reduced pressure and 19.6 ml of phosphate buffer (pH 7.2) was added 
to make a 4.8% lipid suspension. Vesicle dispersion was extruded
through a 0.2-µm polycarbonate filter to adjust liposome size. 1.5 ml

of liposome suspension and 3 ml of 1.25 mM OVA solution were
mixed and stirred for 3 days at 5°C. The liposome-coupled and un-
coupled OVA were separated as described above.

Coupling of OVA to Liposome via Disuccinimidyl Suberate
Coupling of OVA to liposomes via disuccinimidyl suberate (DSS:

fig. 3) was performed according to the method described by Kinsky et
al. [16] with modification. Briefly, a mixture of 10 ml of anhydrous
chloroform solution containing 0.136 mM DPPE and 24µl of TEA
was added in drops to 26.6 ml of anhydrous chloroform solution con-
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Fig. 2. Coupling of OVA to liposomes via
EMCS.



taining 0.681 mM DSS and stirred for 5 h at 40°C. The solvent was
evaporated under reduced pressure and 18 ml of 2:1 mixture of ethyl
acetate, and tetrahydrofuran was added to dissolve the residue. 36 ml
of 100 mM sodium phosphate (pH 5.5) and 90 ml of saturated NaCl
aqueous solution were added to the solution, shaken for 1 min, and al-
lowed to separate. To remove undesirable materials, the upper layer
was washed with the same buffer and, after evaporation of the sol-
vent, 3 ml of acetone was added to dissolve the residue. 100 ml of ice-
cold acetone was added in drops and kept on ice for 30 min to precip-
itate. Crystals were collected and dissolved in 5 ml of chloroform.
After evaporation, 34.4 mg of DPPE-DSS was obtained. 0.18 mM

DPPC, 0.03 mM DPPE-DSS, 0.21 mM cholesterol, and 0.06 mM
DMPG were dissolved in 10 ml of chloroform/methanol (1/1). The
solvent was then removed under reduced pressure and 5.8 ml of phos-
phate buffer (pH 7.2) was added to make a 4.8% lipid suspension.
Vesicle dispersion was extruded through a 0.2-µm polycarbonate fil-
ter to adjust liposome size. 2 ml liposome suspension and 4 ml of 0.76
mM OVA solution were mixed and stirred for 5 days at 5°C. The li-
posome-coupled and uncoupled OVA were separated as described
above.
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Fig. 3. Coupling of OVA to liposomes via
DSS.



Coupling of OVA to Liposomes via N-Succimidyl-3
(2-Pyridyldithio) Propionate
Coupling of OVA to liposomes via N-succimidyl-3(2-pyri-

dyldithio) propionate (SPDP: fig. 4) was performed according to the
method described by Heath et al. [17] with a modification. Briefly,
10.1 mM DPPE was dissolved in 500 ml of a 5:1 mixture of anhy-
drous chloroform/methanol, and then 12.1 mM SPDP and 2.8 ml of
TEA were added. The mixture was stirred for 2 h at 25°C and then the
solvent was evaporated under reduced pressure. The residue was dis-
solved in 580 ml of acetone and kept on ice for 1 h to precipitate. The
collected crystals were further crystallized and dried under reduced
pressure. 8.3 g of DPPE-DTP was obtained. 0.6 mM DPPC, 0.1 mM
DPPE-DTP, 0.7 mM cholesterol, and 0.2 mM DMPG were dissolved

in 10 ml of chloroform/methanol (1/1). The solvent was then removed
under reduced pressure and 19.6 ml of phosphate buffer (pH 7.2) was
added to make a 4.8% lipid suspension. Vesicle dispersion was ex-
truded through a 0.2-µm polycarbonate filter to adjust liposome size.
To 3.74 ml of 10 mg/ml OVA solution in PBS, 112.5 ml of 30 mM
SPDP solution in ethanol was added in drops and stirred for 30 min at
25°C. OVA-DTP and SPDP were separated using G-25 column chro-
matography. OVA-SH was obtained by mixing 2 ml of OVA-DTP so-
lution and 240 µl  of dithiothreitol. Solutions of liposome-DTP and
OVA-SH were mixed and stirred for 3 days at 4°C. OVA-liposome
and uncoupled OVA-SH were separated using CL-4B column chro-
matography as described above.
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Fig. 4. Coupling of OVA to liposomes via
SPDP.
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Fig. 5. Anti-OVA antibody production in mice immunized with
OVA-liposome conjugate or with OVA-alum. Mice were immunized
with OVA-liposome coupled via GA (K), EMCS (P), DSS (C), or via
SPDP (J) or with OVA-alum (I). Immunization was done as de-
scribed in Materials and Methods. Serum anti-OVA IgG and IgE anti-
body were measured using ELISA. a Anti-OVA IgG. b Anti-OVA IgE.
c Anti-OVA IgG isotype antibodies assayed for the serum sample ob-
tained 6 weeks after primary immunization. Data represent mean and
SE of 5 mice per group.

a b

c

Quantification of OVA Coupled to Liposome
For the measurement of OVA coupled to liposome, radiolabeled

OVA ([methyl-14C]: purchased from New England Nuclear, Boston,
Mass., USA) was mixed with cold OVA and used for coupling with li-
posome and for determining the calibration curve. The radioactivity
of the resulting OVA-liposome solution was counted using a calibra-
tion curve.

Immunization
Mice were immunized intraperitoneally with 2µg of OVA ad-

sorbed with 3 mg of aluminum hydroxide (alum) in 200µl PBS pH
7.2. OVA-liposome was injected intraperitoneally at a dose of 2 mg
lipid/200 µl/mouse. Four weeks after primary immunization, mice
were boosted as for primary immunization.

Quantification of Ig Levels
Mice were bled from the tail vein weekly. Antigen-specific IgG,

IgG1, and IgG2a were determined by ELISA. Antigen-specific IgE
was determined by monoclonal antibody-capture ELISA.

Spleen Cell Culture
Six weeks after primary immunization, SC were taken from mice

and suspended in RPMI-1640 containing 10% FCS at a cell density of
5E106/ml. In the preliminary examination, OVA at a final concentra-
tion of 1 mg/ml and duration of culture for 72 h was found to be opti-
mal for the production of all cytokines tested in this study. The cell
suspension was plated at 100µl per well onto a 96-well culture plate
(No. 3072, Becton Dickinson Labware, Franklin Lakes, N.J., USA),
and 100µl of 2 mg/ml OVA solution in the same media was added to
each well. After incubation for 72 h in a CO2 incubator, the culture su-
pernatants were assayed for cytokines.



Cytokine ELISAs
Concentrations of IL-2, IL-4, IL-5, IL-10, and IFN-γ in the culture

supernatants were measured using a Biotrak™ mouse ELISA system
(Amersham International, UK). All test samples were assayed in du-
plicate and the standard error in each test was less than 5% of the
mean value.

Statistical analysis was done by Student’s t test.

Results

Comparison of Anti-OVA Antibody Production in Mice
Induced by OVA-Liposome Conjugates Made Using Four
Different Conjugation Methods
The amount of OVA coupled to liposomes in OVA-lipo-

some conjugates made using GA, EMCS, DSS, and SPDP
were 47.0, 43.8, 47.8, and 40.1 µg/mg lipid, respectively.
Mice were immunized with these conjugates or OVA-alum,
and anti-OVA antibody production was investigated. As
shown in figure 5a, all four conjugates induced a compara-
ble level of anti-OVA IgG antibody production. OVA-lipo-
some induced a high level of anti-OVA IgG production as
early as 1 week after immunization. This tendency was con-
sistent among each of the four groups receiving immuniza-
tion with OVA-liposome conjugates. In the OVA-alum-im-
mune group, serum anti-OVA IgG increased gradually in
the 4 weeks after immunization. Anti-OVA IgE antibody
production in OVA-liposome-immune mice was unde-
tectable after primary immunization, while OVA-alum in-
duced a significant IgE antibody production as early as 2
weeks after immunization (fig. 5b). After secondary immu-
nization, no anti-OVA IgE antibody was detected in the sera
of mice immunized with OVA-liposome coupled via GA or
DSS. However, in mice immunized with OVA-liposome
coupled via EMCS, a brief and negligible production of IgE
was observed, while in those immunized with OVA-lipo-
some coupled via SPDP, a significant production of IgE was
seen, although much less than that in the OVA-alum-im-
mune group (pd0.001). Titers of anti-OVA IgG isotype an-
tibodies were assayed for the serum sample obtained 6
weeks after primary immunization. Anti-OVA IgG2a pro-
duction predominanted in groups of mice immunized with
OVA-liposome coupled via GA or EMCS (pd0.01) and an-
ti-OVA IgG1 production predominated in the OVA-alum-
immune group (pd0.001). However, no significant differ-
ence between anti-OVA IgG1 and IgG2a production was
observed in mice immunized with OVA-liposome coupled
via SPDP and, interstingly, in the group of mice immunized
with OVA-liposome coupled via DSS, the production of an-
ti-OVA IgG1 was significantly higher than that of anti-OVA

IgG2a (pd0.001). Thus, the results demonstrated that IgE
unresponsiveness did not necessarily correlated with a pre-
dominant production of IgG2a.

Cytokine Production by SC from OVA-Immune Mice
Six weeks after primary immunization, SC were taken

from mice and stimulated in vitro with OVA to observe
OVA-specific cytokine production. As shown in figure 6a,
IL-4 was detected only in the culture supernatant of SC
taken from OVA-alum-immune mice. On the other hand,
IFN-γ, which is known to counteract IL-4, was detected in
all groups (fig. 6b), although the amounts varied from 154
to 1,400 pg/ml. Surprisingly, in the OVA-alum-immune
group, in which a substantial IgE antibody was produced,
the level of IFN-γ was significantly higher than in the OVA-
liposome-immune group (pd0.0001 vs. DSS, EMCS, and
SPDP). No correlation was found between the amounts of
IFN-γ (fig. 6c) and IL-2 produced within the same group;
e.g., IL-2 production by the spleen cells of mice immunized
with OVA-liposome coupled via EMCS was significantly
higher than in the other groups (pd0.01), but the produc-
tion of IFN-γ in the same group was significantly less than
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Fig. 6. Antigen-specific cytokine production by spleen cells of mice
immunized with OVA. a IL-4. b IFN-γ. c IL-2. d IL-5. e IL-10. Data
represent mean cytokine concentration (pg/ml) and SE of 5 mice per
group.

a



in the other groups (pd0.01). IL-5 (fig. 6d) and IL-10
(fig. 6e) were also detected in all groups. The amount of IL-
5 produced in the OVA-liposome (coupled via GA)-im-
mune group was almost equivalent to that in the OVA-
alum-immune group, suggesting that there was no

correlation between IgE production in vivo and IL-5 in vit-
ro. In addition, the variation among OVA-liposome-im-
mune groups in the production of the cytokines IFN-γ, IL-2
and IL-5 did not correlate with the variations among groups
in the production of either IgE or IgG antibodies.
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Discussion

In this study, OVA-liposome conjugates coupled via four
different conjugation methods were prepared, and induction
of anti-OVA antibody production by these conjugates was
investigated in mice. A comparable level of anti-OVA IgG
antibody production was induced by each of the conjugates
(fig. 5a). Among the four OVA-liposome conjugates, the
amounts of OVA coupled to liposome ranged from 40.1 to
47.0µg/ml lipid. However, this degree of variation in the
amount of liposome-coupled antigen did not seem to affect
the induction of anti-OVA IgG antibody production. The
levels of anti-OVA IgE antibody induced by these conju-
gates were very low or undetectable, while alum-adsorbed
OVA induced substantial production of anti-OVA IgE anti-
body. In groups of mice immunized with OVA-liposome
coupled via GA or DSS, no anti-OVA IgE antibody was pro-
duced, while OVA-liposome coupled via SPDP induced the
production of a low but significant level of anti-OVA IgE.
The coupling of OVA and liposome via SPDP contained a
disulfide bond (fig. 4), which might have reduced the sta-
bility of the coupling of OVA and liposome, resulting in li-
posome-free OVA, which in turn might have induced a low
level of IgE production. In the coupling via EMCS, thiol
residue on OVA was used, while in the coupling via GA and
DSS, amino residue on OVA was used. The use of thiol
residue on OVA may have caused an unstable conjugation
that resulted in the incomplete regulation of IgE production.
Hayglass et al., [18] have reported that OVA polymerized
with GA induced a selective suppression of IgE production.
However, it is unlikely that the induction of IgE-unrespon-
siveness by OVA-liposome was due to polymerization of
OVA, because, in the coupling via EMCS, DSS and SPDP,
a spacer was introduced separately to liposome and/or OVA
before coupling (fig. 2–4) and thus polymerization of OVA
would not have taken place during the coupling procedure.
Structural changes of OVA induced by the coupling of OVA
with liposomes may lead to a differential antigen presenta-
tion that could result in the induction of IgE unresponsive-
ness although the mechanism is still unclear. Attempts to
clarify the mechanism are now in progress.

Mosmann et al. [19] have established two types of T
helper cell clones with distinct patterns of cytokine produc-
tion, namely Th1 and Th2. IFN-γ secreted from Th1 cells
induces IgG2a antibody production without IgE synthesis
and counteracts IL-4, which is secreted from Th2 and in-
duces the production of IgG1 and IgE. In this study, howev-
er, in the group of mice immunized with OVA-liposome
coupled via DSS, anti-OVA IgG1 production predominated
although anti-OVA IgE production was not induced in the

group (fig. 5b, c). These results suggest that the productions
of antigen-specific IgE and IgG isotype do not necessarily
correlate with each other. IL-4 was detected only in the cul-
ture supernatant of SC from OVA-alum-immune mice, but
not in that from OVA-liposome-immune mice. This result
correlated well with that of IgE antibody production in vi-
vo; OVA-alum induced the production of a substantial anti-
OVA IgE antibody while OVA-liposome did not. On the
other hand, IFN-γ, which is known to counteract IL-4 and
suppress the production of IgE, was produced not only in
the OVA-liposome-immune group but also in the OVA-
alum-immune group. The amount of IFN-γ produced by the
SC of OVA-alum-immune mice was even larger than that
produced by the SC of OVA-liposome-immune mice. In ad-
dition, IL-2, another Th1 cytokine, was produced in all
groups of mice. Moreover, the largest quantities of IL-5 and
IL-10, the other Th2 cytokines, were produced in the group
of mice immunized with OVA-liposome coupled via GA.
Similar results were obtained when purified CD4+ T cells
were used for the above experiment (data not shown).

Although there are many well-documented Th1 and Th2
responses [20–23], these are not the only cytokine patterns
possible [24, 25], and it remains controversial whether or
not the regulation of IgE antibody production can be at-
tributed solely to the balance between Th1 and Th2 cells.
The results in this study also suggest that the regulation of
IgE antibody production does not necessarily correlate with
the so-called Th1 cytokine production.

In conclusion, four different coupling protocols were
employed to make OVA-liposome conjugates. Among the
four conjugates, only OVA-liposomes coupled via GA or
DSS completely suppressed antigen-specific IgE antibody
production selectively. Since liposome-encapsulated anti-
gen and the mixture of antigen and liposomes induces IgE
antibody production [unpubl. observation], chemical cou-
pling of antigen and liposomes, regardless of the coupling
procedure used, was suggested to be essential for the induc-
tion of antigen-specific- and IgE-selective unresponsive-
ness.
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