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Summary

Background The conventional immunotherapy used for treating allergic individuals may
at times lead to varying degrees of anaphylactic reaction. Liposomes have been proposed as
a vehicle for safe and effective allergen-specific immunotherapy as multiple injections of
liposome-entrapped allergen (LEA) have been shown to reduce specific IgE response and
induce specific IgG response in BALB/c mice.
Objective and methodsTo elucidate the effect of LEA on polarization of T-cell responses,
its effect on the relative production of TH1/TH2 type cytokines (namely IL-2, IL-4 and
IFN-g by commercially available ELISA kits and immunoglobulin profile as measured by
ELISA) were studied. Histamine release on challenge of immunized mice was measured to
examine the efficacy of LEA in preventing anaphylactic reactions.
Results Measurement of cytokine levels in serum and spleen cell culture supernatants of
BALB/c mice injected repeatedly with either free allergen (FA) or LEA (three mice per
group) indicate that LEA preferentially induces a TH1-type of response dominated by
IFN-g and IL-2 production. Further, it was also shown that immunization of mice with FA
or LEA and subsequent challenge with a large dose of the sensitizing allergen leads to fatal
systemic reactions in 50–65% of the animals treated with FA, whereas no mortality was
observed in mice injected with LEA. Analysis of IgG subclasses in sera of mice immunized
with LEA revealed a sixfold higher production of IgG1 antibodies than mice immunized
with FA. Serum IgG2a, IgG2b, IgG3 and IgM responses were also enhanced in the group of
mice immunized with LEA in comparison with mice injected with FA.
Conclusion The results indicate that LEA confers protection against anaphylaxis to mice
due to their ability to induce a high IFN-g:IL-4 ratio which may lead to decreased synthesis
of IgE and reduced histamine release on challenge with FA.
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Introduction

Allergen-specific immunotherapy has been used for over
nine decades and current data suggest that one of the mech-
anisms of action may be the switching of TH2 lymphocyte
response to a TH1-type response [1,2]. An increase in IgG
blocking antibodies and decrease in IgE antibodies has been
proposed as the mechanism for effective immunotherapy.

Although the conventional method of treatment has been
shown to be effective it has its limitations as occasionally it
may lead to varying degrees of systemic reactions [3,4].
Several new derivatives and formulations of allergens have
been tried in an attempt to increase the safety and efficacy of
immunotherapy. Immunoadjuvant property of liposomes
provided an opportunity to develop new liposome-based
vaccine formulations. Earlier work from the authors’ labora-
tory [5,6] indicated that repeated injections of liposome-
entrapped allergen (LEA) given to BALB/c mice potentiates
the specific IgG response with a concomitant reduction in
specific IgE response.
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It has been well documented that synthesis of IgE is
critically dependent on the regulatory influences of cyto-
kines secreted by CD4þ T helper cells [7]. IL-4 is crucial for
polyclonal IgE responsesin vivo [8] and in vitro [9] and
IFN-g strongly suppresses the IL-4-induced IgE synthesis
from LPS-stimulated B cells [10]. The ratio of IFN-g and
IL-4 determines the magnitude of specific IgE response.

It is well known that TH1 cells produce IL-2, IFN-g and
lymphotoxin (LT) whereas TH2 cells produce IL-4, IL-5,
IL-9, IL-10 & IL-13 [11]. To determine which TH subset is
activated by free allergen (FA) or LEA, the effect of
repeated injections of FA or LEA on the cytokine levels
and immunoglobulin profile were studied.

Materials and methods

Mice

BALB/c mice (4–6-week-old) were purchased from
National Institute of Nutrition, Hyderabad, India.

Preparation of allergenic protein (FA)

The extraction of allergenic protein fromArtemisia scoparia
pollen was carried out in 0.1 mol/L ammonium bicarbonate
buffer pH 8.0, according to the procedure mentioned for grass
pollens [12]. Briefly, defatted pollen in ammonium bicarbo-
nate buffer (1:20) was kept at 48C overnight with constant
stirring. The supernatant was saturated to 90% with ammo-
nium sulphate and precipitate obtained was dialysed, lyo-
philized & used for the experiments. Although purified form
of allergenic extract (Art VIb) was used in earlier studies
[5,6], the authors’ preliminary work demonstrated similar
findings with both partially purified and purified allergen.
Therefore, a partially purified allergen was used for further
experiments.

Preparation of liposomes

Negatively-charged liposomes were prepared by standard
detergent dialysis method using liposomat (Dianorm,
Munich, Germany). Briefly, the lipid film made up of phos-
phatidylcholine:cholesterol:sodium cholate:diacetyl phos-
phate in the molar ratio (7:2:2:1) was dissolved in PBS
(Phosphate buffer 50 mmol/L, saline 0.15 mol/L, pH 7.4)
containing 5 mg of allergen. After 3 h of dialysis, small uni-
lamellar vesicles with 20–60 nm size were obtained. The
unentrapped protein was removed by gel filtration chromato-
graphy on Sephacryl S-400 (Pharmacia, Uppsala, Sweden).
The amount of entrapped protein was determined by Lowry’s
method [13] after disrupting a small aliquot of liposome
preparation with 0.9% sodium dodecyl sulphate.

Measurement of cytokine levels

Cytokine levels were determined in the sera and spleen cell
culture supernatants of immunized mice (FA or LEA). Mice
were randomly divided into three groups each consisting of
three animals. One group (control) was injected with PBS
and remaining two groups of mice were injected intra-
peritoneally (i.p.) with 25mg of FA or LEA on the days 0,
10 and 24 of the experiment. Blood (< 400mL) was drawn
carefully from the retro-orbital plexus (according to UFAW
Handbook [14]) on day 3 after each immunization for
measurement of cytokines, since preliminary studies indicated
that optimal responses were obtained at this timepoint (unpub-
lished data). Cytokine responses were determined in the sera
of immunized mice with the help of commercially available
ELISA kits. For determination of cytokine responsesin vitro,
mice were sacrificed on day 31 and spleens removed under
aseptic conditions. Spleen cells were cultured at 2× 106 cells
per mL with or without 2mg/mL (preliminary studies demon-
strated optimal proliferation at 2mg/mL of FA or LEA) of
either FA or LEA for three days at 378C in a humidified
atmosphere of 5% CO2 in RPMI-1640 medium containing
glutamine and Hepes (Sigma, St Louis, MO, USA) supple-
mented with 100 U/mL penicillin, 100mg/mL streptomycin,
2× 10¹5 mol/L of 2-mercaptoethanol and 10% heat-inacti-
vated fetal calf serum (Sigma). Culture supernatants collected
after 72 h were assayed for IL-2, IL-4 & IFN-g by ELISA kits.

IL-2 and IFN-g levels were measured by Genzyme
(Cambridge, MA, USA) ELISA kits with detection limits
of 15 pg/mL and 125 pg/mL, respectively, while Endogen
(Boston, MA, USA) ELISA kit with a sensitivity of 5 pg/mL
was used for measurement of IL-4 levels. The optical den-
sity (OD) of standards and samples measured at 450 nm
were converted to pg/mL from the standard curve (plotted
according to manufacturers instructions).

Measurement of antibody isotypes

Antibody responses were determined on day 31 (i.e. day 7
after second booster) of the experiment by ELISA [15].
Peroxidase-labelled goat anti-mouse IgG1, IgG2a, IgG2b,
IgG3 & IgM conjugates were obtained from Seralab
(Sussex, UK) whereas peroxidase-labelled goat anti-mouse
IgG and IgE were procured from Sigma and Nordic (Immuno-
logical Lab., Tilburg, The Netherlands), respectively. OD was
measured on a NUNC ELISA reader at 490 nm.

Measurement of histamine release after free allergen
challenge

BALB/c mice were randomly divided into three groups of
six animals each. Two groups of animals were primed i.p.
with 25mg of FA or LEA on day 0, and further boosted on
day 10 of the experiment. The third group (control) was
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injected with PBS. Half the animals from each group were
challenged intravenously with 200mg FA on day 23. The
remaining animals of the respective groups were given a
2nd booster dose with similar quantity of FA or LEA on day
24 and challenged similarly on day 37. Blood was drawn
from the retro-orbital plexuses 20–30 min after each intra-
venous (i.v.) challenge and serum histamine levels were
quantified by a double isotope radioenzymatic method [16].
Blood was also drawn on days 22 and 36 (i.e. one day prior
to each i.v. challenge) for determination of serum-specific
IgG and IgE levels by ELISA.

Statistical methods

Data are expressed as the mean6 SD of three mice. Prob-
ability test was not applied due to small number of mice per
group.

Results

In vivo administration of LEA to BALB/c mice increased
the IFN-g:IL-4 ratio concomitant with enhancement in the
IgG:IgE ratio

Measurement of cytokines and immunoglobulin isotypes in
the sera of immunized mice after second booster dose
revealed that repeated injections of LEA induced a con-
siderable increase in the serum IFN-g levels and consequent
increase in IFN-g:IL-4 ratio (three- to fourfold). A marked
enhancement in the serum-specific IgG:IgE ratio (nine- to
10-fold) was also observed in comparison with that induced
by FA (Fig. 1). This indicated that the immune response to
LEA is perhaps dominated by activation of TH1 cells in
contrast with the response observed with FA. In this
experiment, IL-2 could not be detectedin vivounder similar
conditions probably due to insufficient secretion or too rapid
use by these cells. The absolute values of IL-4 and IFN-g are
given in Table 1.

In vitro determination of cytokine levels in the culture
supernatants of spleen cells from FA- or LEA-immunized
mice

Figure 2 shows the cytokine levels in the culture super-
natants of spleen cells from immunized mice (FA or LEA)
stimulated with or without 2mg/mL of FA or LEA. Un-
stimulated spleen cells of mice pre-immunized with LEA
elicited enhanced IL-2 levels, reduced IL-4 levels and
markedly increased IFN-g levels as compared with those
pre-immunized with FA.In vitro stimulation of spleen cells
from mice treated either with FA or LEA elicited a further
increase in IL-2 levels (approximately twofold), reduction
in the IL-4 response and a dramatic increase in the IFN-g

levels (fourfold for FA and sixfold for LEA) than those of

mice immunized with FA. Figure 3 shows substantial
enhancement of IFN-g:IL-4 ratio by stimulation of spleen
cells with LEA than by FA.

Comparison of IgG subclass and IgM responses induced
by FA and LEA

The IgG isotype distribution in LEA-treated mice is domi-
nated by production of specific IgG1 antibodies although
specific IgG2a, IgG2b, IgG3 responses were also enhanced.
A considerable enhancement in the IgM response was also
observed (Fig. 4). Thus the adjuvant effect of liposomes is
particularly reflected in IgG1 subclass.

Comparison of serum-specific IgG:IgE ratio and histamine
release in immunized mice (FA or LEA) after challenge

To examine the potential role of LEA in reducing serum IgE
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Fig. 1.BALB/c mice were immunized with i.p. injections of FA or
LEA of days 0, 10 and 24 of the experiment. (a) IFN-g:IL-4 ratio in
sera. Serum cytokine responses were determined on day 3 after
each immunization. Serum IL-4 and IFN-g responses in control
mice were negligible. (b) IgG:IgE ratio in sera. Antibody responses
were determined on day after each immunization. Serum-specific
IgG and IgE levels in control mice were negligible. Data are
expressed as mean6 SD of the ratios from three mice.



levels and anaphylactic allergic reactions, the effect of
repeated injections of either LEA or FA on sensitization
of BALB/c mice was determined. Histamine levels were
determined after i.v. challenge of the two groups of mice
with 200mg FA. Mice immunized with LEA showed a con-
sistent decrease in serum-specific IgE levels and marked

increase in IgG levels in contrast with those treated with FA
(Fig. 5). Intravenous challenge of the two groups with
200mg of FA resulted in severe to fatal systemic reactions
in 50–65% of the animals in the group immunized with FA.
No untoward effect was, however, observed in the group of
mice treated with LEA.

As shown in Table 2, mice immunized with LEA elicited
a high specific IgG:IgE ratio and released comparatively
less serum histamine on i.v. challenge with a high dose of
FA. However, the animals immunized with FA developed
an increased serum-specific IgE response and greater
release of histamine after challenge.
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Table 1.Serum cytokine responses in mice
sensitized with FA or LEA IL-4 (pg/mL) IFN-g (pg/mL)

Days FA LEA FA LEA

3 15.836 4.81 11.506 4.09 115.506 20.50 98.006 2.82
13 24.256 1.76 15.006 3.53 249.506 13.43 393.506 19.09
27 19.336 4.90 14.756 2.47 292.006 16.97 841.006 22.62

Mice were immunized with 25mg FA or LEA via i.p. route on days 0, 10 and 24 of the
experiment. Data are expressed as mean6 SD of the responses from three mice per group.
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Fig. 2. IL-2, IL-4 and IFN-g levels (expressed in terms of log
values of pg/mL) in culture supernatants of spleen cells from
sensitized mice (FA or LEA). On day 7 after second booster spleen
cells (2×106cells/mL) were incubated with or without 2mg/mL of
FA or LEA. IL-2, IL-4 and IFN-g assays were performed on
supernatants collected after 72 h from the above cell cultures by
specific ELISA kits. Cytokine production by spleen cells of control
mice was negligible in response toin vitro stimulation with FA or
LEA. Results are expressed in terms of log values of pg/mL as the
mean6 SD of the responses from three mice. Figures represent one
of the two similar experiments.
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Fig. 3. IFN-g:IL-4 ratios in culture supernatants of spleen cells
from immunized mice (FA or LEA). Results are expressed as the
ratio of the IFN-g and IL-4 responses (pg/mL) from three mice.
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Table 2. Relation of serum-specific IgG:IgE ratio in mice immu-
nized with FA or LEA and histamine levels after challenge with
free allergen

Mice immunized with:

Day FA LEA

Specific IgG/IgE
22 0.446 0.07 3.596 1.48
36 0.426 0.05 13.446 2.75
Histamine levels
(ng/mL)
23 24.306 15.00 7.426 2.60
37 79.336 6.65 32.006 11.10

Normal histamine levels: 3.536 0.76 ng/mL. Values of IgG and
IgE are expressed in terms of OD determined at 490 nm. Results
are expressed as the mean6 SD of the responses from three mice.
Histamine levels of samples are expressed in terms of ng/mL.
Values represent the mean6 SD of the responses from three mice.
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Fig. 4. Levels of specific IgG subclasses and IgM in sera of
immunized mice (FA or LEA). Mice were injected with FA or
LEA on day 0, 10 and 24 of the experiment. Serum-specific
antibody responses were determined on day 31 by ELISA. Results
are expressed as the mean OD490 nm6 SD of three mice.
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Fig. 5.Specific (a) IgG and (b) IgE levels in sera of mice sensitized
with FA or LEA. BALB/c mice were injected with either 25mg of
FA or LEA on day 0, 10 and 24 of the experiment by i.p. route.
Specific IgG/IgE levels were measured by ELISA on day 10, 22 and
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Discussion

In vivo and in vitro studies confirm that LEA on repeated
injections induces a TH1-type of activation which is evident
from the predominant IFN-g & IL-2 responses and increase
in IFN-g:IL-4 ratio. Cytokine production by unstimulated
spleen cells of mice immunized with LEA indicated that
LEA modulated the response to TH1-typein vivo either by
specifically stimulating or recruiting TH1 phenotype.In
vitro stimulation of spleen cells with FA or LEA probably
further consolidates the polarized TH1 response. This sug-
gests that the response once initiated may be maintained and
amplified by mutually antagonistic effects. Mosmann and
Coffman reported that IFN-g selectively inhibits prolifera-
tion of TH2 cells [17] and effect of IL-4 on B cells. The
functional capabilities of TH1 & TH2 cells are in turn
reported to correlate with specific immunoglobulin isotypes,
TH1 inducing the preferential production of IgG2a/IgG2b,
IgG3 & IgM and TH2 that of IgG1 & IgE. Studies on the
induction of immunoglobulin isotypes revealed that repeated
injections of LEA resulted in an IgG1-dominated response
although the levels of IgG2a, IgG2b, IgG3 & IgM antibodies
were also enhanced. The significance of a high production
of IgG1 antibodies obtained in this study implies that these
probably act like blocking antibodies in preventing allergic
reactions, a role suggested for IgG4 antibodies in humans
after immunotherapy [18,19]. In mice IgG1 is claimed to be
immunologically similar to human IgG4 and could possibly
act as blocking antibodies in preventing accessibility of
soluble allergens to IgE-coated mast cells [20–23] .

Although murine IL-4 has the ability to induce the
production of IgG1 & IgE antibodies [24], the dose of IL-4
required for the induction of an IgE response is three–10
times higher than that for an IgG1 response [25]. Thus, B
cells of mice treated with LEA probably switch to IgG1
because of less availability of IL-4 due to a TH1-dominant
response in LEA-stimulated mice. It is possible that sub-
stantial IgG1 may also be induced through IL-4-indepen-
dent mechanisms, namely the TH1 pathway [26,27]. It is
evident from the results of this study that LEA induces the
production of IgG1 antibodies and suppresses IgE synthesis
probably due to the high IFN-g:IL-4 ratio caused by modu-
lation of the immune response from TH2- to TH1-type. In
vitro studies with spleen cells also demonstrated a high
IFN-g:IL-4 ratio in mice immunized with LEA. This sug-
gests the induction of TH1 phenotype by LEA. Although
cytokines play a major regulatory role in the differential
activation of CD4þ T-cell subsets, the nature of accessory
cells involved in an immune response is also important.
Gajewskiet al. reported that murine TH1 and TH2 cells are
optimally stimulated by different types of antigen-present-
ing cells (APCs) [28]. Moreover, it has also been reported
that B cells act as APC to preferentially induce TH2

responses whereas macrophages induce TH1 responses
[29]. The authors’ earlier studies [30] on macrophage
depletion indicated a considerable reduction in stimulation
index for LEA in the absence of macrophages. In contrast,
the stimulation index with FA was unaffected. Therefore,
processing and presentation of FA may possibly involve B
cells as APC while LEA may be preferentially presented by
macrophages. This may be due to sequestration of allergen
by liposomes and their rapid uptake by macrophages.

Although the responses of TH1 and TH2 cells to different
APCs have been reported [31] there are controversies that
the type of APC does not critically influence the differen-
tiation of TH precursors into one or another phenotype [31].
During antigen exposure, the cytokines released by APC or
other cell types appear to play an important role in deter-
mining the development of specific TH1 or TH2 responses.
Sederet al. reported that IL-12 induced by macrophages
probably has the ability to promote IFN-g production by
natural killer cells in a T cell-independent manner [32] and
IFN-g in turn favours the development of TH1 cells.

In Type I allergic reactions, release of histamine requires
degranulation of mast cells or basophils induced by specific
IgE allergen reaction on their surface [33]. The lower
release of histamine in LEA-treated mice after challenge
suggests less availability of IgE on mast cells for allergen
binding. High IFN-g levels may also inhibit the release of
mediators such as histamine from mast cells. Inhibitory
effect of IFN-g generated by splenic T cells on IgE, antigen-
dependent histamine and seratonin release by mouse mast
cells has been reported [34,35].

In conclusion, data on cytokine and immunoglobulin
profile indicated that LEA confers protection to mice due
to their ability to modulate the T-cell response from TH2 to
TH1 phenotype. This might create a local environment of
cytokines particularly a high IFN-g:IL-4 ratio leading to
decreased synthesis of IgE and markedly elevated levels of
IgG1. Presence of higher proportions of IL-4- producing
and lower proportions of IFN-g-producing T- cell clones
have been reported in peripheral blood of patients with
severe atopic disease as compared with that of non-atopic
donors [36] indicating a majority of TH2 type cells in atopic
individuals. LEA may be able to modulate the T-cell
response to a more protective TH1 phenotype. The data
also suggested that continuous down-regulation of IgE on
repeated injections of LEA could reduce the danger of ana-
phylactic reactions during immunotherapy. The above find-
ings demonstrate important therapeutic potential for the
development of safe and effective liposome-based allergy
vaccines in the immunotherapy of allergic disorders.
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