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uated airway inflammation after the CRE provocation and 
caused a shift of allergic Th2 to Th1 and Treg responses. The 
L-CRE also induced a shift from the Th2 to the Th1 response 
but did not induce a Treg response and could not attenuate 
the airway inflammation upon allergen reexposure.  Conclu-

sions:  Intranasal liposome-adjuvant CR allergy vaccine con-
taining native AK (Per a 9) is better than L-CRE in attenuating 
allergic airway inflammation. The findings of this study not 
only document a more comprehensive and beneficial im-
mune response induced by the refined allergen vaccine but 
also raise the point that the shift from the Th2 to the Th1 re-
sponse alone might not correlate with improved airway his-
topathology, clinical outcome and quality of life. 

 Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 Cockroach (CR) proteins are important indoor aller-
gens worldwide, especially among inhabitants of crowded 
inner cities  [1, 2] . Exposure to CR allergens leads to sen-
sitization, particularly in atopic subjects. The sensitized 
subjects develop predominantly allergen-specific Th0/
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 Abstract 

  Background:  Cockroach (CR) allergens frequently cause se-
vere asthma in CR-sensitized subjects. Allergen-specific im-
munotherapy causes a shift of allergic Th2 responses to-
wards Th1 and/or regulatory T cell (Treg) responses which 
reduce airway inflammation and prevent disease progres-
sion. Data are relatively limited on immunotherapy via CR 
allergy vaccine.  Methods:  The therapeutic efficacy of an in-
tranasal liposome-adjuvant vaccine made of a refined  Peri-
planeta americana  arginine kinase (AK) was compared to the 
liposome-entrapped  P. americana  crude extract (CRE) vac-
cine. Adult BALB/c mice were rendered allergic to CRE. Three 
allergic mouse groups were immunized intranasally on alter-
nate days with 8 doses of liposome-entrapped CRE (L-CRE), 
liposome-entrapped AK and placebo, respectively. One 
week later, all mice received a nebulized CRE provocation. 
Evaluation of vaccine efficacy was performed 1 day after 
provocation.  Results:  Liposome-entrapped native AK atten-
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Th2 responses, including antigen-specific Th2 prolifera-
tion, production of Th2 cytokines, antigen-specific IgE, 
IgE-sensitized mast cells and basophils, mast cell matura-
tion and inflammatory cell infiltration into the respira-
tory tissue  [3, 4] . Allergic subjects also have a reduced Th1 
response manifested by a decrease in interferon (IFN)-γ 
production  [5] . Varying degrees of allergic morbidity, 
particularly allergic rhinitis and asthma, occur in sensi-
tized subjects upon reexposure to the allergens, which ac-
centuate airway inflammation by cross-linking the spe-
cific IgE on the cell surface  [6]  and also by proteases con-
tained in the allergenic mixture  [7] . Asthmatic subjects 
usually have airway hyperresponsiveness (AHR) caused 
by chronic airway inflammation which is characterized 
by inflammatory cell and T lymphocyte infiltration into 
the respiratory tissues and tissue remodeling, i.e. epithe-
lial cell hyperplasia, hypersecretion of mucus by goblet 
cells, fibrosis of subepithelial basement membrane and 
smooth muscle degeneration and thickening  [8] . CR al-
lergen-mediated atopic asthma is usually more prolonged 
and severe than that produced by other indoor allergens 
such as house dust mites and pets  [1, 9] . Asthmatic attacks 
have a serious impact on quality of life and may even be 
fatal due to respiratory insufficiency, suffocation and 
brain anoxia if not treated promptly and properly, espe-
cially in young children.

  Currently, antigen-specific immunotherapy is the 
only measure that can attenuate the allergen-induced 
pathogenic Th2 response, thereby ameliorating the 
symptom severity, inhibiting disease progression, reduc-
ing drug use and increasing the patients’ quality of life. 
An allergen to which the patient is sensitive is given in 
increasing quantities either parenterally (subcutaneous-
ly) or mucosally (sublingually or intranasally) over an 
extended period of time  [10, 11] . The mechanisms and 
outcomes of individual therapeutic allergy vaccines vary 
depending on the allergens used and the route of vacci-
nation. Results from previous studies indicate that aller-
gy vaccines act as an immune modifier to induce a de-
viation from the pathogenic Th0/Th2 response of the pa-
tient towards the nonpathogenic Th0/Th1 response or to 
cause T cell anergy via a regulatory T cell (Treg) response, 
or both  [12, 13] . The allergen-specific Th1 immune re-
sponse protects against the development of allergic man-
ifestations by inducing the production of interleukin 
(IL)-12/IL-18, which alleviate the allergic lung inflam-
mation through induction of IFN-γ upregulation (as well 
as pulmonary IL-10), thus inhibiting the development of 
Th2 cells  [14, 15] . The Treg cytokines IL-10 and trans-
forming growth factor (TGF)-β suppress IgE production 

and induce isotype switching of the allergen-specific B 
cells to favor IgG4 and IgA antibody production, respec-
tively  [16] . Moreover, IL-10 and TGF-β directly or indi-
rectly suppress effector cells which initiate allergic in-
flammation (e.g. mast cells, eosinophils and neutrophils) 
 [17] , thereby preventing the release of cellular mediators 
and late-phase inflammation. Immunotherapy has been 
shown to be effective for allergies caused by  Hymenop-
tera   [18, 19] , some pollens  [20] , grasses  [21] , trees  [22]  
and house dust mites  [23] . However, data in the literature 
are relatively scarce on vaccine efficacy for allergic mor-
bidity, especially asthma, caused by the American CR 
(ACR;  Periplaneta americana ), which is the predomi-
nant CR species in Thailand and many other tropical 
countries.

  In this study, intranasal CR allergy vaccine made 
from refined ACR allergen, i.e. native Per a 9 (arginine 
kinase, AK), entrapped in liposome was tested for its 
therapeutic efficacy in comparison with the liposome-
entrapped whole-body crude extract of the ACR (CRE) 
vaccine and liposome-entrapped PBS (placebo). The in-
tranasal route was chosen, not only because this route is 
painless, but also because evidence indicates that im-
mune responses induced in the nasal-associated lym-
phoid tissue commonly act at the lower respiratory ef-
fector sites including the larynx-associated lymphoid tis-
sue and the bronchus-associated lymphoid tissue. The 
vaccine components applied intranasally may reach the 
macrophages in the trachea and lung; the antigen-acti-
vated macrophages mature during their drainage to 
lymph nodes and stimulate the local immune response 
 [24, 25] . For CR allergy, the most serious clinical mani-
festation is asthma due to lower airway inflammation 
and functional abnormality. Thus, the local Th1 cell-me-
diated effector responses in the lower respiratory lym-
phoid tissues should reach the target site and exert the 
expected therapeutic activity, i.e. attenuation of the Th2-
mediated airway inflammation. Per a 9 (AK) was chosen 
as a vaccine component because this CR protein is a ma-
jor allergen that reacted to serum IgE of 100% CR-aller-
gic Thai patients tested  [26] . Multilamellar liposome was 
used as the vaccine delivery vehicle in this study because, 
not only is it easy to prepare, but it has also been shown 
over more than two decades to be a safe and promising 
immunological adjuvant in provoking humoral and/or 
cell-mediated immune responses to a variety of en-
trapped antigens  [27–29] . To our knowledge, this is the 
first report on the efficacy of a mucosally delivered, lipo-
some-entrapped, refined  P. americana  allergen vaccine 
for treatment of CR allergy.

http://dx.doi.org/10.1159%2F000348314
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  Materials and Methods 

 Vaccine Components 
 Whole-body extracts of adult ACR (CRE) were prepared as de-

scribed previously  [30] . The protein content of the CRE was quan-
tified using Bradford reagents. Native Per a 9 (AK) was prepared 
from the  P. americana  extract (CRE) as described previously by 
using Per a 9 specific monoclonal antibody (MAb38G6)-based af-
finity resin  [26, 30] . The average content of AK in CRE prepara-
tions was 0.28%. The concentrations of endotoxin in the CRE and 
native AK preparations were measured using a test kit (Biolasco, 
Taiwan).

  CRE and Sham Mice Sensitization and Specimen Collection 
 The animal experiments were approved by the Animal Ethics 

Committee, Faculty of Tropical Medicine, Mahidol University, 
Bangkok, Thailand (FTM-ACUC 012/2009). Male BALB/c mice, 
6–8 weeks old, were sourced from the National Laboratory Ani-
mal Center, Mahidol University. The mice were sensitized by in-
traperitoneal injection with 3 doses of 150 μg of CRE (containing 
0.42 μg of AK) in normal saline solution (NSS) mixed 2:   1 v/v with 
alum (Thermo Scientific, USA) on days 0, 7 and 14. On day 21, 
each mouse was challenged intranasally with 100 μg of CRE in 
10 μl of NSS (5 μl into each nostril). On days 23, 25 and 27, all 
mice were nebulized with 10 ml of aerosolized PBS containing 
10 mg of CRE. Sham mice were injected intraperitoneally with 
NSS mixed with alum, challenged intranasally with 10 μl (5 μl per 
nostril) of PBS and nebulized with 10 ml of PBS using the same 
timeline as for the allergenized mice. One day after nebulization 
(day 28), all allergenized and sham mice were bled, and their sera 
were collected individually for determination of CRE-specific se-
rum IgE and IgG1 levels by indirect ELISA. After bleeding, 7 al-
lergenized, 4 sham and 4 normal mice were sacrificed. The right 
bronchus of each mouse was ligated, and bronchoalveolar lavage 
fluid (BALF) was harvested from the left side of the respiratory 
tract using a needle connected to a syringe containing 500 μl of 
sterile PBS. The BALF of each mouse (200 μl) was cytospun and 
Giemsa stained for inflammatory cell enumeration. The dia-
phragmatic lobe of the right lung was preserved with 5% parafor-
maldehyde and 4% sucrose in PBS for 24 h. The fixed lung tissue 
was embedded in paraffin, and 5-μm sections were prepared. 
Each section was stained with hematoxylin and eosin dye and ex-
amined under a light microscope for the histological features of 
the bronchioles and lung tissue. The apical, azygous and cardiac 
lobes of the lungs were preserved in an RNA stabilization reagent 
(RNA  later  TM , Qiagen GmbH, Germany) at –80   °   C, and the total 
RNA was isolated to be used as a template in the cytokine study 
by quantitative real-time PCR (qPCR). The experimental timeline 
for mouse sensitization, challenge and allergy model analysis is 
shown in online supplementary figure S1a (for all online suppl. 
material, see www.karger.com/doi/10.1159/000348314).

  Vaccine Delivery Vehicle (Liposome)  
 Multilamellar liposomes were prepared from Lipoid-S-100 

phosphatidylcholine derived from fat-free soybean lecithin (a 
kind gift from Lipoid AG, Switzerland) and cholesterol (Sigma-
Aldrich, Germany) using didecyldioctadecylammonium bro-
mide (DDAB; Fluka, Germany) as a cationic surfactant. To pre-
pare a lipid stock solution, DDAB (153 mg), phosphatidylcholine 
(148 mg) and cholesterol (72.5 mg) were mixed (molar ratio 2:  

 1:1)  [31]  using 25 ml of dichloromethane as a solvent. One mil-
liliter of the lipid stock (30 μ M ) was rotated in a round-bottom 
flask until a thin film of dried lipids was obtained. The internal 
surface of the flask was purged with nitrogen gas to remove re-
sidual moisture.

  Formulation of Vaccines and Placebos  
 Two vaccine formulations were prepared, i.e. liposome-en-

trapped CRE (L-CRE) and liposome-entrapped AK (L-AK). Lipo-
some-entrapped PBS (L-P) served as a placebo. For the L-CRE 
vaccine, 3.75 mg of CRE in 500 μl of PBS were added to the lipid 
gel film prepared from 1 ml of the lipid stock and mixed manu-
ally until the gel film collapsed and a homogeneous suspension 
was obtained. For the L-AK vaccine, 125 μg of purified AK in 
500 μl of PBS were added to a gel film prepared from 1 ml of lipid 
stock. For the L-P placebo, 500 μl of PBS were mixed with the 
lipid gel. The zeta potentials, diameters and size distributions of 
liposome preparations were analyzed by dynamic light scattering 
using a Zetasizer (Nano-ZS, Malvern Instruments, UK) at 25   °   C. 
For the measurements, the samples were diluted in the appropri-
ate volume of double-distilled water. Data analysis was performed 
in automatic mode. The particle size distribution (polydispersity 
index) of each liposome preparation was reported as the mean ± 
standard deviation (SD). Triplicate measurements were per-
formed for each parameter of each preparation. The percentage of 
antigen entrapment in the liposome was determined. For this, 
each liposome formulation was centrifuged at 12,000  g,  4   °   C, for 
20 min, and the protein in the supernatant (nonentrapped pro-
tein) was determined (Bradford reagent). The percentage of anti-
gen entrapment was calculated from the original antigen added to 
the lipid gel.

  Immunization and Provocation of the CRE-Allergic Mice 
 Two weeks after the CRE nebulization (day 41), the remaining 

CR-allergic mice were divided into 3 groups of 8–10 mice each. 
The mice in groups 1 and 2 were vaccinated with L-CRE and 
L-AK, respectively; the mice in group 3 were given placebo vac-
cinations. The immunization procedure described previously  [32]  
for local nasal immunotherapy of house dust mite allergy was fol-
lowed. The allergic mice of groups 1 and 2 were vaccinated with 
20 μl of 150 μg of L-CRE and 5 μg of L-AK (10 μl to each nostril), 
respectively, while the allergic mice in group 3 received L-P intra-
nasally. All primed mice were given 7 booster doses of the respec-
tive vaccines/placebo (same dose and route) on alternate days. 
Sham mice were given 8 doses of PBS intranasally instead of the 
vaccines/placebo. One week after the last vaccine/placebo booster 
(day 62), the mice in groups 1–3 were provoked by aerosol chal-
lenge with 10 mg of CRE in 10 ml of PBS. The sham mice were 
nebulized with 10 ml of PBS.

  Vaccine Efficacy Evaluation 
 Evaluation of vaccine efficacy was performed on day 63 or 1 day 

postprovocation (PP). All mice were bled, and their sera were col-
lected for quantification of CRE-specific IgE and IgG1. Thereafter, 
mice from each group were sacrificed. Their BALF samples were 
collected individually for inflammatory cell enumeration. Their 
lung tissues were processed for histopathological and cytokine 
gene expression studies. The timeline for mouse immunization, 
provocation and vaccine efficacy evaluation is shown in online 
supplementary figure S1b.

http://dx.doi.org/10.1159%2F000348314
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  Indirect ELISA 
 For determination of CRE-specific IgE and IgG1 in sera of nor-

mal, sham and allergic mice (before and after vaccination and prov-
ocation), CRE (20 μg/ml carbonate-bicarbonate buffer, pH 9.6) was 
added (100 μl) to each well of an ELISA plate, and the plate was in-
cubated at 37   °   C until dried. All wells were washed with PBS con-
taining 0.05% Tween-20 (PBST), blocked with 200 μl of 1% BSA in 
PBS (blocking solution) for 1 h and washed again. Triplicate CRE-
coated wells were filled with individual mouse sera (diluted 1:   4 for 
IgE and 1:   1,000 for IgG1), and the plate was kept at 37   °   C for 1 h and 
at 4   °   C overnight. Wells filled with only serum diluent (0.2% BSA 
and 0.2% gelatin in PBS) served as blanks. All wells were washed, 
and 100 μl of rat antimouse IgE-biotin (diluted 1:   3,000 in PBST) 
were added for specific IgE determination. For IgG1 determination, 
100 μl of goat antimouse IgG1-biotin (diluted 1:   10,000) were added. 
The plate was incubated at 37   °   C for 1 h, then washed with PBST, 
and each well was filled with 100 μl of streptavidin-horseradish per-
oxidase conjugate (Southern Biotech; diluted 1:   8,000 in serum dilu-
ent). After further incubation at 37   °   C for 40 min, the wells were 
washed, freshly prepared 2,2 ′ -azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) substrate (KPL, USA) was added and the plate was 
kept in the dark at 25   °   C for 20 min for IgE and 5 min for IgG1. The 
color reaction was stopped by adding 50 μl of 1% SDS. The optical 
density at 405 nm (OD 405 nm ) of the content of each well was deter-
mined against the blanks. Data are presented as means ± SD of 
OD 405 nm  of sera of mice of the same treatment group.

  Lung Histopathology  
 For each mouse, 6–9 hematoxylin and eosin-stained lung sec-

tions covering 20–77 microscopic fields were studied under a 
light microscope (magnification ×400) by a pathologist who was 
blinded to the mouse treatment groups. The degree of histopath-
ological change in the bronchi and lungs was evaluated using a 
scoring system  [33, 34]  with modifications. The number of in-
flammatory cells which infiltrated into peribronchiolar areas and 
the morphology of the bronchiolar epithelial and smooth muscle 
cells were graded arbitrarily using a scale from 0 to 4 (online 
suppl. table S1).

  Cytokine Study  
 The cytokine gene expression in the lung tissue of each mouse 

was studied by qPCR  [4] . After treating the total RNA with RNase-
free DNase 1 (Invitrogen), cDNA was synthesized using RevertAid 
H minus (Fermentas, Lithuania). The cDNA was used as a tem-
plate for the quantification of cytokine mRNA which included IL-
4, IL-5, IL-10, IL-13, tumor necrosis factor (TNF)-α, IFN-γ, IL-12 
and IL-18. The nucleotide primers for amplification of individual 
genes are listed in online supplementary table S2  [35–37] . The 
qPCR was performed on 1 μl of cDNA and 300 n M  of each PCR 
primer in SYBR Green PCR Master Mix (Applied Biosystems, 
USA). Reactions were run using a StepOne TM  Real-Time PCR Sys-
tem for 40 cycles. StepOne TM  software version 2.1 was used for data 
analysis. The expression of each target gene was normalized to the 
housekeeping β-actin gene.

  Statistical Methods 
 SPSS 11.5 was used as statistical software. The data were ana-

lyzed using one-way ANOVA followed by post hoc comparison 
using the least significant difference and the independent t test for 
BALF, histopathological and cytokine data. The paired t test and 

the Mann-Whitney U test were used for analysis of the IgE and 
IgG1 levels. Data are expressed as means ± SD. p < 0.05 was con-
sidered statistically significant.

  Results 

 Serum Specific IgE and IgG1 
 The means ± SD of the indirect ELISA OD 405 nm  values 

of CRE-specific IgE in the sera of normal and sham mice 
were 0.139 ± 0.008 and 0.152 ± 0.026, respectively. The 
allergenized mice had significant rises in serum specific 
IgE; the mean ± SD was 0.509 ± 0.266, significantly high-
er than those of the sham and normal mice [p < 0.001, 
before receiving vaccines/placebo (BV);  fig. 1 a]. Based on 
the CRE-specific IgE data, all allergenized mice were al-
lergic to CRE.

  The means ± SD of the indirect ELISA OD 405 nm  values 
of CRE-specific IgG1 in the sera of normal and sham mice 
were 0.100 ± 0.008 and 0.071 ± 0.014, respectively. The 
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  Fig. 1.  Mean indirect ELISA OD 405 nm  values of serum CRE-specif-
ic IgE ( a ) and IgG1 ( b ) of mice. Bars with different letters are sta-
tistically different. 

http://dx.doi.org/10.1159%2F000348314


 Intranasal Vaccines for Cockroach Allergy Int Arch Allergy Immunol 2013;161:351–362
DOI: 10.1159/000348314

355

allergenized mice had significant rises in serum specific 
IgG1; the mean ± SD of OD 405 nm  was 0.853 ± 0.263, sig-
nificantly higher than those of the sham and normal mice 
(p < 0.001, BV;  fig. 1 b). The ratio of mean IgE to mean 
IgG1 of the allergic mice was 0.60.

  Inflammatory Cells in BALF of Allergic Mice  
 Examples of cells in the BALF of normal, sham and al-

lergic mice are shown in online supplementary figure S2. 
There were only sloughed off epithelial cells in the BALF 
of normal mice and few inflammatory cells in the BALF 
of sham mice. On the other hand, the BALF of allergic 
mice showed pronounced inflammatory cell infiltration. 
They were predominantly neutrophils (100 ± 38 cells/mi-
croscopic field), followed by eosinophils (19 ± 7 cells/mi-
croscopic field).

  Lung Histopathology of Allergic Mice 
 Histopathologic features of the mouse lungs of the ar-

bitrary grades 0–4 are shown in online supplementary 
figure S3. The means ± SD of the arbitrary grades of lung 
histopathology in normal, sham and allergic mice are 
shown in  figure 2  (BV). Normal mice had negligible his-
topathological lesions (the arbitrary grade was 0.147 ± 
0.038), while sham mice had some inflammatory and his-
topathological features in their lungs with an average 
grade of 0.745 ± 0.146, which was significantly higher 
than the normal mice. The average histopathological 
grade of CRE-allergic mice (2.199 ± 1.012) was signifi-
cantly higher than those of the sham and normal mice 
(p < 0.01). Inflammatory cells, including neutrophils, eo-
sinophils and lymphocytes, were abundant in the peri-
bronchiolar areas of the allergic mice.

  Cytokines in the Lungs of Allergic Mice  
 The results of qPCR for cytokine gene expression in 

the lungs of normal, allergic and sham mice are shown in 
 figure 3  (BV). Allergic mice showed a significant upregu-
lation of IL-4, IL-5, IL-10, IL-13 and TNF-α, in compari-
son with the respective gene expressions in normal and 
sham mice. The levels of IFN-γ and IL-12 mRNAs in the 
allergic and sham mice were not different but were high-
er than in the normal mice. IL-18 in the sham and allergic 
mice was much lower than in normal mice.

  Characteristics of Liposome and Liposome-Entrapped 
Vaccines/Placebo 
 The sizes, zeta potentials, polydispersity and percent-

age immunogen entrapment of the two vaccine formula-
tions and the placebo are shown in  table 1 . The liposome 

vesicles with CRE, AK and PBS were cathodic, with sizes 
of 3,060.33 ± 52.27, 1,413.33 ± 17.04 and 921.81 ± 5.01 
nm, respectively, which were statistically different (p < 
0.001). The polydispersity values of L-CRE, L-AK and 
L-P were 0.085 ± 0.039, 0.202 ± 0.053 and 0.121 ± 0.067, 
respectively. The polydispersity values of L-CRE and 
L-AK were different (p = 0.036), but there were no differ-
ences between L-CRE and L-P (p = 0.455) and L-AK and 
L-P (p = 0.075). The immunogen entrapment percent-
ages of L-CRE and L-AK were 88.54 and 98.38%, respec-
tively. Each dose of L-CRE, L-AK and L-P contained 23, 
7 and 3 EU of endotoxin, respectively.

  Serum Specific IgE and IgG1 after Provocation 
 The indirect ELISA OD 405 nm  values of CRE-specific IgE 

in sera of the sham and allergic mice that received vac-
cines/placebo and provocation with aerosol CRE/PBS are 
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  Fig. 2.  Mean ± SD histopathological grades of lung tissues of mice. 
Bars with different letters are statistically different.       

Table 1.  Characteristics of liposome-entrapped CR allergy vac-
cines and placebo

Parameter Vaccine  Placebo
L-CRE L-AK L-P

Average size, nm 3,060.33±52.27 1,413.33±17.04 921.80±5.01
Polydispersity 0.085±0.039 0.202±0.053 0.121±0.067
Zeta potential 2      1.77±0.74 39.07±0.12 23.36±1.12
Immunogen 
e ntrapment, % 88.54 93.28 ND

 Values represent means ± SD, except where indicated otherwise. ND = 
No data.
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  Fig. 3.  Arbitrary values of cytokine gene expressions in lung tissues of mice. Bars with different letters are statis-
tically different.       
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shown in  figure 1 a. The background OD 405 nm  of the IgE of 
the sham mice at PP (0.108 ± 0.051) was not different from 
BV. Likewise, the OD 405 nm  values of the CRE-specific IgE 
of allergic mice that received vaccines/placebo and pro-
vocation (0.553 ± 0.298, 0.543 ± 0.401 and 0.555 ± 0.182 
for L-CRE, L-AK and L-P, respectively) were not different 
from the average BV level (0.509 ± 0.266; p > 0.05).

   There was a significant increase in the mean ± SD of 
the indirect ELISA OD 405 nm  of serum CRE-specific IgG1 
in L-AK-treated mice at PP (1.072 ± 0.109) compared to 
the average BV OD 405 nm  of allergic mice (0.853 ± 0.263; 
p < 0.05). In contrast, at PP the specific IgG1 in sera of 
 L-CRE-treated mice (0.407 ± 0.219) and placebo mice 
(0.457 ± 0.131) was significantly reduced from the aver-
age OD 405 nm  at BV. The ratios of mean IgE to mean IgG1 
of the L-CRE, L-AK and L-P mice at PP were 1.359, 0.51 
and 1.214, respectively, indicating that only allergic mice 
treated with L-AK had an improved IgE to IgG1 ratio af-
ter the vaccination and provocation.

  Inflammatory Cells in BALF after Provocation  
 The numbers of inflammatory cells in the BALF of sham 

mice and allergic mice that received vaccines/placebo at 
BV and PP are shown in  table 2 . Sham mice had negligible 
numbers of inflammatory cells in their BALF at all times. 
After provocation, the number of inflammatory cells in 
the BALF of the L-AK-treated mice (42.43 ± 24.58 cells/
microscopic field) was found to be significantly lower than 
the average number in allergic mice at BV (119.78 ± 37.30 
cells/microscopic field) and the L-P group at PP. The num-
bers of inflammatory cells (neutrophils/eosinophils and 
some lymphocytes) at PP in the BALF of the L-CRE 
(144.10  ± 80.73 cells/microscopic field) and L-P mice 
(137.22 ± 35.95 cells/microscopic field) were significantly 
higher than the average number in allergic mice at BV.

  Lung Histopathology of Vaccinated/Placebo Mice after 
Provocation  
 The lung histopathology grades of sham mice at BV 

and PP were not statistically different ( fig. 2 ). The mean ± 
SD histopathological grade for the L-AK-vaccinated mice 
at PP (1.676 ± 0.868) was significantly reduced from the 
BV grade (2.199 ± 1.012; p   < 0.001). The lung histopa-
thological grade of the L-CRE-vaccinated group at PP 
(2.124 ± 0.885) was not different from the BV grade (p = 
0.412), while the features in the placebo mice were wors-
ened at PP (2.643 ± 0.836) compared to BV (p   < 0.001). 
Sham mice had an unchanged histopathology grade 
(0.798 ± 0.139 at BV vs. 0.594 ± 0.360 at PP).

  Expression of Cytokine Genes in Lung Tissues 
 The arbitrary values of various cytokine gene expres-

sions (mRNA levels) in the lungs of vaccinated, placebo 
and sham mice are shown in  figure 3 . At PP, the expr-
ession levels of IL-4, IL-5, IL-13 and TNF-α in the L-
CRE and L-AK mice were markedly reduced compared 
to the respective average levels in allergic mice at BV 
and were significantly lower than the levels in the pla-
cebo mice. Nevertheless, at PP the placebo mice had a 
significant reduction in the expression of the IL-4 gene 
( fig. 3 , bar with superscript b vs. bar with superscript d), 
indicating a placebo effect of liposome on IL-4 expres-
sion. Nevertheless, the IL-4 expression level of the pla-
cebo mice was still significantly higher than that of the 
vaccinated mice (p < 0.05). The IL-5, IL-13 and TNF-α 
expression of the allergic mice that received placebo re-
mained the same as that of allergic mice at BV ( fig. 3 ). 
Overall results indicated that allergic mice treated with 
both L-CRE and L-AK vaccines had significantly re-
duced Th2 cytokine gene expressions after the allergen 
reexposure.

Table 2.  Inflammatory cells in BALF of allergic mice at BV and PP compared to sham mice

Group BV PP
neutrophils others total neutrophils others to tal

L-CRE 100.2±38.1 19.41±7.23 (Eo) 119.78±37.3a 124.07±75.31 17.97±4.45 (Eo), 2   .05±1.89 (L) 144.10±80.73c

L-AK 100.2±38.1 19.41±7.23 119.78±37.3a 42.43±24.58 0 42.43±24.58d

L-P 100.2±38.1 19.41±7.23 119.78±37.3a 124.22±31.18 8.25±9.80 (L) 137.22±35.95c

Sham 1.37±0.11 0 1.37±0.11b 0 0 0e

 Values represent means ± SD of cell numbers from 15–20 microscopic fields (×400). Numbers of neutrophils/other cells/total in-
flammatory cells at BV were the same in all vaccinated/placebo groups as these numbers are average numbers of the allergic mice. ‘Oth-
ers’ includes eosinophils (Eo), lymphocytes (L) and macrophages. Values with different superscript letters are significantly different 
(p < 0.05).
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  The IFN-γ expression ( fig. 3 ) in allergic mice that re-
ceived L-CRE and L-AK was markedly increased at 1 day 
PP compared to BV, while the allergic mice that received 
placebo (L-P) and provocation had a much reduced 
IFN-γ expression compared to BV and the vaccinated 
mice at PP. The sham mice had the same levels of IFN-γ 
expression at BV and PP.

  At PP, the arbitrary values of the IL-12 mRNA levels 
of the allergic mice that received L-CRE and L-AK treat-
ment were higher than at BV. The IL-12 expression of the 
placebo mice and sham mice was not different at BV and 
PP ( fig. 3 ).

  At BV, the allergic and sham mice had significantly 
lower IL-18 mRNA compared to normal mice. A signifi-
cantly higher expression of the cytokine gene was found 
in the L-CRE- and L-AK-vaccinated mice at PP com-
pared to BV (p < 0.05). Placebo mice also had a significant 
rise in IL-18 mRNA at PP. The IL-18 mRNA levels of 
sham mice at BV and PP were not different ( fig. 3 ).

  At PP, the IL-10 mRNA expression in the L-AK-treat-
ed group increased markedly, while the cytokine expres-
sion in the L-CRE and L-P groups was lower than at BV. 
The low IL-10 expression of the sham mice at BV and PP 
did not change ( fig. 3 ).

  Discussion 

 Pharmacologic drugs for allergy temporarily amelio-
rate or abrogate the clinical symptoms but cannot pre-
vent disease progression and sometimes produce more 
unwanted side effects than beneficial ones. Thus, an ef-
fective immunotherapy in the form of a CR allergy vac-
cine is needed. In this study, vaccines and placebo were 
administered intranasally for the reasons stated earlier. 
Multilamellar liposome was chosen as the immunogen 
delivery vehicle, not only because it is safe, inexpensive 
and easy to prepare  [38] , but also because liposome re-
duces the toxicity/adverse activity of the entrapped 
components  [39] . The lipid micelles also protect and de-
liver the cargo immunogens directly to the antigen-pre-
senting cells  [40]  and serve as immunological adjuvants 
for Th1- and cell-mediated immune responses  [27, 41] . 
Thus, liposome is well suited as a delivery vehicle (and 
adjuvant) for allergy vaccines that aim to counterbal-
ance the dominant Th2 response of allergic subjects 
 [42] . However, the surface charges, sizes and lipid com-
position of the liposome determine the biodistribution, 
immunogenicity and innocuousness of the vaccine  [43] . 
In this study, Lipoid-S-100 phosphatidylcholine, which 

is a saturated and neutral lipid, and cholesterol were 
used to prepare multilamellar liposomes. Both lipids 
are normal constituents of the host and therefore bio-
compatible and safe. The two vaccine formulations (L-
CRE and L-AK) and placebo (L-P) did not cause any 
detectable untoward reactions in the immunized mice. 
Liposome consisting of phosphatidylcholine has an en-
hanced binding capacity to human and animal macro-
phages  [44] , thus increasing the antigenic peptide pre-
sentation. Liposome surface charges influence the in-
teraction of lipid micelles with antigen-presenting cells, 
particularly dendritic cells (DC). Anionic liposomes in-
teract with a limited fraction of the DC population, 
while cationic liposomes react with a much larger per-
centage of DC, and larger amounts of the cargo antigen 
could be detected intracellularly  [45] . In this study, 
DDAB was successfully used as a cationic surfactant in 
creating positive surface charges for immunogen/PBS-
containing liposome vesicles. Cationic liposomes may 
deliver the entrapped vaccine component directly into 
the cytoplasm of the coalescent host cells for cytosolic 
pathway antigen processing, hence stimulating the cell-
mediated immune response. Alternatively, the immu-
nogen-containing lipid vesicles may be phagocytosed, 
whereupon the antigen is processed in the endosome 
and the peptides are presented by the MHC class II 
pathway to T helper cells. The resulting outcome may 
be either Th1 and/or Th2 responses, depending upon 
the costimulations and the cytokines present in the 
 microenvironment. As mentioned earlier, liposome is 
an adjuvant for the Th1 and cell-mediated response; 
thus, the cationic liposomal CR vaccines in this study 
should induce and enhance the development of Th1 
and cell-mediated immune responses, suppressing the 
pathological Th2 disorder. Existing data indicate that 
liposomal vesicles larger than 200 nm are usually di-
rected to early endosomes and induce a Th1 response to 
the entrapped antigen following parenteral or mucosal 
administration  [46, 47] . Although the liposome vac-
cines containing crude CR extract (L-CRE) and refined 
AK (L-AK) and placebo (L-P) had statistically different 
sizes due to different viscosity of the preparations (L-
CRE had the highest viscosity and the largest size, fol-
lowed by L-AK and L-P, respectively), all of them were 
larger than 200 nm with low polydispersity; thus they 
should be processed, largely if not solely, in early endo-
somes and induce the required Th1 response in a simi-
lar manner.

  The CRE-allergenized mice had the characteristic fea-
tures of chronic allergic airway inflammation including 
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inflammatory cell infiltration into BALF and peribron-
chiolar areas, high levels of serum specific IgE, different 
degrees of airway tissue remodeling and typical upregu-
lation of Th2 cytokine gene expressions, i.e. IL-4, IL-5, 
IL-10 and IL-13 as well as TNF-α. IL-10 has pleiotropic 
activities and may be regarded as either a Th2 or Treg cy-
tokine. Under most circumstances, IL-10 upregulates IL-
12 and IFN-γ, which prevent allergy establishment and 
suppress allergic inflammation  [48] . However, IL-10 may 
enhance allergic inflammatory responses which worsen 
the allergic responsiveness by inhibiting the production 
of IFN-γ and IL-12  [49, 50] . In this study, allergic mice 
had higher IL-10 expression and significantly lower 
IFN-γ and IL-12 mRNA than sham mice, implying that 
in these circumstances IL-10 was a Th2 cytokine which 
promoted the allergic manifestations in the CRE-primed 
and challenged mice.

  TNF-α is a proinflammatory cytokine that is in-
volved in both Th1- and Th2-mediated inflammation 
 [48] . TNF-α contributes to clinical manifestations of al-
lergic rhinitis and atopic asthma. This cytokine is re-
leased from mast cells/macrophages by a specific IgE-
mediated mechanism and causes inflammatory cell ex-
travasation (by upregulating cellular adhesion molecules 
on endothelial cells, e.g. E-selectin, intercellular adhe-
sion molecule-1 and vascular cell adhesion molecule-1) 
and migration into the bronchiolar wall which subse-
quently activates the profibrotic mechanism  [48, 49] . 
Thus, TNF-α is an initiator of both airway inflamma-
tion and AHR in atopic asthmatic subjects. In this study, 
allergenized mice (with high serum IgE) had significant 
TNF-α mRNA upregulation in comparison to sham 
and normal mice, likely mediated by the specific IgE. 
Sham mice also had significant expression of TNF-α but 
negligible CRE-specific serum IgE, indicating that the 
TNF-α involvement was mediated by Th1 and caused by 
the sham manipulation and not by the IgE. The overall 
features of the CRE-allergenized mice indicated that 
they were allergic to the ACR allergens and thus suit-
able for testing the therapeutic efficacies of the allergy 
vaccines.

  Crude extract contains a mixture of allergenic and 
nonallergenic proteins and other unidentified compo-
nents. The allergen amounts are variable depending on 
the sources of the raw material. Several studies have in-
dicated that specific allergens are more clinically rele-
vant than crude preparations in identifying allergic pa-
tients and their allergic status  [50, 51] . Moreover, puri-
fied allergen seems to be better than the crude extract in 
reducing allergic immune responses  [52, 53] . Among 

several allergenic proteins derived from  P. americana,  
Per a 9 (native AK) has the highest allergenicity as this 
protein reacted with serum IgE of all CR-allergic pa-
tients tested  [26] . Thus, it was logical to test the immu-
notherapeutic efficacy of a vaccine made of AK in com-
parison to a CRE-containing vaccine for ACR allergy. 
Previous studies by others have demonstrated that vac-
cines made of crude extracts at 100–1,000 μg per dose 
and purified native allergens at 5–100 μg per dose could 
induce therapeutic efficacy  [23, 32, 54, 55] . In this study, 
CRE and AK at 150 and 5 μg per dose, respectively, were 
used as ‘low-dose vaccines’  [55] . Each dose of L-CRE, 
L-AK and L-P contained 23, 7 and 3 EU of endotoxin, 
respectively, which are equivalent to 5.4, 1.4 and 0.6 ng. 
Although the presence of endotoxin in products for in-
jection can result in a pyrogenic response, and the US 
Food and Drug Administration has set limits on the con-
centration of endotoxin at 5.0 EU/kg/h in parenteral 
drugs and 0.2 EU/kg/h for intrathecal drugs, there is no 
endotoxin limit for the mucosally administered prepara-
tion. Normally, respiratory and digestive mucosae are 
unresponsive to a plethora of inhaled/ingested foreign 
substances. Indeed, studies on vaccine adjuvants in mice 
have shown that addition of 10–100 μg of endotoxin (li-
popolysaccharide) to a protein antigen potentiates the 
production of Th1 differentiation to the protein and 
production of IFN-γ  [56] . Thus, the low levels of endo-
toxin impurities in the intranasal CR allergy vaccines 
may foster the immune response towards the required 
therapeutic efficacy  [57] .

  The levels of allergen-specific IgE in the sera of aller-
genized mice were higher than in normal and sham mice. 
The IgE levels of the allergic mice that received vaccina-
tion/placebo did not rise any further after provocation, 
indicating that the level at BV was already maximal and 
sustained until PP. The L-CRE result of this study, how-
ever, was similar to the data reported previously which 
showed that CRE-allergic mice treated with subcutane-
ous CRE vaccine did not have a significant reduction of 
IgE, even 6 weeks after the last vaccine dose  [54] . Unfor-
tunately, a longer time period was not studied.

  The role of IgG in immediate-type allergy is conflict-
ing. IgG may have anaphylactic properties; however, IgG 
antibodies may also act as allergen-blocking antibodies 
and induce an immunotherapeutic effect  [58] . In this 
study, only allergic mice treated with L-AK vaccine had 
a rise in serum specific IgG1 at PP ( fig. 1 b); hence, there 
was a significant reduction of the specific IgE to IgG1 ra-
tio from 0.60 in allergic mice at BV to 0.51 in the L-AK-
treated mice at PP. In contrast, allergic mice treated with 
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L-CRE and L-P had marked reductions of serum specific 
IgG1 and hence significant increases in the IgE to IgG1 
ratio (from 0.60 to 1.359 and 1.214, respectively). To-
gether with the other findings, this indicates that the 
IgG1 induced by the L-AK vaccination should exert a 
beneficial rather than a harmful effect on the treated 
mice.

  Allergic mice that received L-AK vaccine had reduced 
lower airway inflammation (fewer inflammatory cells in 
BALF and lower lung histopathology grades) after aller-
gen provocation compared to allergic mice that were 
treated with L-CRE vaccine and placebo. This finding in-
dicates that the vaccine made of the single well-defined 
major allergen (native AK) was more effective in mitigat-
ing/alleviating the airway inflammation than crude ex-
tract vaccine. The reduced inflammation mediated by the 
L-AK should correlate directly with an improved clinical 
outcome.

  Many previous studies have shown that IFN-γ inhibits 
Th2 cytokine production and suppresses airway inflam-
mation  [59] . Allergic mice that received L-CRE and L-AK 
treatment had a shift from the major Th2 cytokine re-
sponse towards major Th1 cytokine expression, i.e. in-
creased IFN-γ mRNA, which was consistent with previ-
ous findings and confirmed the anti-inflammatory role of 
the vaccine-induced IFN-γ  [60] . Usually, IL-12 and/or IL-
18 drive CD4 +  T cells towards Th1 differentiation and 
production of IFN-γ. IL-12 has been shown to mitigate 
airway inflammation, lung histopathology and AHR of 
allergic mice by inhibiting IL-4 and IL-5 production and 
eosinophilia through IFN-γ production  [61, 62] . Also, IL-
12 can mediate suppression of allergic lung inflammation 
by an IFN-γ-independent mechanism  [63] . IL-18 is a 
pleiotropic cytokine. In the presence of IL-12 it has antial-
lergic activity  [64] . However, IL-18 increased production 
of IL-4, IL-13 and histamine by basophils  [65] . In this 
study, the IL-12 and IL-18 mRNA levels of allergic mice 
that received L-CRE and L-AK at PP correlated with the 
increased IFN-γ mRNA, implying that both cytokines 
were associated with IFN-γ upregulation. At PP, the pla-
cebo mice had a significant upregulation of IL-18 expres-
sion but they had decreased IFN-γ expression, which 
tended to indicate that the IL-18 in the placebo mice was 
not antiallergic. Besides, the placebo mice had the same 
IL-12 expression level as the sham mice. The data indicate 
that the placebo mice did not have a shift from the Th2 to 
the Th1 response.

  One of the expected outcomes of allergen-specific im-
munotherapy is the generation of adaptive Treg (induc-
ible Treg, iTreg) that produce immunosuppressive cyto-

kines including IL-10 and TGF-β. IL-10 has been shown 
to reduce proinflammatory cytokine release from Th2 
and mast cells, downregulate eosinophil activities and 
suppress IL-5 production  [66] . After provocation, only 
the allergic mice treated with L-AK had a significant rise 
in IL-10 mRNA, indicating that this refined allergen vac-
cine was more effective in inducing the iTreg response 
than the vaccine made of crude ACR extract. Currently, 
the mechanisms underlying the induction of iTreg are 
only partially known  [67] . Factors involved in the con-
version of conventional CD4 + CD25  low  T cells to become 
antigen-specific CD4 + CD25   high  iTreg include the cyto-
kine milieu, the density of T cell receptor, T cell receptor 
affinity to the antigen presented by antigen-presenting 
cells, the strength of costimulatory signals, IL-2 receptor, 
programmed cell death-1 ligand 1, TGF-β receptor and 
notch  [67, 68] . Experiments are needed to elaborate the 
mechanism and signaling pathway of the iTreg induction 
by L-AK.

  In conclusion, allergic mice that were treated with li-
posome-entrapped native Per a 9 (AK) via the mucosal 
route had significantly reduced respiratory tract inflam-
mation (less inflammatory cell infiltration into the BALF 
and lower lung histopathology grade) after provocation. 
The L-AK-treated allergic mice also had an immune de-
viation from the allergic Th2 response to the nonpatho-
genic Th1 and Treg responses as indicated by the lung 
cytokine profiles. Allergic mice that received vaccine 
made of crude extract (L-CRE) also showed a shift from 
the Th2 to the Th1 response; nevertheless, the vaccine 
did not induce a significant Treg response and could not 
attenuate the airway inflammation upon allergen reex-
posure. Although the mouse ACR allergy model may not 
be directly transferable to human ACR allergy, the find-
ings in this study raise the point that the shift from the 
Th2 to the Th1 response might not correlate with im-
proved airway histopathology, clinical outcome and 
quality of life.
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Fig. S1. Timelines of animal experiments. Timeline for preparing allergic mice (a); timeline for
vaccination and provocation of the allergic mice and vaccine efficacy analysis (b). Sham mice were
treated with PBS instead of CRE using the same timelines as the allergic mice.
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Fig. S2. Giemsa stained cells in the BALF of mice. BALF of normal (a), sham (b) and allergenized mice
(c) (original magnification of 400 x). There were only a few sloughed-off epithelial cells in the BALF of
normal mice, while the BALF of allergenized mice had intense inflammatory cell infiltration,
predominantly neutrophils and to the less extent eosinophils. The BALF of sham mice contained
sloughed off epithelial cells and few inflammatory cells.
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Fig. S3. Histopathological features of the arbitrary grades 0-4 of mouse lungs in this study. Grade 0
(normal): bronchiole with normal columnar epithelial cells, without inflammatory cell infiltration into
peribronchiolar tissue with single layer of smooth muscle cells ain the submucosa (a); Grade 1:
thickening of ciliated pseudostratified columnar epithelium of bronchioles, few inflammatory cells in the
interstitial area of neighboring alveoli and slight degeneration of smooth muscle cells (b); Grade 2:
hyperplasia of bronchiolar epithelial cells, much more inflammatory cell infiltration into the
peribronchiolar area than grade 1 and marked degeneration of bronchiolar smooth muscle cells (c);
Grade 3: bronchiolar epithelial hyperplasia with two-three layers of inflammatory cells around
bronchioles and degeneration and detachment of smooth muscle (d); and Grade 4: epithelial
hyperplasia and sloughing which obstructed the bronchiolar lumen, intense inflammatory cell infiltration
into the peribronchiolar area (more than four layers of inflammatory cells around bronchioles) and
necrosis of smooth muscle cells (e).



Table S1. Designated histopathological features for arbitrary grades of mouse bronchioles and lung
tissues

Grade of  histopathology Histological features

0 (normal) Bronchiole with normal columnar epithelial cells, without
inflammatory cell infiltration into peribronchiolar tissue and with
single layer of smooth muscle cells at submucosa

1 Thickening of ciliated pseudo-stratified columnar epithelium of
bronchiole, few inflammatory cells in the interstitial area of
neighboring alveoli and slight degeneration of smooth muscle cell

2 Hyperplasia of bronchiolar epithelial cells, much more inflammatory
cell infiltration into peribronchiolar area than grade 1 and marked
degeneration of bronchiolar smooth muscle cells

3 Bronchiolar epithelial hyperplasia with 2-3 layers of inflammatory
cells around bronchiole and degeneration and detachment of
smooth muscle

4 Epithelial hyperplasia and sloughing which obstructed the
bronchiolar lumen, intense inflammatory cell infiltration
Neutrophils, lymphocytes and eosinophils) into peribronchiolar area
(more than 4 layers of inflammatory cells around bronchiole) and
necrosis of smooth muscle cells



Table S2. Oligonucleotide primers used in quantitative polymerase chain reaction for determination of

cytokine gene expression in mouse lung tissues

Gene encoding Primer Size of PCR product (bp)

Th2 cytokine

IL-4 F: 5’-acaggagaagggacgccat-3’
R: 5’-gaagccctacagacgagctca-3’

94

IL-5 F: 5’-agcacagtggtgaaagagacctt-3’
R: 5’-tccaatgcatagctggtgattt-3’

116

IL-10 F: 5’-ggttgcaagccttatcgga-3’
R: 5’-acctgctccactgccttgct-3’

191

IL-13 F: 5’-agaccagactcccctgtgca-3’
R:5’-tgggtcctgtagatggcattg-3’

123

Pro-inflammatory

TNF-α F: 5’-catcttctcaaaattcgagtgacaa-3’
R: 5’-tgggagtagacaaggtacaaccc-3’

174

Innate / Th1 cytokine

IFN F: 5’-tcaagtggcatagatgtggaagaa-3’
R: 5’-tggctctgcaggattttcatg-3’

91

IL-12 F: 5’-ggaagcacggcagcagaata-3’
R: 5’-aacttgagggagaagtaggaatgg-3’

179

IL-18 F: 5’-agacaactttggccgacttca-3’
R: 5’-ttcacagagggtcacagcc-3’

110

House keeping

actin F: 5’-ggccaaccgtgaaaagatga-3’
R: 5’-cacgctcggtcaggatcttc-3’

250

PCR = polymerase chain reaction; bp = base pairs; IL = interleukin; IFN = interferon; TNF = tumor necrosis
factor; F = forward primer; R = reverse primer.
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