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Summary

Vaccination with allergen-encoding DNA has been proposed as having
potential for allergen-specific immunotherapy. In this study, we examine the
therapeutic effect of allergen-encoding DNA vaccination directly to dendritic
cells (DCs) on allergen-induced allergic airway inflammation in a mouse
model and explore potential mechanism. Ovalbumin (OVA)-sensitized and
challenged mice were immunized with DNA vaccine and received broncho-
alveolar lavage (BAL) 1 day after the last challenge, to measure BAL levels of
interleukin (IL)-4, IL-5, interferon (IFN)-gamma and differential cell count.
Pulmonary DCs and Spleen DCs were purified and sorted according to the
expression of CD11c

+CD80
+ and CD11c

+CD86
+ co-stimulatory molecules. Our

data demonstrated that DNA vaccine therapy with OVA-Fc-pcDNA3·1 signifi-
cantly prevented OVA-increased levels of IL-4, IL-5 and the percentage of
eosinophils and OVA-decreased level of IFN-gamma. OVA-Fc-pcDNA3·1-
treated mice had less severity of airway inflammation, and lower expression
of CD11c

+CD80
+ and CD11c

+CD86
+ on pulmonary DCs, as compared with

animals with OVA-pcDNA3·1, pcDNA3·1 and OVA respectively. DNA vaccine
encoding both Fc and OVA was shown to be more effective than DNA
vaccine encoding OVA alone. Our data indicate that Fc-antigen combination-
encoding DNA vaccination has better preventive effects on antigen-induced
airway inflammation by regulating DCs, and may be a new alternative
therapy for asthma.
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Introduction

Allergic asthma is an airway inflammation disease character-
ized by airway eosinophilia, goblet-cell hyperplasia, variable
airway obstruction and bronchial hyper-responsiveness
[1,2]. The airway inflammation is one of the most contri-
buting factors to pathogenesis of allergic asthma, often cor-
related with the clinical symptoms, airway obstruction and
airway hyperresponsiveness. Allergen-specific immuno-
therapy (SIT) has been investigated for about a century as
one of the few antigen-specific treatments for diseases. SIT is
performed by a repeated administration of sensitizing aller-
gen, e.g. subcutaneous injection or sublingual application.
SIT is a disease-modifying process and has the duration of
action that exceeds the treatment period [3]. It has been
shown that SIT could reduce the development of asthma
and bronchial responses in patients exposed to inhaled

allergens. However, the mechanisms by which SIT plays anti-
inflammatory roles remain unclear. In the current study, we
investigated whether allergen-encoding DNA vaccination
directly to dendritic cells (DCs) could generate therapeutic
efficiency in a mouse model of allergen-induced airway
inflammation and explore the potential mechanism of
allergen-SIT with DNA vaccination in asthma.

Methods and materials

Animals

Male BALB/c mice, 6–10 weeks old at the onset of experi-
ments, were purchased from the Animal Institute at the Third
Military Medical University (Chongqing, China). Animal
care and experimental procedures were in accordance with
the animal ethics regulations of the Home Office, UK.
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Construction of ovalbumin-Fc-pcDNA3·1

immunization vector

The PCR products of ovalbumin (OVA) and Fc were selected
as target DNA fragments and cloned into pcDNA3·1 (+) to
construct the recombinant plasmids OVA-pcDNA3·1and
OVA-Fc-pcDNA3·1 respectively. The plasmids were propa-
gated in Escherichia coli and large-scale purification of all
plasmids was conducted with the EndoFree Plasmid Giga Kit
(Qiagen, Mississauga, Canada) according to the manufactur-
er’s instructions.

Immunization protocols

BALB/c mice were maintained under standard conditions
with free access to water and rodent laboratory food. Mice
were handled according to experimental procedures. Forty
mice were divided randomly into the five groups (n = 8
mice): (i) animals treated with saline and sensitized and
challenged with saline as processing control group (con-
trols); (ii) animals treated with saline and sensitized and
challenged with OVA (saline-OVA); (iii) animals treated with
pcDNA3·1 plasmid (100 mg/mouse) and sensitized and chal-
lenged with OVA (pcDNA3·1); (iv) animals treated with OVA-
pcDNA3·1 (100 mg/mouse) and sensitized and challenged
with OVA (OVA-pcDNA3·1); and (v) animals treated with
OVA-Fc-pcDNA3·1 and sensitized and challenged with OVA
(OVA-Fc-pcDNA3·1). Mice were anaesthetized and immu-
nized by the intramuscular injection of 100 ml inoculum
using a syringe. The sensitization, vaccination and challenge
were performed as described previously [4]. In brief, mice
were sensitized intraperitoneally with 10 mg OVA (grade V,
Sigma Chemical Co., St Louis, MO, USA) and 4 mg alumi-
num potassium sulphate, followed by an inhalation of 1%
OVA (grade II) diluted in PBS for 30 min on days 8 and 9.
The mice were then vaccinated with PBS, plasmid, pcDNA3·1,

OVA-pcDNA3·1, or OVA-Fc-pcDNA3·1 plasmid on days 10
and 25. On day 39 the mice were challenged with inhalation
of 1% OVA (grade II) diluted in PBS for 30 min (Fig. 1).
Twenty-four hours after the last challenge, blood was taken.
After mice were sacrificed, bronchoalveolar lavage (BAL)
fluid and lungs were harvested for further analysis and his-
tology, and the pulmonary DCs were isolated for in vitro
culture.

Serum levela of OVA- specific IgE

Ovalbumin-specific IgE was determined by ELISA in 96
microtitre plates coated with 100 ml of OVA (10 mg/ml in
0·1 mol carbonate buffer, pH 9·6) overnight at 4°C. The
antigen-coated plates were washed with 0·5% Tween-20 in
PBS five times. Mouse sera were added and the plates were
incubated with peroxidase-conjugated anti-mouse IgE anti-
body (Biotechnology Associates, Birmingham, AL, USA)
overnight at 4°C, and then washed five times before adding
citric acid-phosphate buffer (pH 5·0) containing 0·5 mg/ml
of O-phenylenediamine (Sigma Chemical Co.). Colour was
developed at 37°C and measured at 450 nm after the reaction
was stopped with 2·5 mol/l sulphuric acid.

Bronchoalveolar lavage

The trachea were exposed and cannulated and lungs were
gently instilled with 500 ml of cold PBS twice. The volume
and total cell number of BAL samples were recorded.
Samples were centrifuged (500¥ g for 5 min at 4°C), resus-
pended, and cytospined onto slides. Differential cell counts
were performed in duplicate on coded slides for 200 cells
from each sample. BAL fluid was stored at -70°C and levels
of the cytokines interferon (IL)-4, IL-5 and interleukin
(IFN)-g were determined using specific ELISA according to
the use’s manual (ELISA kits, eBioscience, San Diego, CA,
USA).

Days   0 8 9 10 25 39 40

Sensitization 

with OVA (i.p.)

Local challenge

with OVA (i.h.)
Immunization (i.m.) with PBS, 

pcDNA3·1 plasmid,

OVA-pcDNA3·1 plasmid, 

or OVA-Fc-pcDNA3·1 plasmid 

Local provocation 

with OVA (i.h.)
Experimental

Termination

Fig. 1. Immunization scheme for treatment of allergen-induced allergic airway inflammation by DNA vaccination.
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Histological evaluation

Twenty-four hours after the last allergen challenge, lungs
were harvested and fixed in 10% neutral-buffered formalin
and embedded in paraffin. Sections (5 mm) of specimens
were put onto 3-amino propyltriethoxy saline-coated slides.
The morphology and cellular infiltration were assessed using
haematoxylin and eosin staining. Inflammatory changes
were graded by a scale of 0–5 for perivascular and bronchi-
olar eosinophilia, epithelial damage and oedema [5].

Generation of DCs from lung and culture

Pulmonary DCs were enriched according to the methods
described previously [6]. Briefly, lungs were disrupted and the
cells were centrifuged at 1300 rpm for 5 min, resuspended in
RPMI 1640 medium supplemented with 10% heat-activated
fetal calf serum, 2 mmol/l L-glutamine, 1 mmol/l pyruvate,
50 mmol/l mercaptoethanol, 100 U/ml penicillin and
100 mg/ml streptomycin, and then incubated for 2 h at 37 C in
a 5% CO2 atmosphere. Culture plates were then washed thrice
with RPMI 1640 medium and non-adherent cells were dis-
carded. The residual adherent cells were maintained in the
culture medium and incubated overnight. After incubation,
DCs adhered during the initial hours of culture were collected
and immediately used in the assays.

Generation of DCs from spleen and culture

Spleen DCs were enriched according to the methods
described previously [6]. Briefly, spleen were disrupted and
the cells were centrifuged at 1300 rpm for 5 min, resus-
pended in RPMI 1640 medium supplemented with 10%
heat-activated fetal calf serum, 2 mmol/l L-glutamine,
1 mmol/l pyruvate, 50 mmol/l mercaptoethanol, 100 U/ml
penicillin and 100 mg/ml streptomycin, and then incubated
for 2 h at 37°C in a 5% CO2 atmosphere. Culture plates were
then washed thrice with RPMI 1640 medium and non-
adherent cells were discarded. The residual adherent cells
were maintained in the culture medium and incubated
overnight. After incubation, DCs adhered during the initial
hours of culture were collected and immediately used in the
assays.

Flowcytometry analysis

Dendritic cells were incubated with FITC-labelled CD11c

(eBioscience Inc.), PE -labelled anti-CD80 (B7-1) mAb (eBio-
science Inc.), PE-labelled anti-CD86 (B7-2) mAb (Southern-
biotech) on ice for 30 min and washed with PBS. Ten
thousand cells were collected from each sample, and the data
were analysed with flowcytometer and CELLQUEST soft-
ware (Coulter, Becton Dickinson, Mountain View, CA,
USA). DCs were incubated with PE-labelled rat anti-mouse
IgG on ice for 30 min and washed again, after which they
were used as an isotype control. The expression of the
costimulatory molecules CD11c

+CD80
+ and CD11c

+CD86
+ on

the surface of DCs was detected by a flowcytometry.

Statistical analysis

Data were expressed with means � SD. Difference between
groups was analysed using software SPSS for windows
(version 8·0) by unpaired two-tailed parametric Student’s
t-test, after anova test. P-values below 0·05 were considered
statistically significant.

Results

Inhibition of allergen-induced airway inflammation by
vaccination with different DNA vectors

Histological analysis demonstrated the significant airway
inflammation in sensitized- and challenged-OVA animals
treated with saline or pcDNA3·1 plasmid, rather than with
OVA-pcDNA3·1 or OVA-Fc-pcDNA3·1 vaccination. The sever-
ity of cellular infiltration around the central bronchi, alveoli
and blood vessels was shown in Table 1. OVA induced a
significant increase of eosinophil infiltration in animals
treated with saline or pcDNA3·1 (P < 0·05 or 0·01 versus non-
OVA challenge group). The number of infiltrated eosino-
phils around the central bronchi, alveoli and blood vessels
was significantly lower in OVA-sensitized and challenged
animals treated with OVA-Fc-pcDNA3·1, as compared with
groups treated with saline, pcDNA3·1 or OVA-pcDNA3·1

(P < 0·01). The thickness of small airway walls and the
number of infiltrated eosinophils around the airway

Table 1. Severity of inflammatory cellular infiltration in lung tissue after immunization.

Groups

Perivascular and

peribronchiolar eosinophilia Oedema Epithelial damage

Mice sensitized, challenged and pretreated with saline or plasmid 0+† 0+† 0+†

OVA-sensitized and challenged mice pretreated with saline 4·12 � 0·25* 4·36 � 0·34* 4·03 � 0·21*

OVA-sensitized and challenged mice pretreated with pcDNA3·1 3·31 � 0·24* 3·34 � 0·17* 3·12 � 0·15*

OVA-sensitized and challenged mice pretreated with OVA-pcDNA3·1 2·10 � 0·19* 2·74 � 0·30* 2·18 � 0·33*

OVA-sensitized and challenged mice pretreated with OVA-Fc-pcDNA3·1 1·32 � 0·15+† 1·24 � 0·17+† 0·68 � 0·15+†

*Stands for P value less than 0·05 as compared with A and E groups. + stands for P value less than 0·05 as compared with B and C groups. †Stands

for P value less than 0·01 as compared with D group.

Fc-antigen combination-encoding DNA vaccination
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increased, eosinophils appeared within the lumen of the
airway, and goblet cell hyperplasia and hypertrophy occurred
in OVA-sensitized and challenged animals pretreated with
saline (Fig. 2b) or pcDNA3·1 (Fig. 2c), as compared with
those sensitized and challenged with saline (Fig. 2a).
Treatment with both OVA-pcDNA3·1 (Fig. 2d) and OVA-
Fc-pcDNA3·1 (Fig. 2e) significantly reduced OVA-induced
infiltration of inflammatory cells in the airway, of which
OVA-Fc-pcDNA3·1 had better therapeutic effects.

Inhibition of IgE synthesis by vaccination with
different DNA vectors

Serum levels of OVA-specific IgE were significantly higher in
OVA-sensitized and challenged mice treated with saline, as
compared with those sensitized, challenged and treated with
pcDNA3·1 (P < 0·01, Fig. 3). Animals treated with OVA-Fc-
pcDNA3·1 had significantly lower levels of OVA-specific IgE,
as compared with OVA-sensitized and challenged mice
treated with pcDNA3·1 or OVA-pcDNA3·1 (P < 0·01). Animals
treated with pcDNA3·1 plasmid had similar levels of OVA-
specific IgE to those treated with saline. Allergen-DNA-
targeted DCs could suppress allergen-induced airway
inflammation and down-regulated the production of OVA-
specific IgE.

Effects of combination vaccination on eosinophils
in BAL fluid

The number of eosinophils in BAL fluid was significantly
higher in OVA-sensitized and challenged mice pretreated
with saline, similar to those pretreated with pcDNA3·1

plasmid, as compared with these sensitized, challenged and
pretreated with saline (P < 0·01, Fig. 4). Treatment with
OVA-Fc-pcDNA3·1 significantly prevented OVA-induced

eosinophilia in BAL fluid, as compared with treatment with
saline, pcDNA3·1 or OVA-pcDNA3·1 (P < 0·01).

Effects of combination vaccination on cytokine
production in BAL fluid

Ovalbumin induced a significant elevation of IL-4 (Fig. 5I)
and IL-5 (Fig. 5II) levels in BAL fluid of animals treated with
saline or pcDNA3·1 (P < 0·01 versus saline-challenged group),
but not those with OVA-Fc-pcDNA3·1 (P < 0·01, versus
groups treated with saline or pcDNA3·1). Vaccination with
DNA vaccine reduced the levels of IL-4 and IL-5 in BAL fluid

(a)

(d) (e)

(b) (c)

Fig. 2. Histological findings of peripheral airway tissues (H&E, ¥200 origin) from mice sensitized, challenged and treated with saline (A),

OVA-sensitized and challenged mice treated with saline (B), OVA-sensitized and challenged mice pretreated with pcDNA3·1 (C), OVA-sensitized and

challenged mice treated with OVA- pcDNA3·1 (D), and OVA-sensitized and challenged mice treated with OVA-Fc-pcDNA3·1 (E).
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Fig. 3. Serum levels of OVA-specific IgE in mice sensitized, challenged
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with pcDNA3·1 (c), OVA-sensitized and challenged mice treated with

OVA-pcDNA3·1 (d), and OVA-sensitized and challenged mice treated

with OVA-Fc-pcDNA3·1 (e). *Stands for P value less than 0·01 as
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compared with the asthma group (P < 0·01). Treatment
with OVA-Fc-pcDNA3·1 significantly prevented OVA-
induced reduced level of INF-g in BAL fluid, as did treatment
with saline or pcDNA3·1 (P < 0·01, Fig. 5III).

Protection against allergic airway inflammation
depends upon expression of CD11c

+CD80
+ and

CD11c
+CD86

+ on pulmonary-derived DCs

We characterized expression of surface marker CD11c on DCs
isolated from lung and then investigated OVA-increased
expression of co-stimulatory molecules CD80 and CD86 on
lung DCs in mice (CD11c gated). We found that OVA induced
a significant expression of CD11c

+CD80
+ (Fig. 6a) and

CD11c
+CD86

+ (Fig. 6b) on pulmonary DCs harvested from
mice treated with saline or pcDNA3·1, as compared with
the saline-sensitized and challenged group (P < 0·01). Treat-
ment with OVA-Fc-pcDNA3·1 significantly prevented OVA-
induced over-expression of CD11c

+CD80
+ and CD11c

+CD86
+

on pulmonary DCs, as compared with that with saline,
pcDNA3·1 or OVA-pcDNA3·1 group (P < 0·01, Fig. 6)
respectively.

Protection against allergic airway inflammation
depends upon expression of CD11c

+CD80
+ on

spleen-derived DCs

As shown in Fig. 7, we found that OVA induced a significant
expression of CD11c

+CD80
+ (Fig. 7a) on spleen DCs harvested

from mice treated with saline or pcDNA3·1, as compared with
the saline-sensitized and challenged group. Treatment with
OVA-Fc-pcDNA3·1 significantly prevented OVA-induced
over-expression of CD11c

+CD80
+ on spleen DCs, as compared

with that with saline, pcDNA3·1 or OVA-pcDNA3·1 group
(P < 0·01, Fig. 7). No significant difference was observed in
the expression of CD11c

+CD86
+ on spleen DCs, as compared

with the saline, pcDNA3·1 or OVA-pcDNA3.1 group (Fig. 7b).

Discussion

The current study demonstrated the potential that allergen-
DNA-targeted DCs can be an alternative therapy for allergic
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asthma, associated with a reduction of CD11c
+CD80

+ and
CD11c

+CD86
+ expression. Fc receptor is expressed on DCs as

one of the key players of initiating and maintaining immune
responses and as a therapeutic target for the disease. To
improve the efficacy of SIT, we constructed a DNA vaccina-
tion plasmid containing cDNA for a prototypic allergen,
fused to the cDNA of a potent immune modulating Fc
(OVA-Fc-pcDNA3·1). This may influence the production
of Th1 cytokine synthesis in naïve and memory T cells.
Pretreatment with a combination of vaccines (OVA-Fc-
pcDNA3·1) could efficiently reduce allergic airway inflamma-
tion, significantly prevent OVA-increased levels of IL-4, IL-5
and the percentage of eosinophils and OVA-decreased level
of IFN-gamma, and have more therapeutic effects than

mono-therapy (OVA-pcDNA3·1). It could become one of the
optimal candidates as a strategy for SIT [7,8].

Vaccination with allergen-encoding DNA may induce an
allergen-specific TH1-cell response and prevent allergic sen-
sitization, when administered prophylactically in mouse
models [9]. However, systemic production of allergen by
transfected cells has the potential to cause anaphylaxis. DCs
are uniquely situated in the immune cascade to initiate and
modulate airway immune responses [10–12]. In addition,
immature DCs express a number of specific chemokine
receptors, FcR, and Toll-like receptors, through which the
DCs are developing [13–15]. DCs can be activated or inhib-
ited through FcR by antibodies or immune complex formed
by antibodies depending on the variations of FcR engaged.
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Activating and inhibitory IgG Fc receptors on DCs mediate
opposing functions [16,17]. DNA vaccination may directly
target DCs involved in allergen-specific TH1-cell responses,
showing preventive effects when delivered at low doses in
mice [18,19]. Vaccination with DNA vaccine inhibited the
development of airway inflammation [20–22]. Our data
demonstrated that DNA vaccine coding OVA allergen
directly to DCs was also effective in treating allergen-
induced allergic airway inflammation.

Co-stimulatory molecules in pulmonary DCs are known
to function as ligands on antigen-presenting cells, enhancing
T cell activation, T cell proliferation and cytokine. The
present study found an increased expression of CD11c

+CD80

and CD11c
+CD86 on pulmonary DCs in the OVA-sensitized

and challenged group, similar to the previous findings [23],
suggesting that CD80 and CD86 molecules can function as a
conduit for extracellular signals to DCs modifying DC
functions. These data may be helpful in understanding the
requirements for effective cross-presentation and DC matu-
ration in the development of efficacious targeting strategies,
though the mechanisms by which allergen induced
CD11c

+CD80 and CD11c
+CD86 and regulated asthma pheno-

types remain unclear. Allergen-DNA modified DCs could
inhibit Th2 CD4

+ responses and enhance Th1 CD4
+ responses

in vitro [24,25]. DCs activated by cross-linking B7-DC could
prevent airway inflammation following SIT [26,27]. In the
current study, we demonstrated that DCs can be targeted
with allergen-DNA conjugates efficiently with Fc (OVA-Fc-
pcDNA3·1). Immune complexes of IgG and antigen can be
internalized via FcRs on DC, resulting in DC maturation and
priming of antigen-specific CD8+ T cells [28,29]. However,
DCs express both activating and inhibitory FcRs, and uptake
of immune complexes results in naive T-cell activation and
protective immunity [30].

The OVA-Fc-pcDNA3·1 influenced surface marker expres-
sion of targeted DCs, probably down-regulating the general
capability of DCs to present antigen [31–33]. OVA-Fc-
pcDNA3·1-targeted pulmonary DCs express lower levels of
the co-stimulatory molecules CD11c

+CD80
+ and CD11c

+CD86
+.

Our results suggest that DCs both in the pulmonary cells and
spleen of allergic mice, via upregulation of CD11c

+CD80
+

might play a pivotal role in the maintenance and amplifica-
tion of the allergic immune response, namely Th2 immune
response, whereas no difference was observed in CD11c

+CD86
+

expression in the spleen. We hypothesized that spleen-
derived DCs had undergone a long time of migration after
they captured inhaled antigen in the lung. CD11c

+CD86
+ in

spleen-derived DCs may play a role in maintaining immune
memory. Therefore, pulmonary DCs have a partially mature
phenotype and express a range of co-stimulatory molecules
that are intermediate between immature and mature DCs,
resulting in tolerogenic interaction with T cells in allergen-
SIT [34,35]. Costimulatory molecules as potential targets
significantly contribute to the therapeutic intervention in
allergic airway disease [36–38]. Targeting of antigens to DC

surface receptors elicits effective immune responses [39,40].
Combination vaccination has better therapeutic effects on
antigen-associated inflammation [41,42].

In conclusion, treatment with OVA-Fc-pcDNA3·1 could
prevent OVA-induced over-formation of allergen-specific
IgE, local hyper-production of IL-4 and IL-5 and hypo-
production of INF-g, over-expression of costimulatory mol-
ecules CD11c

+CD80
+ and CD11c

+CD86
+ in the lung, and airway

inflammation. Thus, DNA vaccine encoding OVA directly
to DCs may be a new alternative therapy for patients with
allergic asthma.
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