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Allergen-specific immunotherapy is a potential treatment for allergic diseases. We constructed an allergen–
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)-encoding DNA vaccine, administered it directly to antigen-
presenting cells (APCs), and investigated its ability and mechanisms to ameliorate allergic airway inflammation in
an asthmatic mouse model. An allergen-CTLA-4 DNA plasmid (OVA-CTLA-4-pcDNA3.1) encoding an ovalbumin
(OVA) and the mouse CTLA-4 extracellular domain was constructed and transfected into COS-7 cells to obtain the
fusion protein OVA-CTLA-4, which was able to bind the B7 ligand on dendritic cells (DCs), and induced CD25�

Foxp3� regulatory T (Treg) cells by the coculture of naive CD4� T cells with DCs in vitro. In an animal study,
BALB/c mice were sensitized and challenged with OVA to establish the asthmatic model. Vaccination with a high
dose of OVA-CTLA-4-pcDNA3.1 significantly decreased interleukin-4 (IL-4) and IL-5 levels and eosinophil counts
and prevented OVA-induced reduction of the gamma interferon level in the bronchoalveolar lavage fluid. In
addition, these mice suffered less severe airway inflammation and had lower levels of OVA-specific IgE and IgG1
titers in serum. Also, high-dose OVA-CTLA-4-pcDNA3.1 vaccination inhibited the development of airway hyperre-
activity and prevented OVA-induced reduction of the percentages of Foxp3� Treg cells in the spleen. Our results
indicate that a high dose of allergen-CTLA-4-encoding DNA vaccine was more effective in preventing an allergen-
induced Th2-skewed immune response through the induction of Treg cells and may be a new alternative therapy for
asthma.

Allergic asthma is a disease characterized by airway inflam-
mation, reversible airway obstruction, and airway hyper-re-
sponsiveness to various bronchoconstrictive stimuli. Allergen-
specific immunotherapy (SIT) is a conventional treatment for
allergic asthma (9, 19), which involves the repetitive applica-
tion of an allergen by subcutaneous injection or sublingual
application. To date, SIT is the treatment most likely to modify
the natural course of asthma and reduce the severity of asthma
and bronchial responses in patients exposed to inhaled aller-
gens. Allergen DNA vaccines are considered to be one of the
most promising immunotherapeutic strategies for the treat-
ment of allergic diseases. However, experimental studies show
that allergen DNA vaccines have the major problem of low
immunogenicity. This may be because the amount of antigen
expressed by transfected cells during the course of vaccination
is too low to be effectively captured by antigen-presenting cells
(APCs) (6). Therefore, improving the specificity of DNA vac-
cines administered directly to APCs will increase their efficacy.

Many specific molecules are expressed on the APC surface,
including B7 and complement receptors, which offer a wide
selection for the design of allergen DNA vaccines to be ad-
ministered directly to APCs (18). Cytotoxic T lymphocyte as-
sociated antigen 4 (CTLA-4), which is mainly expressed on

activated T cells, binds B7 ligand on the APC. In the present
study, we constructed a DNA vaccine to be administered directly
to APCs, comprising an allergen (ovalbumin [OVA]) fused to the
CTLA-4 extracellular domain. We investigated whether this al-
lergen-CTLA-4-encoding DNA vaccine could reverse the estab-
lished Th2 responses in allergic mouse models.

Recently, the induction of regulatory T (Treg) cells has
attracted much attention in terms of SIT (3, 11, 20). Treg cells
constitutively express the interleukin-2 (IL-2) receptor chain
(CD25) at high levels, and the forkhead transcription factor,
forkhead box protein 3 (Foxp3), is considered essential for the
development and function of Treg cells (1). Indeed, Treg cells
are best identified by their expression of Foxp3. In vivo clear-
ance of Treg cells in mice results in allergic airway inflamma-
tion, while exogenous infusion of antigen-specific Treg cells
can be used to effectively treat airway inflammation (22). The
critical ability of Treg cells to control asthma has sparked much
interest concerning whether such cells develop or expand in
the process of SIT and, if so, which of these promotes the
induction of Treg cells. In animal studies, It has been demon-
strated that the engagement of B7 ligand on dendritic cells
(DCs) by a soluble form of CTLA-4 (CTLA-4-Ig) modifies
DCs to express indoleamine 2,3-dioxygenase (IDO), a trypto-
phan-catabolizing enzyme that induces and activates Treg cells
(16). Since CTLA-4-Ig has the potency to induce Treg cells, we
investigated whether the OVA-CTLA-4 DNA vaccine encod-
ing fusion protein OVA-CTLA-4 in the present study binds to
the B7 ligand on DCs and induces the generation of Treg cells.
To establish whether Treg cells play a role in allergen-CTLA-
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4-encoding DNA vaccination, we also measured the percent-
ages of Treg cells in the spleens of vaccinated mice.

MATERIALS AND METHODS

Animals. Male BALB/c mice (6 to 10 weeks old) and weighing 18 to 22 g were
purchased from the Animal Centre at Jinling Hospital. Animal care and exper-
imental procedures were performed in accordance with the animal ethics regu-
lations of the Institutional Animal Care and Use Committee.

Construction of the OVA-CTLA-4-pcDNA3.1 immunization vector. OVA and a
DNA fragment encoding the extracellular domain of mouse CTLA-4 were am-
plified by PCR. The two fragments were inserted into a pcDNA3.1(�) vector to
generate the recombinant plasmids OVA-pcDNA3.1 and OVA-CTLA-4-
pcDNA3.1. The resulting plasmids were then sent to ShengXing Corp. (Nanjing,
China) for DNA sequencing. Sequencing confirmed that the two plasmids had
been constructed successfully. The large-scale purification of plasmids was con-
ducted by using a Maxiprep GFII Endo-Free kit (Qbiogene, Inc., Montreal,
Quebec, Canada) according to the manufacturer’s instructions.

Expression and purification of ectopic protein. COS-7 cells were seeded in
100-mm culture flasks (2 � 106 cells/flask) in Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum (Gibco, Grand Island, NY). The ex-
pression plasmids OVA-pcDNA3.1 and OVA-CTLA-4-pcDNA3.1 were trans-
fected into COS-7 cells by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. After 72 h, the supernatants were
collected, and ectopic protein OVA and OVA-CTLA-4 were purified from the
culture supernatants by using anti-OVA antibodies (Zhongshan Co., Beijing,
China) coupled to CNBr-Sepharose 4B affinity chromatography (Amersham
Biosciences, Piscataway, NJ). The purified protein OVA and OVA-CTLA-4
were confirmed by Western blotting with anti-OVA antibodies.

Detection of OVA-CTLA-4 binding to B7 ligands on DCs in vitro. Mouse bone
marrow-derived DCs were generated as previously described (2). After 8 days of
culture with 10 ng of granulocyte-macrophage colony-stimulating factor/ml and
1 ng of interleukin-4 (IL-4)/ml, DCs were purified by using anti-CD11c-coated
microbeads (Miltenyi Biotec, Auburn, CA) and treated with purified OVA (100
ng/ml) or OVA-CTLA-4 (100 ng/ml) for 4 h. To study the interaction of OVA-
CTLA-4 and B7 ligands on DCs, coimmunoprecipitation experiments were per-
formed to detect the interactions between them. To stabilize potentially transient
or weak interactions, whole cells were subjected to chemical cross-linking by
incubation with the cleavable cross-linker dithiobis(succinimidyl propionate)
(DSP; Pierce) as described previously (7). Cells were lysed by adding lysis buffer
(25 mM Tris-HCl [pH 8.0], 50 mM NaCl, 0.5% sodium deoxycholate, 0.5%
Triton X-100) containing a protease inhibitor mixture and incubated by mixing
them at 4°C for 30 min. Lysates were cleared by centrifugation (15,000 � g for
15 min). Anti-CD80 or anti-CD86 antibody was added to the diluted samples,
and after overnight incubation at 4°C protein A-coupled agarose beads (15 �l)
were added, followed by further incubation for at least 8 h at 4°C. After three
washes with Tris buffer, the beads were suspended in SDS-PAGE loading buffer
(0.125 M Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 0.1 M dithiothreitol, 0.01%
bromphenol blue) and boiled for 5 min, a process which also cleaves the cross-
linker DSP. After centrifugation at 14,000 � g for 5 min, the supernatants were
analyzed by Western blotting with anti-OVA antibody.

Induction of Foxp3� Treg cells by OVA-CTLA-4 in vitro. Autologous CD4� T
cells were obtained from the spleen by using antibody-coated paramagnetic
MultiSort MicroBeads (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. After detaching, the CD4� T cells
were stained with CD25 MicroBeads (Miltenyi Biotec), and then CD4� CD25�

T cells were positively selected and CD4� CD25� T cells were negatively se-
lected. Separation was controlled by flow cytometry (FCM) (CD4� CD25� T
cells � 95%). CD4� CD25� T cells at 4 � 105 cells/well were incubated with 4 �
104 DCs in the presence of medium, 100 ng of OVA/ml. or 100 ng of OVA-
CTLA-4/ml at 37°C in 5% CO2-humidified air. After 72 h of incubation, the cells
were harvested to examine the expression of CD25 and Foxp3 using mouse
regulatory T cell staining kit (eBioscience, Inc.).

Immunization protocols. Mice were anesthetized and immunized via injection
of 100 �l of inoculum into the tibialis anterior muscle by using a 1-ml syringe.
Mice were divided randomly into six groups (n � 6 mice per group) as follows:
(i) mice treated and sensitized and challenged with phosphate-buffered saline
(PBS) (control); (ii) mice treated with PBS and sensitized and challenged with
OVA (model); (iii) mice treated with the pcDNA3.1 plasmid (100 �g/mouse) and
sensitized and challenged with OVA (pcDNA3.1); (iv) mice treated with OVA-
pcDNA3.1 (100 �g/mouse) and sensitized and challenged with OVA (OVA-
pcDNA3.1); (v) mice treated with a low dose of OVA-CTLA-4-pcDNA3.1 (50
�g/mouse) and sensitized and challenged with OVA [OVA-CTLA-4-

pcDNA3.1(L)]; and (vi) mice treated with a high dose of OVA-CTLA-4-
pcDNA3.1 (100 �g/mouse) and sensitized and challenged with OVA [OVA-
CTLA-4-pcDNA3.1(H)]. The establishment of the mouse allergic asthma model
and the vaccination protocols have been described previously (14). In brief, mice
were sensitized to OVA (grade V; Sigma-Aldrich, St. Louis, MO) by intraperi-
toneal injection of 100 �l of alum-precipitated antigen comprising 10 �g of OVA
absorbed onto 4 mg of aluminum potassium sulfate (Pierce Biotechnology,
Rockford, IL) on day 0, followed by inhalation of 1% OVA (grade II; Sigma-
Aldrich) diluted in PBS for 30 min on days 8 and 9. The mice were then
vaccinated with PBS, pcDNA3.1, OVA-pcDNA3.1, or OVA-CTLA-4-pcDNA3.1

on days 10 and 25. On day 39 the mice were exposed to aerosol challenge with
1% OVA (grade II) diluted in PBS for 30 min (Fig. 1). At 24 h after the final
challenge, blood, bronchoalveolar lavage fluid (BALF), lungs, and spleens were
harvested for further analysis.

Histological analysis of lung tissue. At 24 h after the final allergen challenge,
the excised lungs were harvested and fixed with neutral buffered 4% formalin and
embedded in paraffin. The left lobes of each lung were sectioned (3 to 5 �m) and
stained with hematoxylin and eosin (H&E). Cellular infiltrates were assessed in
five randomly selected fields with a microscope at �100 magnification. Inflam-
matory changes were graded on a scale of 0 to 5 for perivascular and bronchiolar
eosinophilia, epithelial damage, and edema (24).

Bronchoalveolar lavage. To investigate the differential cell count in the BALF,
the trachea was exposed and cannulated, and the lungs were gently instilled twice
with 500 �l of cold PBS. The volume, total cell number, and composition of the
BALF samples were recorded. Samples were centrifuged (500 � g for 5 min at
4°C), resuspended, and loaded onto slides by using a Cytospin. Differential cell
counts were performed in duplicate on coded slides using 200 cells from each
sample. BALF was stored at �70°C, and the levels of IL-4, IL-5, and gamma
interferon (IFN-�) were determined by using a specific enzyme-linked immu-
nosorbent assay (ELISA) according to the manufacturer’s instructions (eBiosci-
ence, San Diego, CA; sensitivity � 2 pg/ml).

Measurement of OVA-specific IgE, IgG1, and IgG2a levels in serum. The
measurement of anti-OVA-specific IgE, IgG1, and IgG2a antibodies was per-
formed by using ELISA. Briefly, 96-well plates were coated overnight with rat
anti-mouse IgE (10 �g), rat anti-mouse IgG1 (20 �g), or rat anti-mouse IgG2a
(20 �g) in 100 �l of PBS and then blocked for 1 h at room temperature with 200
�l of PBS-casein/well. Fifty microliters of each diluted serum (1/5 for IgE, 1/1,000
for IgG1, and 1/10 for IgG2a) was added per well, followed by incubation for 2 h
at room temperature. After washing, OVA (1 �g/100 �l) and peroxidase-labeled
rabbit anti-OVA IgG (240 ng/100 �l) were sequentially added, followed by
incubation for 1 h at room temperature. Finally, 96-well plates were washed with
buffer containing tetramethylbenzidine dihydrochloride hydrate (1 �l/100 �l)
and H2O2 (1 �l/100 �l). The peroxidase reaction was stopped by adding H2SO4,
and the optical density was measured at 450 nm.

Measurement of AHR. The airway hyper-reactivity (AHR) was analyzed 24 h
after the last OVA aerosol challenge. For analysis of the AHR, methacholine-
induced airflow obstruction tests of conscious mice placed in a whole-body
plethysmograph (model PLY 3211; Buxco Electronics, Troy, NY) were per-
formed, and the dimensionless parameter known as the enhanced pause (Penh)
was measured as previously described (10). Briefly, the mice were placed in the
plethysmograph chamber and exposed to an aerosol of normal saline solution
(baseline readings) and then to cumulative concentrations of �-methacholine
ranging from 3 to 48 mg/ml. The aerosol was generated by an ultrasonic nebulizer
and drawn through the chamber for 2 min. The inlet was then closed, and Penh
readings were taken for 3 min and averaged; the values were then reported as the
Penh index.

Detection of CD25� Foxp3� Treg cells in spleen CD4� T cells. CD4� T cells
were obtained from spleensby using antibody-coated paramagnetic MultiSort

FIG. 1. Immunization protocol.
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MicroBeads (MACS; Miltenyi Biotec) according to the manufacturer’s protocol.
After detachment, spleen CD4� T cells were labeled by using a mouse regulatory
T cell staining kit (Miltenyi Biotec) to detect the expression of CD25 and Foxp3.
Ten thousand spleen CD4� T cells were collected from each sample, and the
proportion of CD25� Foxp3� T cells was analyzed by flow cytometry with
CellQuest software (Becton Dickinson, Mountain View, CA).

Statistical analysis. Data were expressed as means 	 the standard deviations.
Differences between groups were analyzed by using SPSS for Windows (version
8.0) and unpaired two-tailed parametric Student t test or analysis of variance. P
values of 
0.05 were considered statistically significant.

RESULTS

OVA-CTLA-4 binds to B7 ligands on DCs in vitro. The
expression plasmids OVA-pcDNA3.1 and OVA-CTLA-4-
pcDNA3.1 were constructed sequentially and validated by se-
quencing. After the two plasmids were transfected into COS-7
cells, the ectopic expression protein OVA and OVA-CTLA-4
were purified from the culture medium of transfected COS-7
cells by using CNBr-Sepharose 4B affinity chromatography.
Western blot analysis of purified OVA identified a 13.1-kDa
protein, while purified OVA-CTLA-4 identified a 28.4-kDa
protein, a finding in agreement with the combined molecular
masses of the extracellular domain of murine CTLA-4 (15.3
kDa) and OVA (Fig. 2A).

To investigate whether OVA-CTLA-4 binds to B7 ligands
on DCs in vitro, the DCs were treated with OVA or OVA-
CTLA-4 and lysed for immunoprecipitation with anti-CD80 or
anti-CD 86 antibody. Precipitated proteins were separated on
an SDS-PAGE gel and visualized by Western analysis with
anti-OVA antibody (Fig. 2B and C). A single protein was
observed by using an OVA-specific antibody in the OVA-
CTLA-4-treated group. In contrast, no protein was observed in
the OVA-treated group. These results establish that OVA-
CTLA-4 can form a complex with B7 ligands on DCs in vitro.

Induction of Treg cells by OVA-CTLA-4 in vitro. To deter-
mine whether OVA-CTLA-4 could induce Treg cells from
CD4� CD25� T cells or not, naive CD4� CD25� T cells were
isolated from the spleen and cocultured with DCs in the pres-
ence of OVA or OVA-CTLA-4. After 3 days of culture, The

percentages of Foxp3� Treg cells were significantly increased
in the OVA-CTLA-4-treated group compare to that in the
OVA-treated group (P 
 0.05). This result suggested that
OVA-CTLA-4 has the potential to induce Treg cells in vitro.
(Fig. 3).

Vaccination with a high dose of OVA-CTLA-4-pcDNA3.1 re-
duces airway inflammation. Mice were sacrificed 24 h after the
final allergen challenge. Histological analysis was performed to
investigate the efficacy of the DNA vaccines in protecting
against airway inflammation. The severity of the cellular infil-
tration, edema, and epithelial damage are shown in Table 1.
OVA induced a significant increase in eosinophil infiltration in
OVA-sensitized and -challenged mice treated with PBS or
pcDNA3.1 compared to mice sensitized, challenged, and
treated with PBS (P 
 0.01). The degree of cellular infil-
tration around the central bronchi, alveoli, and blood vessels
was significantly decreased in OVA-sensitized and chal-
lenged mice treated with a high dose of OVA-CTLA-4-
pcDNA3.1 compared to OVA-sensitized and -challenged
mice treated with PBS (P 
 0.01), pcDNA3.1 (P 
 0.01),
OVA-pcDNA3.1 (P 
 0.05), or a low dose of OVA-CTLA-
4-pcDNA3.1 (P 
 0.05). Extensive infiltration of inflamma-
tory cells, goblet cell hyperplasia, and the production of
mucin was increased in OVA-sensitized and -challenged
mice treated with PBS (Fig. 4B) or with pcDNA3.1 (Fig. 4C).
Treatment with a high dose of OVA-CTLA-4-pcDNA3.1

(Fig. 4F) significantly reduced OVA-induced infiltration of
inflammatory cells into the airways and had a greater ther-
apeutic effect than did OVA-pcDNA3.1 (Fig. 4D) or a low
dose of OVA-CTLA-4-pcDNA3.1 (Fig. 4E).

Vaccination with a high dose of OVA-CTLA-4-pcDNA3.1 in-
hibits infiltration of eosinophils into the BALF. To further
study DNA vaccine-generated prophylactic effects on airway
inflammation, we assessed the allergen-induced infiltration of
eosinophils in BALF. The number of eosinophils in the BALF
was significantly higher in OVA-sensitized and -challenged
mice treated with PBS or with pcDNA3.1 compared to those
sensitized, challenged, and treated with PBS (P 
 0.01, Fig. 5).

FIG. 2. OVA-CTLA-4 binds to B7 ligands on DCs in vitro. (A) Purified OVA (lane 2) and OVA-CTLA-4 (lane 3) were determined by Western
blot analysis. Lane 1, protein markers. (B) DCs were treated with OVA or OVA-CTLA-4 and lysed for immunoprecipitation with the anti-CD80
antibody. Precipitated proteins were determined by Western blot analysis with anti-OVA antibody. OVA was observed in the OVA-CTLA-4
treated group, whereas no protein was observed in the OVA-treated group. (C) DCs were treated with OVA or OVA-CTLA-4 and lysed for
immunoprecipitation with the anti-CD86 antibody. Precipitated proteins were determined by Western blot analysis with anti-OVA antibody. OVA
was observed in the OVA-CTLA-4-treated group, while no protein was observed in the OVA-treated group.
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The amount of eosinophilia in high-dose OVA-CTLA-4-
pcDNA3.1-treated mice was significantly lower than in OVA-
sensitized and -challenged mice treated with PBS (P 
 0.01),
pcDNA3.1 (P 
 0.01), OVA-pcDNA3.1 (P 
 0.05), or a low
dose of OVA-CTLA-4-pcDNA3.1 (P 
 0.05).

Effects of OVA-CTLA-4-pcDNA3.1 vaccination on cytokine
concentrations in the BALF. To investigate whether DNA vac-
cines can reverse the disequilibrium of Th1/Th2 cytokine produc-
tion, the levels of IL-4, IL-5, and IFN-� in the BALF were mea-
sured by ELISA. As shown in Fig. 6, the levels of IL-4 and IL-5
were markedly increased in OVA-sensitized and -challenged mice
treated with PBS or pcDNA3.1 compared to those sensitized,
challenged, and treated with PBS (P 
 0.01), while high-dose
OVA-CTLA-4-pcDNA3.1-treated mice showed a significant re-
duction in the levels of IL-4 and IL-5 compared to OVA-sensi-
tized and -challenged mice treated with PBS (P 
 0.01),
pcDNA3.1 (P 
 0.01), OVA-pcDNA3.1 (P 
 0.05), or a low dose
of OVA-CTLA-4-pcDNA3.1 (P 
 0.05). Treatment with a high

dose of OVA-CTLA-4-pcDNA3.1 significantly prevented the
OVA-induced reduction in IFN-� level compared to OVA-sen-
sitized and -challenged mice treated with PBS (P 
 0.01),
pcDNA3.1 (P 
 0.01), OVA-pcDNA3.1 (P 
 0.05), or low dose of
OVA-CTLA-4-pcDNA3.1 (P 
 0.05).

Inhibition of OVA-specific IgE and IgG1 by vaccination with
a high dose of OVA-CTLA-4-pcDNA3.1. To assess the potential
utility of DNA vaccine in modulating the immune response, we
measured OVA-specific IgE, IgG1, and IgG2a levels in serum
24 h after the final allergen challenge by ELISA. As shown in
Fig. 7, OVA-allergic PBS-treated mice had significantly in-
creased serum titers of OVA-specific IgE, IgG1, and IgG2a
compared to those sensitized, challenged, and treated with
PBS (P 
 0.01), indicating that the OVA sensitizations were
successful. Vaccination with a high dose of OVA-CTLA-4-
pcDNA3.1 yielded significantly lower levels of OVA-specific
IgE and IgG1 titers compared to OVA-sensitized and chal-
lenged mice treated with PBS, pcDNA3.1, OVA-pcDNA3.1, or
a low dose of OVA-CTLA-4-pcDNA3.1 (P 
 0.01). OVA-
specific IgG2a was not significantly affected by any of the
treatments. The data indicated that vaccination with a high
dose of OVA-CTLA-4-pcDNA3.1 was more effective in sup-
pressing OVA-specific IgE and IgG1 responses.

Vaccination with a high dose of OVA-CTLA-4-pcDNA3.1 in-
hibits the development of AHR. To investigate whether OVA-
CTLA-4-pcDNA3.1 vaccination is relevant to OVA-induced
changes in lung function, we compared the development of
AHR in each group of mice after OVA aerosol challenge. As
shown in Fig. 8, OVA-sensitized and -challenged mice treated
with PBS or pcDNA3.1 developed significant AHR compared
to mice sensitized, challenged, and treated with PBS (P 

0.01). After the methacholine concentration reached 12 mg/ml,
the Penh index in the high-dose OVA-CTLA-4-pcDNA3.1

group was significantly lower than in OVA-sensitized and chal-
lenged mice treated with PBS, pcDNA3.1, OVA-pcDNA3.1, or

TABLE 1. Severity of inflammatory cell infiltration into lung tissues
after immunization

Treatment group

Mean infiltration 	 SDa

Perivascular and
peribronchiolar

eosinophilia
Edema Epithelial

damage

Control 0† 0† 0†
Model 8.58 	 0.58* 8.25 	 0.67* 8.16 	 0.54*
pcDNA3.1 7.37 	 0.62* 7.86 	 0.59* 7.63 	 0.47*
OVA-pcDNA3.1 3.68 	 0.37*‡ 3.96 	 0.37*‡ 3.64 	 0.28*‡
OVA-CTLA-4-

pcDNA3.1(L)
3.49 	 0.48*‡ 3.73 	 0.52*‡ 3.51 	 0.34*‡

OVA-CTLA-4-
pcDNA3.1(H)

1.18 	 0.16† 1.16 	 0.19† 0.97 	 0.15†

a �, P 
 0.05 compared to the control and OVA-CTLA-4-pcDNA3.1(H)
groups; †, P 
 0.01 compared to the model and pcDNA3.1 groups; ‡, P 
 0.05
compared to the model and pcDNA3.1 groups.

FIG. 3. Induction of Treg cells by OVA-CTLA-4 in vitro. (A) Representative results of the percentages of CD25� Foxp3� Treg cells from naive
CD4� CD25� T cells only (a) or cocultured with DCs in the presence of medium (b), OVA (c), or OVA-CTLA-4 (d). (B) The percentages of
CD25� Foxp3� Treg cells were significantly increased in mice from the OVA-CTLA-4-treated group. The values are represent means 	 the
standard deviations (n � 5). Values with different letters showed significant differences (P 
 0.05).
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a low dose of OVA-CTLA-4-pcDNA3.1 (P 
 0.01). These
results indicated that a high dose of OVA-CTLA-4-pcDNA3.1

vaccination can significantly inhibit the development of AHR
in allergic asthma mice.

Vaccination with a high dose of OVA-CTLA-4-pcDNA3.1 pre-
vents the reduction of percentages of Treg cells in vivo. The
induction of Treg cells plays a key role in conventional SIT. To
determine whether vaccination with OVA-CTLA-4-pcDNA3.1

could induce Treg cells, we examined the percentage of
CD25� Foxp3� Treg cells in vivo. The results showed that
OVA challenge induced a significant reduction in the percent-
ages of CD25� Foxp3� Treg cells within the spleen CD4� T
cell population in OVA-sensitized and -challenged mice
treated with PBS or pcDNA3.1 compared to animals sensitized,
challenged, and treated with PBS (P 
 0.01, Fig. 9). Vaccina-
tion with a high dose of OVA-CTLA-4-pcDNA3.1 significantly

prevented the OVA-induced reduction of percentages of
CD25� Foxp3� Treg cells compared to OVA-sensitized and
-challenged mice treated with PBS, pcDNA3.1, OVA-
pcDNA3.1 or a low dose of OVA-CTLA-4-pcDNA3.1 (P 

0.01).

DISCUSSION

Asthma has become one of the most serious health problems
worldwide. SIT is the most widely used therapy for asthma.
However, due to the long-lasting nature of the treatment, side
effects are frequent. Therefore, it is often difficult to achieve
the desired therapeutic effect due to poor patient compliance.
Allergen DNA vaccination has sparked considerable interest
because it has fewer side effects and is easier to use (25).
Recently, many studies have demonstrated that plasmid DNAs

FIG. 4. Reduced lung inflammation in high-dose OVA-CTLA-4-pcDNA3.1-vaccinated mice. Histological findings of lung tissues (original
magnification, �200) in mice from the control group (A), the model group (B), the pcDNA3.1 group (C), the OVA-pcDNA3.1 group (D), the
OVA-CTLA-4-pcDNA3.1(L) group (E), and the OVA-CTLA-4-pcDNA3.1(H) group (F) were analyzed by using H&E staining.

FIG. 5. Decreased infiltration of eosinophils into BALF fluid in high-dose OVA-CTLA-4-pcDNA3.1-vaccinated mice. The number of eosin-
ophils in BALF harvested in mice from the control group, the model group, the pcDNA3.1 group, the OVA-pcDNA3.1 group, the OVA-CTLA-
4-pcDNA3.1(L) group, and the OVA-CTLA-4-pcDNA3.1(H) group were analyzed by counting. The values represent means 	 the standard
deviations (n � 5). Values with different letters showed significant differences (P 
 0.05).
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encoding for certain allergen genes result in the induction of
Th1 immune responses while concomitantly inhibiting Th2 re-
sponses. DNA-based immunization is effective in modulating
allergen-specific IgE responses and may provide a novel ther-
apeutic approach to allergic diseases and asthma (8, 13). How-
ever, although DNA vaccines show great promise for prevent-
ing and treating allergic asthma in mouse models, their
potency is limited, especially in large animals and humans.
Modification of DNA vaccines to enhance efficiency has been
investigated extensively. DNA vaccines are commonly admin-
istered by intramuscular injection, with the majority of DNA
being taken up by muscle cells. Hence, immune responses
appear to be generated by a combination of the incidental

transfection of APCs, and APC sampling of antigens from
transfected muscle cells, which is the predominant source of
expressed antigen. Cross-presentation of antigens from trans-
fected cells by APCs is thought to be the major mechanism
facilitating Th1-skewed immune responses (12). Therefore,
targeting of antigens to professional APCs raises the possibility
of improving the efficacy of DNA vaccines (5, 21). CTLA-4
represents an attractive ligand for targeting vaccine antigens to
APCs. The extracellular domain of CTLA4 is involved in bind-
ing to the B7 ligand (CD80 and CD86) on APCs (5), which are
potent initiators of immune responses. Several animal experi-
ments have reported that a CTLA-4 fusion vaccine could in-
duce potent immune responses and antitumor or anti-micro-
organism activities in vivo (23, 26).

In the present study, we constructed an allergen-CTLA-4-
encoding DNA vaccine, OVA-CTLA-4-pcDNA3.1, and ob-
tained the fusion protein OVA-CTLA-4 by affinity chromatog-
raphy. The immunoprecipitation analyses demonstrated that
protein OVA-CTLA-4 was capable of binding to the B7 ligand
on DCs and supported the consideration that CTLA-4 fused
allergens are more easily captured by APCs than a mono-
allergen. In our study, we also showed that protein OVA-
CTLA-4 induced the generation of Treg cells in vitro. Since
Treg cells negatively regulate immune responses, it was an
interesting problem to define whether protein OVA-CTLA-4
has a paradoxical role in controlling Th2-skewing responses by
Treg cells, but the beneficial Th1 immune responses were also
damaged. For our animal study, a well-established mouse
model of allergic asthma was used to identify the allergen
DNA vaccine with the most potent anti-allergic effects. From
the results, it is evident that vaccination with a high dose of

FIG. 6. Vaccination with a high dose of OVA-CTLA-4-pcDNA3.1
decreased IL-4 and IL-5 levels and prevented the OVA-induced reduc-
tion of the IFN-� level in the BALF. Cytokine production of IL-4, IL-5,
and IFN-� in the BALF from mice in the control group, the model group,
the pcDNA3.1 group, the OVA-pcDNA3.1 group, the OVA-CTLA-4-
pcDNA3.1(L) group, and the OVA-CTLA-4-pcDNA3.1(H) group was as-
sessed by ELISA. The values represented means 	 the standard devia-
tions (n � 5). Values with different letters showed significant differences
(P 
 0.05).

FIG. 7. Decreased OVA-specific IgE and IgG1 titers in serum in
high doses of OVA-CTLA-4-pcDNA3.1-vaccinated mice. The serum
levels of OVA-specific IgE, IgG1, and IgG2a in mice from the control
group, the model group, the pcDNA3.1 group, the OVA-pcDNA3.1
group, the OVA-CTLA-4-pcDNA3.1(L) group, and the OVA-CTLA-
4-pcDNA3.1(H) group were assessed by ELISA. The values represent
as means 	 the standard deviations (n � 5). Values with different
letters showed significant differences (P 
 0.05).

FIG. 8. Reduced AHR to cholinergic stimuli in high-doses OVA-
CTLA-4-pcDNA3.1-vaccinated mice. Reactivity to methacholine was
measured by body plethysmograph, and the data represent the percent
increases in Penh values versus baseline values from normal mice at
corresponding concentrations of methacholine. Decreased reactivity
was seen at all concentrations of methacholine in mice from the OVA-
CTLA-4-pcDNA3.1(H) group compared to those from the model
group, the pcDNA3.1 group, the OVA-pcDNA3.1 group, and the OVA-
CTLA-4-pcDNA3.1(L). �, P 
 0.01.
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OVA-CTLA-4-pcDNA3.1 was most effective in reducing the
allergic response.

One dominant characteristic of asthmatic mouse is the pres-
ence of eosinophils (17). After vaccination with a high dose of
OVA-CTLA-4-pcDNA3.1, the bronchial influx of eosinophils
in the lung tissues or BALF was reduced compared to those
associated with the other vaccines. Moreover, the reduction of
Th2 cytokines in BALF and decreased serum levels of OVA-
specific IgE and IgG1 were also observed. It is known that
Th2-produced IL-4 is essential for the switch to the IgG1 and
IgE isotype. The results of the present study verified a corre-
lation between reduced IL-4 in the BALF and reduced OVA-
specific IgE and IgG1. OVA-IgG2a, a Th1-related immuno-
globulin titer, was not affected after treatment with any of the
vaccines. Another hallmark of allergic asthma in animal model
is AHR. Vaccination with a high dose of OVA-CTLA-4-

pcDNA3.1 most successfully reduced the increased airway re-
sponse to methacholin.

In particular, Treg cell responses in vivo were investigated in
the present study. The results demonstrated that the percent-
age of Treg cells in OVA-sensitized and challenged mice
treated with PBS was decreased, an observation similar to
previous findings (15), suggesting the deficiency of Treg cells to
inhibit the overactivation of immune response. Vaccination
with a high dose of OVA-CTLA-4-pcDNA3.1 effectively in-
duced higher percentages of Treg cells in the spleen than did
the mono-allergen vaccine (OVA-pcDNA3.1) or low dose
OVA-CTLA-4-pcDNA3.1 therapy. These data may be helpful
in showing that the development of Treg cells by allergen-
CTLA-4-encoding DNA vaccine occurs in a dose-dependent
manner and that the mechanisms underlying allergen-CTLA-
4-encoding DNA vaccination for inhibiting the Th2 responses

FIG. 9. Vaccination with a high dose of OVA-CTLA-4-pcDNA3.1 prevented the OVA-induced reduction of percentages of CD25� Foxp3�

Treg cells in the spleen. (A) Representative results of percentages of CD25� Foxp3� Treg cells in spleens from mice in the control group (a), the
model group (b), the pcDNA3.1 group (c), the OVA-pcDNA3.1 group (d), the OVA-CTLA-4-pcDNA3.1(L) group (e), and the OVA-CTLA-4-
pcDNA3.1(H) group (f). (B) The percentages of CD25� Foxp3� Treg cells were significantly increased in mice from the OVA-CTLA-4-
pcDNA3.1(H) group. The values represented means 	 the standard deviations (n � 5). Values with different letters showed significant differences
(P 
 0.05).
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and airway inflammation are mediated by the induction of
Treg cells. Th1 responses are more susceptible to regulation by
Treg cells than Th2 responses (4). However, in our study,
vaccination with a high dose of OVA-CTLA-4-pcDNA3.1

failed to downregulate the Th1 type cytokine, IFN-�, in the
BALF compared to other vaccinated mice. This result may be
due to the cross-presentation of the expression product of
DNA vaccines by APCs, which induced Th1 responses.

In conclusion, vaccination with a high dose of OVA-CTLA-
4-pcDNA3.1 decreased the eosinophil infiltration, the produc-
tion of Th2 cytokines, and the OVA-IgE and OVA-IgG1 levels
in serum and also reduced AHR. These results were partially
related to the induction of Treg cells. Thus, the administration
of allergen-CTLA-4-encoding vaccine directly to APCs may
offer a new alternative therapy for patients with allergic
asthma.
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