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Summary

T helper type 2 (Th2) and regulatory T cells (Treg) have been postulated to
have critical roles in the pathogenesis of allergic asthma. Cytotoxic T lympho-
cyte antigen 4 immunoglobulin (CTLA4Ig) gene-modified dendritic cells
(DC-CTLA4Ig) have the potential to reduce Th2 cells and induce Treg cells. In
the present study, we evaluated the therapeutic effects and potential mecha-
nisms of the adoptive transfer of DC-CTLA4Ig into mice in an experimental
model of asthma. BALB/c mice were sensitized with ovalbumin (OVA) and
challenged with aerosolized OVA for 7 days. Just prior to the first challenge,
DC-CTLA4Ig, DCs or DCs infected with DC-green fluorescent protein (GFP)
were injected intravenously into mice. The administration of DC-CTLA4Ig
reduced airway hyperresponsiveness, relieved asthmatic airway inflammation
and decreased the numbers of esosinophils in the BALF in OVA-sensitized/
challenged mice. In addition, DC-CTLA4Ig altered the balance of Th1/Th2
cytokine production in the lungs with increased interferon (IFN)-g levels and
decreased interleukin (IL)-4 levels, decreased the percentage of Th2 and
increased both the percentage of Th1 and Treg cells in the lungs of OVA-
sensitized/challenged mice. This research demonstrates that DC-CTL4Ig
reduces airway hyperresponsiveness effectively and prevents airway inflam-
mation in OVA-sensitized/challenged mice, which is due most probably to
attenuated secretion of Th2 cytokines and increased secretion of Th1 cytok-
ines in the local airway, and the correction of the pulmonary imbalance
between Th1/Th2 cells and Th2/Treg cells.
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Introduction

Allergic asthma is believed to be an inflammatory airway
disease that results from dysregulated T helper type 2 (Th2)-
biased immune responses directed against innocuous anti-
gens [1]. However, recent evidence suggests that the immune
mechanism of asthma cannot be explained simply by the
Th1/Th2 imbalance [2–4]. Regulatory T cells (Tregs), which
have a suppressive effect on both Th1 and Th2 cytokine
secretion, are another CD4+ T lymphocyte subset that may
play an important role in the development of asthma [5–7].
Indeed, there is evidence that the quantity and function of
CD4+CD25+forkhead box P3 (FoxP3)+ Treg cells are impaired
in individuals with allergic diseases such as asthma [8,9].
Thus, allergic asthma can result from an inappropriate
balance between the allergen-mediated activation of Th2

cells and reduced or poorly functioning Treg cells. Therapies
that enhance Treg cells responses, while simultaneously
reducing Th2 cell activation, might be useful in the treat-
ment of allergic asthma [10].

It is well known that naive CD4+ T lymphocytes require
major histocompatibility complex class II (MHC-II) and
co-stimulatory signals provided by antigen-presenting cells
(APCs) to be activated. The CD28-B7 co-stimulatory
pathway is critically important, and as it plays key roles in
regulating T cell activation and tolerance it represents a
promising therapeutic target [11,12]. The soluble chimeric
fusion protein cytotoxic T lymphocyte antigen 4 immu-
noglobulin (CTLA4Ig) is a homologue of the T cell
co-stimulatory receptor CD28. CTLA4Ig binds B7 molecules
on APCs with higher affinity than CD28 molecule, competi-
tively interrupting CD28–B7 interactions and effectively
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inhibiting Th2 cell activation and proliferation, but not
influencing the development of Th1 cells [13,14]. Further,
administration of CTLA4Ig fusion protein has been reported
to inhibit airway eosinophilia and hyperresponsiveness
successfully while also attenuating IgE up-regulation in a
murine model of allergic asthma [15,16].

Dendritic cells (DCs) are thought to be the most impor-
tant specialized APCs involved in inducing naive CD4+ T
cells to differentiate into Th1, Th2 or Treg cells. Mature DCs
are known to comprise different subsets with distinct phe-
notypes and functions, whereas immature DCs, deficient in
co-stimulatory molecules, have been shown to induce the
development of Treg cells both in vitro and in vivo [17,18].
DCs genetically modified to express CTLA4Ig have been
proved in many experiments to be stable immature DCs in
terms of T cell priming through interrupting the CD28–B7
pathway without affecting the MHC complex signal [19,20],
and recent studies have proved that CTAL4Ig modified DCs
from mice with collagen-induced arthritis could increase the
CD4+CD25+FoxP3+ Treg population in vivo [21].

Therefore, given the ability of DCs to tolerize T cells in an
antigen-specific manner and the immune suppressive char-
acteristics of CTLA4Ig, we hypothesized that CTLA4Ig
gene-modified DCs (DC-CTLA4Ig) would inhibit antigen-
specific Th2 cell activation and induce the development of
Treg cells in a murine model of asthma. In the present study,
we evaluated the therapeutic effects and mechanisms of
these tolerogenic DCs by infusing DCs intravenously,
genetically modified to express CTLA4Ig into mice in a
murine model of asthma.

Materials and methods

Animals

Six- to 8-week-old female BALB/c (H-2Kd, I-Ad) and
C57BL/6 (H-2Kb, I-Ab) mice, weighing 18 � 0·5 g, were
obtained from the Experimental Animal Centre of the
Chinese Academy of Sciences (Shanghai, China) and main-
tained under specific-pathogen-free (SPF) conditions at the
Chongqing Medical University Animal Resources Centre. All
mice were maintained on an ovalbumin (OVA)-free diet
(Sigma, St Louis, MO, USA).

Adenoviral vectors

Replication-defective recombinant adenovirus encoding
human CTLA4Ig gene (Ad-CTLA4Ig) and the control
replication-defective recombinant adenovirus encoding
green fluorescent protein (GFP) gene (Ad-GFP) were both
provided by Professor Yan Hu (Chongqing Medical Univer-
sity, ChongQing, China). The recombinant adenoviruses
were expanded in HEK293 cells, and the viral solution was
stored at -80°C. The titre of the viral stock was determined
by plaque-forming assays using HEK293 cells [22].

Generation and genetic modification of DCs

The procedures used to generate and genetically modify DCs
were similar to those described previously, with minor modi-
fications [23]. Briefly, bone marrow cells harvested from the
femurs and tibias of BALB/c mice on an OVA-free diet were
cultured in six-well plates at density of 5 ¥ 105 cells per well
in 3 ml of complete RPMI-1640 medium (Gibco, Shanghai,
China) supplemented with 100 mg/ml streptomycin (Invit-
rogen, Grand Island, NY, USA), 2 mM l-glutamine (Sigma),
50 mM 2-mercaptoethanol (Sigma) and 10% fetal bovine
serum (FBS) (Gibco, Montevideo, Uruguay) supplemented
with 20 ng/ml recombinant mouse granulocyte-macrophage
colony-stimulating factor (rmGM-CSF) (R&D Systems,
Minneapolis, MN, USA) and 10 ng/ml recombinant murine
interleukin 4 (rmIL-4) (R&D). Complete medium contain-
ing rmGM-CSF and rmIL-4 was refreshed every 2 days for 6
days. Non-adherent cells were harvested after 5–7 days. For
adenovirus-mediated genetic modification, 5-day cultured
cells with typical DC clusters were collected and infected
with Ad-CTLA4Ig or Ad-GFP at a multiplicity of infection
(MOI) of 100 for 2 h in serum-free medium. Next, these cells
were rested in complete medium containing rmGM-CSF
and rmIL-4 for another 48 h. These cells were referred to as
DC-CTLA4Ig or DC-GFP, respectively. DCs cultured for 7
days without genetic modification were referred to as
control, untreated DCs in our experiments. To generate DCs
that presented OVA, all cells were cultured in the presence of
50 mg/ml of whole OVA protein (Grade V; Sigma) for the
final 24 h of culture. Cells were then collected for flow cyto-
metric analysis or for use in subsequent experiments.

Flow cytometric analysis of DC-CTLA4Ig

Surface expression of CD11c, MHC-II and the co-
stimulatory molecule CD86 on DCs, DC-CTLA4Ig or
DC-GFP was analysed by flow cytometry. Cells were stained
at 4°C for 30 min using the following monoclonal antibodies
(mAbs; eBioscience, San Diego, CA, USA): phycoerythrin
(PE)-Cy5 conjugated anti-CD11c, PE-conjugated anti-
MHC-II or PE-conjugated anti-CD86. After washing with
phosphate-buffered saline (PBS), cells were analysed using a
FACSCalibur (Becton Dickinson, Mountain View, CA, USA).
A minimum of 104 events within the gated live population
were collected per sample. Data were analysed using Cell
Quest Pro analysis software by gating on live cell
populations. Appropriate isotype-matched antibody con-
trols were used from the respective manufacturers.

Determination of CTLA4Ig levels in
culture supernatants

The level of CTLA4Ig protein in the supernatants of cultured
DCs, DC-GFP and DC-CTLA4Ig was assayed by enzyme-
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linked immunosorbent assay (ELISA) (Bender, Vienna,
Austria). Cell culture supernatants were collected at various
times after gene transfection, and procedures were per-
formed according to the manufacturer’s instructions. The
limit of detection was 0·16 ng/ml.

Mixed lymphocyte reactions (MLR)

MLR were performed using a standard method. Splenic
CD4+ T cells purified magnetically from C57BL/6 mice using
CD4+ microbeads (Dynal; Invitrogen) served as responders.
Responder cells at a density 1 ¥ 105 cells/well were cultured
with 2 ¥ 103, 5 ¥ 103, 1 ¥ 104 or 2 ¥ 104 DCs, DC-GFP or
DC-CTLA4Ig inactivated by 30 mg/l mitomycin C (MMC)
(Roche, Indianapolis, IN, USA) in round-bottomed 96-well
plates for 5 days. For the final 18 h of culture, 1 mCi
[3]-HTdR was added to each well. Cultures were harvested
onto glass fibre filters using a multiple cell harvester, and
thymidine incorporation was quantified using a multi-
purpose scintillation counter (MoSu, Shanghai, China).
Results are expressed as mean counts per minute (cpm) �1
standard deviation (s.d.).

Allergen sensitization, challenge and treatment

BLAB/c mice were divided into five groups: healthy control
mice, OVA-sensitized/challenged mice (asthma group),
OVA-sensitized/challenged mice given DC-CTLA4Ig
(asthma DC-CTLA4Ig group), OVA-sensitized/challenged
mice given DCs (asthma DCs group) and OVA-sensitized/
challenged mice given DC-GFP (asthma DC-GFP group).
Each group contained six mice. For the allergen-induced
murine model of asthma, allergen sensitization and inhala-
tional antigen challenge were performed as described previ-
ously, with minor modifications [24]. Briefly, on days 0 and
14, mice were sensitized by the intraperitoneal (i.p.) injec-
tion of 200 ml of a solution containing 100 mg OVA mixed
with aluminium hydroxide (0·5 mg/ml; Sigma). On days
22–28, sensitized mice were placed into a 14 ¥ 11 ¥ 11 cm3

plastic chamber and were exposed to aerosolized PBS con-
taining 1% OVA (weight/volume) or PBS for 30 min.
Healthy control mice received i.p. injections of PBS and PBS
aerosols in the same manner as the OVA-treated mice. For
mice treated with DCs, just prior to the first inhalational
antigen challenge of 1 ¥ 106 DCs, DC-GFP or DC-CTLA4Ig
were administered intravenously (i.v.). Mice were studied
24 h after the last aerosol challenge.

Measurement of airway hyperresponsiveness (AHR)

AHR was measured by whole body plethysmography (WBP)
in response to increasing doses of aerosolized methacholine
(Mch; Sigma) using a Buxco apparatus (EMKA Technolo-
gies, Paris, France). The airway reactivity was expressed in
enhanced pause (Penh), as described previously [25]; Penh

was calculated by the formulae: pause = (Te–Tr)/Tr [Te: expi-
ratory time (ms), Tr: relaxation time, time it takes to 36% of
tidal volume (ms)] and Penh = (PEF/PIF) ¥ pause [PEF:
peak expiratory flow (ml/s), PIF: peak inspiratory flow
(ml/s)]. Briefly, 24 h after the last aerosol challenge, con-
scious, spontaneously breathing mice were placed in the
plethysmograph and acclimated for 15 min; baseline read-
ings were taken and averaged for 3 min. Saline or Mch in
increased concentrations (3·1, 6·2, 12·5, 25, 50 mg/ml) were
aerosolized into the plethysmograph for 3 min using a nebu-
lizer head, each followed by 3 min of data recording. The
Penh value was calculated for each 10-s interval of the 3-min
recording period and averaged. At the end of the measure-
ment mice were killed by cervical dislocation under anaes-
thesia for bronchoalveolar lavage fluid (BALF) collection.

Blood and BALF collection

Blood was collected by retro-orbital bleeding and serum was
isolated and stored at -80°C. BALF was collected by lavaging
the lungs three times with 0·5 ml aliquots of cold PBS; cell
suspensions were then centrifuged at 500 g for 5 min. After
centrifugation, supernatants were collected and stored at
-80°C for cytokine analysis. BALF cells were resuspended in
PBS and total leucocyte counts were obtained using a
haemacytometer. Differential counts were determined by
cytocentrifugation of 30 ml aliquots of BALF cells at 500 g for
3 min onto slides; next, slides were stained with Wright–
Giemsa and counted in a blinded fashion. A minimum of
200 cells was counted per sample under light microscopy.

Determination of cytokine concentrations

Cytokine levels in the BALF and serum were determined by
using commercially available ELISA following the manufac-
turer’s instructions. ELISA kits for the detection of IL-4 and
interferon (IFN)-g were purchased from ShiZhengBo
(Beijing, China). Detection limits for each assay were as
follows: < 7 pg/ml for IL-4 and < 7 pg/ml for IFN-g.

Flow cytometric analysis of lung and spleen
cells subsets

Single-cell suspensions from lung and spleen tissues were
isolated by mechanical disruption in PBS. Briefly, lung and
spleen tissues were harvested and cut into small fragments.
Next, lung tissue fragments were forced through 50-mm
stainless steel mesh and cells were pelleted by centrifugation;
red blood cells (RBCs) were lysed by resuspending cells in
RBC lysis buffer for 10 min at room temperature. After
washing, cells were surface-stained with fluorescein isith-
iocyanate (FITC)-conjugated anti-CD4 (BD Pharmingen,
San Diego, CA, USA) and PE-conjugated anti-CD25
(eBioscience). To analyse the expression of the transcription
factor forkhead box P3 (FoxP3), cells were washed, fixed,
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permeabilized and stained according to the manufacturer’s
instructions for FoxP3 (PE-Cy5-conjugated anti-mouse/rat
FoxP3 staining kit; eBioscience). For analysis of intracellular
cytokine production, lung and spleen cells were cultured at
37°C in RPMI-1640 medium supplemented with 10% FBS
for 4 h in the presence of 2 mM monensin (BD Pharmingen)
with 100 ng/ml phorbol myristate acetate (PMA) (Alexis,
Lausen, Switzerland) and 1 mM ionomycin (Alexis). After
washing and blocking with Fc-block (CD16/32; BD Pharm-
ingen) for 30 min, cells were directly surface-stained with
PE-Cy5-conjugated anti-CD3e (BD Pharmingen) and FITC-
conjugated anti-CD4; next, cells were fixed and permeabi-
lized using the BD Cytofix/Cytoperm Kit (BD Pharmingen)
and stained with PE-conjugated anti-IL-4 (BD Pharmingen)
or PE-conjugated anti-IFN-g (BD Pharmingen). Cells were
analysed (104 gated events were collected) using a
FACSCalibur. Background fluorescence was assessed using
appropriate isotype and fluorochrome-conjugated control
mAbs. Data collected were analysed using FlowJo software
(Becton Dickinson).

Histopathology

Mice were killed and their lungs were removed and inflated
with 4% paraformaldehyde 24 h after the last challenge.
Tissues were then embedded in paraffin and cut into 5-mm-
thick sections. Sections were stained with a standard haema-
toxylin and eosin (H&E) staining method.

Statistical analysis

The results are expressed as mean � standard deviation
(s.d.). Analysis of variance (anova) was used to determine
the levels of difference between all groups. Pairs of groups
were compared using Student’s t-test. Results were consid-
ered statistically significant when P values were < 0·05, < 0·01
or < 0·001.

Results

DC-CTLA4Ig secrete CTLA4Ig and express lower
cell-surface levels of co-stimulatory molecule

As a readout of the CTLA4Ig gene modifying DCs by the
adenovirus vector Ad-CTLA4Ig, CTLA4Ig concentrations in
the supernatants of CTLA4Ig gene-modified DCs were
determined at different times by ELISA (Fig. 1a). A level of
42·07 � 1·69 ng/ml of CTLA4Ig was detected in the super-
natant from DC-CTLA4Ig cultures 24 h after infection;
CTLA4Ig concentrations increased to 73·63 � 1·60 ng/ml at
48 h, and a peak level of 89·17 � 1·23 ng/ml was observed
72 h after infection. There was a stable secretion of CTLA4Ig
from DC-CTLA4Ig over the next 4-day period; CTLA4Ig
concentrations ranged from 70·53 � 1·23 ng/ml to
85·23 � 1·20 ng/ml. No CTLA4Ig was detected in the super-

natants of DCs or DC-GFP cultures. These results indicate
that bone marrow-derived DCs were infected efficiently with
Ad-CTLA4Ig at an MOI of 100, resulting in the expression of
CTLA4Ig.

Phenotypical changes in DCs following gene modifying
were analysed by flow cytometry. Both the non-infected DCs
and gene-modified DCs expressed high levels CD11c;
DC-CTLA4Ig expressed significantly lower levels of the
co-stimulatory molecule CD86 (Fig. 1b). However, there was
no difference in MHC-II expression among the DC,
DC-GFP and DC-CTLA4Ig groups (Fig. 1b). These findings
suggest that Ad-CTLA4Ig-infected DCs secrete CTLA4Ig,
which then blocks CD86 expression without influencing the
expression of MHC-II on surface of DCs.

DC-CTLA4Ig showed reduced capacity for allogeneic T
cell stimulation

To assess the stimulatory capacity of CTLA4Ig gene-
modified DCs in a 5-day primary MLR, we used naive allo-
geneic T cells from C57BL/6 mice as responder cells.
DC-CTLA4Ig exhibited a markedly reduced allostimulatory
capacity to induce T cell proliferation compared to DCs
(P < 0·001) (Fig. 1c). There was no significant difference in
the allostimulatory capacity between DCs and DC-GFP
group. These findings suggest that the reduced allostimula-
tory capability of DC-CTLA4Ig in primary MLR may be
caused by blockade of the CD28-B7 co-stimulatory pathway
between DC-CTLA4Ig and T cells.

Administration of DC-CTLA4Ig inhibited the
development of airway inflammation in a murine
model of asthma

To assess the effects of DC-CTLA4Ig on airway inflamma-
tion and cell infiltration into the lung in a murine model of
asthma, the cellular composition of BALF and pulmonary
histopathology were assessed. Total cell numbers and eosi-
nophil fractions in BALF are shown in Fig. 2a; total cell
numbers (P < 0·001) and eosinophil fractions (P < 0·001)
were increased markedly in the asthma groups compared
to healthy control mice. OVA-sensitized/challenged mice
treated with DC-CTLA4Ig showed reduction in both total
cells (P < 0·001) and eosinophil fractions (P < 0·001) com-
pared to OVA-sensitized/challenged mice, OVA-sensitized/
challenged mice that were treated with DCs (P < 0·001) or
OVA-sensitized/challenged mice that were treated with
DC-GFP (P < 0·001). No significant differences in the total
cell numbers or the percentage of eosinophils were observed
in OVA-sensitized/challenged mice that were treated with
DCs or DC-GFP compared to OVA-sensitized/challenged
mice. Inflammatory cell infiltration in the lung was greatly
reduced in the OVA-sensitized/challenged mice that received
DC-CTLA4Ig compared to OVA-sensitized/challenged mice,
OVA-sensitized/challenged mice that were treated with DCs
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or OVA-sensitized/challenged mice that were treated with
DC-GFP (Fig. 2b–f). These results suggest that administra-
tion of DC-CTLA4Ig relieves pulmonary inflammation and
inhibits inflammatory cells infiltration into the lung, espe-
cially eosinophils, and that this finding is not the result of
non-specific effects of DCs transfer or the transfer of
adenovirus-infected DCs.

Administration of DC-CTLA4Ig reduced AHR

To analyse the effects of DC-CTLA4Ig on AHR in an estab-
lished murine asthma model, bone marrow-derived DCs,
GFP gene-modified DCs or CTLA4Ig gene-modified DCs
were injected i.v. into the tail vein of mice 30 min before
starting challenge at day 22 post-sensitization; airway
responsiveness was expressed as Penh. Consistent with pre-
vious reports, OVA-sensitized/challenged mice developed
marked airway responsiveness to Mch compared to healthy
control mice (P < 0·001). DC-CTLA4Ig administration into
mice sensitized and challenged in the asthma model reduced
AHR significantly compared to OVA-sensitized/challenged

mice (P < 0·001), OVA-sensitized/challenged mice that
received DCs or DC-GFP (P values not shown) (Fig. 2g).
AHR was not significantly different among OVA-sensitized/
challenged mice that received DCs and DC-GFP compared
to OVA-sensitized/challenged mice. These results indicate
that DC-CTLA4Ig administration reduces AHR to Mch in a
murine asthma model.

Effect of DC-CTLA4Ig on cytokine levels in the BALF
and serum

To test whether DC-CTLA4Ig could influence cytokine pro-
duction, levels of the Th2 cytokine IL-4 and the Th1 cytokine
IFN-g in the BALF and serum were measured using ELISA.
As shown in Fig. 3a, compared to healthy control mice the
level of IL-4 was increased significantly (P < 0·001), while
the level of IFN-g was reduced significantly (P < 0·001) in the
BALF of OVA-sensitized/challenged mice. However, admin-
istration of DC-CTLA4Ig reduced levels of IL-4 (P < 0·01)
and increased the levels of IFN-g (P < 0·001) in the BALF
compared to OVA-sensitized/challenged mice. Conversely,

Fig. 1. (a) Level of cytotoxic T lymphocyte

antigen 4 immunoglobulin (CTLA4Ig) in the

supernatant of dendritic cell (DC) cultures at

various times after gene transfection. Results

were presented as mean � 1 standard deviation

(s.d.) (n = 3), ***P < 0·001, compared with the

DCs group. (b) Representative fluorescence

activated cell sorter (FACS) dot-plots showing

level of CD86 and major histocompatbility

complex (MHC) class II expressed on DCs with

CD11c. The DC-CTLA4Ig group showed lower

expression of CD86, compared with DCs and
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administration of DCs increased the levels of IL-4 (P < 0·01)
and had no effect on the levels of IFN-g in the BALF of
OVA-sensitized/challenged mice. OVA-sensitized/challenged
mice that received DCs showed increased levels of IL-4
(P < 0·001) and reduced levels of IFN-g (P < 0·001) in the
BALF compared to OVA-sensitized/challenged mice treated
with DC-CTLA4Ig. Administration of DC-GFP did not
affect significantly the BALF levels of IL-4 or IFN-g in OVA-
sensitized/challenged mice, and also showed increased levels
of IL-4 (P < 0·05) and reduced levels of IFN-g (P < 0·001) in
the BALF compared to OVA-sensitized/challenged mice that
were treated with DC-CTLA4Ig. Although OVA-sensitized/
challenged mice exhibited slightly higher levels of IL-4 in the
serum compared to healthy control mice, we found no sta-

tistically significant differences in the serum levels of IL-4
and IFN-g in all groups (Fig. 3b). These results suggest that
the intravenous administration of DC-CTAL4Ig reduce
secretion of Th2 cytokines and increase secretion of Th1
cytokines in the BALF of OVA-sensitized/challenged mice
without any effect on the secretion of cytokines in the serum;
and DC administration increased secretion of Th2 cytokines
adversely in the BALF of OVA-sensitized/challenged mice.

Administration of DC-CTLA4Ig altered the frequency
of CD4+ T lymphocytes subsets in the lung

Flow cytometric analysis of lung and spleen cells was per-
formed to evaluate the impact of DC-CTLA4Ig on the

Fig. 2. (a) The number of total cell and

percentages of eosinophil in bronchoalveolar

lavage fluid (BALF). Results were shown as

mean � 1 standard deviation (s.d.) (n = 6).
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(f) OVA-sensitized/challenged mice given

DC-GFP. (g) Enhanced pause (Penh) of mice
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percentage of CD4+ T lymphocyte subsets. As shown in
Fig. 4a–c, the percentage of Th2 cells in the lungs was much
higher in OVA-sensitized/challenged mice (P < 0·01); the
ratios of Th1/Th2 cells (P < 0·001) and Th2/Treg cells
(P < 0·001) were imbalanced in the lungs of OVA-
sensitized/challenged mice compared to healthy control
mice. Further, the percentage of Th1 (P < 0·001) and Treg

cells (P < 0·001) were decreased in the lungs of OVA-
sensitized/challenged mice compared to the healthy control
mice. Administration of DC-CTLA4Ig decreased the per-
centage of Th2 cells (P < 0·05) and increased the percentage
of Th1 cells (P < 0·001) and Treg cells (P < 0·001) in the
lungs of OVA-sensitized/challenged mice. Both the imbal-
ance of Th1/Th2 cells (P < 0·001) and Th2/Treg cells
(P < 0·001) cells in the lungs of the asthma group were cor-
rected by the injection of DC-CTLA4Ig in OVA-sensitized/
challenged mice. Conversely, administration of DCs
markedly increased the percentage of pulmonary Th2 cells
(P < 0·001), had no influence on the percentage of pulmo-
nary Th1 and Treg cells and increased the ratio of pulmo-
nary Th2/Treg cells (P < 0·001) in OVA-sensitized/
challenged mice. OVA-sensitized/challenged mice received
DCs showed increased percentage of Th2 cells (P < 0·001)
and reduced both percentage of Th1 (P < 0·05) and Treg

cells (P < 0·05) in the lungs compared to that treated with
DC-CTLA4Ig; the ratios of Th1/Th2 cells (P < 0·001) and

Th2/Treg cells (P < 0·001) were imbalanced in the lungs of
OVA-sensitized/challenged mice received DCs compared to
those treated with DC-CTLA4Ig. Administration of
DC-GFP did not significantly affect the frequency of CD4+

T lymphocyte subsets in the lungs of OVA-sensitized/
challenged mice. OVA-sensitized/challenged mice that
received DC-GFP showed an increased percentage of Th2
cells (P < 0·05) and reduced both percentages of Th1
(P < 0·05) and Treg cells (P < 0·05) in the lungs compared to
those treated with DC-CTLA4Ig; the ratios of Th1/Th2
cells (P < 0·001) and Th2/Treg cells (P < 0·01) were imbal-
anced in the lungs of OVA-sensitized/challenged mice that
received DC-GFP compared to those treated with
DC-CTLA4Ig. Our results found no statistical differences in
the CD4+ T lymphocyte subsets in any of the examined
groups in the spleen (Fig. 4d,e). These results suggest that
the intravenous administration of DC-CTAL4Ig reduced
the percentage of pulmonary Th2 cells, increased the per-
centage of pulmonary Th1 and Treg cells and had no effect
on the percentage of CD4+ T lymphocyte subsets in spleen
in OVA-sensitized/challenged mice. For the adverse effect of
DCs administration on the percentage of pulmonary Th2
cells and no effect of DC-GFP administration in OVA-
sensitized/challenged mice, the above finding is not the
result of non-specific effects of DC transfer or of the trans-
fer of adenovirus-infected DCs.

Fig. 3. The level of interferon (IFN)-g and

interleukin (IL)-4 in bronchoalveolar lavage

fluid (BALF) (a) and serum (b). Data were

shown as mean � 1 standard deviation (s.d.)

(n = 6). ***P < 0·001, versus healthy control,

##P < 0·01, ###P < 0·001, versus ovalbumin

(OVA)-sensitized/challenged mice, ^P < 0·05,

^^^P < 0·001 versus OVA-sensitized/challenged

mice given dendritic cells-cytotoxic T

lymphocyte antigen 4 immunoglobulin

(DC-CTLA4Ig).

Hea
lth

y c
on

tro
l

Asth
m

a

Asth
m

a 
DC-C

TA
L4

lg

Asth
m

a 
DCs

Asth
m

a 
DC-G

FP

Hea
lth

y c
on

tro
l

Asth
m

a

Asth
m

a 
DC-C

TA
L4

lg

Asth
m

a 
DCs

Asth
m

a 
DC-G

FP

Hea
lth

y c
on

tro
l

Asth
m

a

Asth
m

a 
DC-C

TA
L4

lg

Asth
m

a 
DCs

Asth
m

a 
DC-G

FP

Hea
lth

y c
on

tro
l

Asth
m

a

Asth
m

a 
DC-C

TA
L4

lg

Asth
m

a 
DCs

Asth
m

a 
DC-G

FP

IL
-4

 in
 B

A
LF

(p
g/

m
l)

IL
-4

 in
 s

er
um

(p
g/

m
l)

IF
N

-γ
 in

 B
A

LF
(p

g/
m

l)
IF

N
-γ

 in
 s

er
um

(p
g/

m
l)

50

(a)

(b)

150

100

50

0

15

10

5

8

6

4

2

0 0

40

30

20

10

0

***
***

##

###

##^^^

^ 

^^^ ^^^ 

L. Ying et al.

136 © 2011 The Authors
Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology, 165: 130–139



Discussion

The ability of immature DCs to inhibit antigen-specific T
cell proliferation makes them attractive candidates for cell-
based therapies for immune diseases such as asthma. Fur-

thermore, the tolerogenic potential of immature DCs can be
enhanced by genetic modification, resulting in DC expres-
sion of immunosuppressive molecules such as CTLA4Ig. In
the present study, our results showed that there was a signifi-
cant attenuation of airway inflammation and airway hyper-

Fig. 4. The percentage of CD3+CD4+interleukin

(IL)-4+ T lymphocyte [T helper type 2 (Th2)],

CD3+CD4+interferon (IFN)-g+ (Th1) and

CD4+CD25+forkhead box P3 (FoxP3)+ T

lymphocyte [regulatory T cells (Treg)] cells in

lungs and spleens of mice. (a) Representative

fluorescence-activated cell sorting (FACS)

pictures from lung of a single mouse in each

group; (b–e) collective analyses of FACS results

from lungs and spleens of all five groups. The

percentage of Th1, Th2 and Treg in lungs

(b) and spleens (d) of mice from each group

were shown as mean � 1 standard deviation

(s.d.) (n = 6). The ratio of Th1/Th2 and

Th2/Treg of lungs (c) and spleens (e) of mice

from each group are shown as mean � s.d.

(n = 6). **P < 0·01, ***P < 0·001, versus healthy

control, #P < 0·05, ###P < 0·001, versus

ovalbumin (OVA)-sensitized/challenged mice,

^P < 0·05, ^^P < 0·01, ^^^P < 0·001 versus

OVA-sensitized/challenged mice given dendritic

cells-cytotoxic T lymphocyte antigen

4 immunoglobulin (DC-CTLA4Ig).
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responsiveness in OVA-sensitized/challenged mice treated
with DC-CTLA4Ig.

The imbalance of Th1/Th2 cells and cytokines that exists
in asthma has long been acknowledged. In the present study,
DC-CTLA4Ig treatment resulted in decreased IL-4 produc-
tion and increased IFN-g production in the respiratory tract
of OVA-sensitized/challenged mice; a shift in the Th1/Th2
cytokine profile from predominantly Th2 towards a Th1
pattern in the BALF was observed. These data demonstrate
that DC-CTAL4Ig treatment before the first OVA challenge
leads to increased production of Th1-type and decreased
production of Th2-type cytokines in the airways of OVA-
sensitized and aerosol-challenged mice. Taken together, our
results indicate that the Th1/Th2 subset development was
influenced by DC-CTLA4Ig through the interruption of
CD28 signalling.

Additionally, our results showed increased percentages of
Th2 cells and decreased percentages of both Th1 cells and
Treg cells in the lungs of OVA-sensitized/challenged mice. The
data in this study prove again that the deviation to Th2
phenotype exists in OVA sensitized/challenged mice. Inter-
estingly, these mice also showed decreased Treg cells in lung.
Quantitative and functional impairment of pulmonary
CD4+CD25+Treg cells in paediatric asthma patients have been
observed in Hartl’s work [8]. Kearley et al. [26] demon-
strated that CD4+CD25+FoxP3+Treg cells could reverse estab-
lished allergic airway inflammation and prevent airway
remodelling. All this evidence suggests the hypothesis that
the local airway imbalance between CD4+CD25+FoxP3+Treg

cells and Th2 cells might contribute to the disturbed pulmo-
nary immune response in murine models of asthma. CTLA-
4Ig has been reported to regulate tryptophan catabolism and
induce indoleamine 2, 3-dioxygenase (IDO) expression in
DCs [27,28], and tryptophan starvation and tryptophan
catabolites have been shown to induce a regulatory pheno-
type in naive T cells. Therefore, DCs expressing soluble
CTLA4Ig might increase the frequency of Treg cells through
up-regulation of IDO. The increased number of pulmonary
Treg cells could suppress the function of Th2 cells, thus reliev-
ing the clinical manifestations of asthma.

However, DCs treatment increased adversely the produc-
tion of the Th2 cytokine IL-4 in BALF and the percentage of
Th2 in lungs of OVA-sensitized/challenged mice, which
might be because the mature OVA-specific DCs could
promote a Th2-biased immune response. The DC-GFP
treatment did not have the above-mentioned effect, and
further mechanisms need to be investigated in the future.

We have shown that DC-CTLA4Ig treatment at the time
of challenge prevented the development of AHR to Mch
and inhibited the influx of eosinophils into the lungs in a
murine model of asthma. AHR and eosinophil infiltration
are thought to be the most characteristic features of allergic
asthma. The predominant presence of Th2 cells are consid-
ered to be the main cause of these two features. Previous
studies have shown that CTLA4Ig administered i.v. could

inhibit AHR and inflammatory cell infiltration in a murine
model of allergic asthma. However, the proposed mecha-
nism(s) responsible for these effects are still controversial.
In our study, DC-CTLA4Ig-administered asthma mice
showed decreased numbers of pulmonary Th2 cells,
reduced IL-4 in the BALF and increased numbers of pul-
monary Th1 cells and Treg cells, which might be the reason
for the reduction of AHR and eosinophil infiltration in the
present experiment.

Regarding the levels of the Th1/Th2 cytokines in serum,
although OVA-sensitized/challenged mice showed increased
levels of IL-4 in the serum, the difference was not significant
compared to mice in the healthy control group. Our data are
different from previous reports of elevated serum levels of
IL-4 in allergic asthma. This phenomenon may result from
the low level of IL-4 in serum and poor detection capabilities
of the ELISA kits used in this study. With regard to the
numbers of Th1 cells, Th2 and Treg cells in the spleen, we did
not observe any Th1/Th2 cell imbalance or Th2/Treg cell
imbalance. This suggests that the imbalance of T cell subsets
in asthma exists mainly in the lungs, which correlates with
asthma, as it is a respiratory but not a systematic disease.
Meanwhile, our data showed that intravenous administra-
tion of DC-CTLA4Ig had no effect on serum levels of IL-4 or
IFN-g or the number of Th1, Th2 or Treg cells in the spleen.
Together, these findings demonstrate that DC-CTLA4Ig
treatment did not impact the systemic immune response.

In conclusion, DC-CTLA4Ig may inhibit asthma through
two mechanisms. First, blockade of CD28–B7 interactions
may inhibit the activation, differentiation and function of
pulmonary Th2 cells. Secondly, DC-CTAL4Ig may increase
the Treg cell population in the lung, which could inhibit the
elevated numbers of Th2 cells and AHR in asthma. Our
research has demonstrated that a single intravenous infusion
of DC-CTAL4Ig on the day of first challenge effectively
reduced AHR and prevented airway inflammation, which is
due most probably to attenuated secretion of Th2 cytokines,
increased secretion of Th1 cytokines, inhibited number of
pulmonary Th2 cells and increased number of pulmonary
Treg cells. These findings may provide a potential treatment
method in preventing and treating asthma.
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