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Abstract

B7-DC is a costimulatory molecule belonging to the B7 family. We previously found that treatment with anti-B7-DC mAb during the
effector phase enhances asthma phenotypes in mice. We investigated the mechanisms of B7-DC induction and how B7-DC regulates
asthma phenotypes. In allergen-challenged IFN-vy-deficient mice, anti-B7-DC mAb failed to enhance the asthma phenotypes although
the induction of B7-DC on dendritic cells of the mice was comparable with that on dendritic cells of wild-type mice. B7-DC on dendritic
cells was up-regulated by 1L-13 in vitro. The induction of B7-DC on dendritic cells after allergen challenge was attenuated by blockade of
IL-13 in vivo. The asthma phenotypes were enhanced in B7-DC-deficient mice, more than in wild-type mice. The enhancement was con-
current with the down-regulation of IFN-y and up-regulation of IL-13. These results suggest that B7-DC induced by IL-13 works as a

feedback regulator by up-regulating IFN-y production during the effector phase of allergic asthma.

© 2007 Elsevier Inc. All rights reserved.
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Allergic asthma is characterized by Th2-biased immune
responses to an inhaled antigen. The process of acquired
immune responses is composed of the antigen sensitization
phase and the effector phase following recall antigen expo-
sure. From a therapeutic point of view, for established
asthma, it is a rational approach to focus on understanding
the mechanism of effector phase reactions. Both sensitiza-
tion and effector phases depend on coordinated interac-
tions between dendritic cells and antigen-specific T cells.
In addition to the interaction between antigen-loaded
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MHC molecules and the T cell receptor (TCR), interac-
tions between lines of costimulatory molecules are required
to activate T cells [1,2]. B7 family molecules, such as B7-1
and B7-2, are representative costimulatory molecules
expressed in dendritic cells. Recent investigations have
shown that several B7 family molecules may work as regu-
lators of immune responses [1].

B7-DC/PD-L2 shares its receptor, PD-1, with B7-H1/
PD-L1 [3-6]. PD-1 is inducibly expressed on T cells and
B cells during their activation, and its ligation to B7-H1
or B7-DC results in the suppression of the activated status
[4,5,7]. B7-H1 and B7-DC are expressed constitutively or
inducibly on antigen-presenting cells [8-10]. In addition,
B7-H1 is substantially expressed on the peripheral tissues
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of diseased organs, and treatment with anti-B7-H1 mAb
leads to exacerbation of the disease phenotype [11-15].
Thus, B7-H1 may play an important role in the induction
and maintenance of peripheral tolerance.

On the other hand, treatment with anti-B7-DC mAb has
shown to exacerbate the phenotypes of allergic diseases
[16-19]. We previously found that the treatment of
BALB/c mice with anti-B7-DC mAb during the effector
phase, but not the sensitization phase, enhances typical
asthma phenotypes, airway hyperresponsiveness (AHR),
and eosinophilia [18]. The selective effect of mAb on the
effector phase implies that B7-DC may work as a feedback
regulator. If so, the arising question is what is an inducer of
B7-DC in allergic asthma. We herein explore the mecha-
nism of B7-DC induction and how B7-DC regulates the
asthma phenotypes.

Materials and methods

Animals. BALB/c mice were purchased from Charles River Japan
(Kanagawa, Japan). IFN—y’/ ~ mice on a BALB/c background were pro-
vided by Dr. Y. Iwakura (University of Tokyo, Japan). B7-DC~/~ mice on
a BALB/c background have been described by Shin et al. [20]. Their wild-
type littermates were prepared as control animals. Mice were housed
under specific pathogen-free conditions until 7-10 wks of age. The pro-
cedures and protocols were approved by the Animal Research Ethics
Committee at Kyushu University.

Sensitization and challenge. Mice were sensitized by an i.p. injection of
10 pg of chicken ovalbumin (OVA) (Sigma-Aldrich, St. Louis, MO) and
0.3 mg of AI(OH); (SERVA Electrophoresis, Heidelberg, Germany) on
days 1 and 11 and then challenged with 5% OVA in saline mist for 20 min
on days 19, 21, and 23, as described previously [18]. Control mice received
0.9% saline sensitization and challenges and are referred to as naive mice.
Subgroups of animals received i.p. injections (250 pg/animal) of anti-
mouse B7-DC mAbs (TY25, rat IgG2a, or MIH37, rat IgG1) or control
rat IgG (Sigma—Aldrich) 6 h before each OVA challenge. In some exper-
iments, mice received i.p. injections of 330 pg/animal of recombinant
mouse IL-13 receptor alpha 2/Fc chimeric protein (rmIL-13Ra2-Fc)
(R&D Systems, Minneapolis, MN) or control human IgGl (Sigma—
Aldrich) 3 h before OVA challenges on days 19, 21, and 23 [21-23]. Unless
otherwise noted, outcome measurements were conducted on day 24.

Measurement of airway responsiveness. Mice were anesthetized, and
their tracheas were cannulated via tracheostomy. Animals were ventilated
to measure airway responsiveness to ACh aerosol, as described previously
[18]. The data were expressed as the provocative concentration 200
(PCs0), i.e., the concentration at which airway pressure was 200% of its
baseline value. Values of PC,g were expressed as log (PCyg x 100).

Bronchoalveolar lavage (BAL) and cytokine measurements. Lungs were
gently lavaged with 1 ml of 0.9% saline via a tracheal cannula. Cell counts
were performed as previously described [18]. IL-5, IL-13, and IFN-y in the
supernatants were quantified using ELISA kits (IL-5 and IFN-y: Bio-
Source International, Camarillo, CA; IL-13: R&D Systems).

Collection of lung cells and lymph node cells. The single-cell suspensions
were prepared from whole lung tissues as previously described [18]. DLN
cells were collected from thoracic lymph nodes and dissociated into a
single-cell suspension.

Preparation of dendritic cells. Bone marrow-derived dendritic cells
(BMDCs) were prepared by culturing bone marrow cells from BALB/c
mice in the presence of recombinant mouse GM-CSF (R&D Systems) at
10 ng/ml for 4-6 days. Non-adherent cells were removed, and a fresh
medium containing GM-CSF was fed at days 2, 4, and 6 after the initi-
ation of culture. On day 7, BMDCs were stimulated with or without
recombinant mouse I1L-13 (Sigma-Aldrich) at 100 ng/ml or IL-5 (R&D
Systems) at 50 ng/ml for 24 h.

Flow cytometric analysis. To detect dendritic cells, cells were incubated
with FITC-labeled anti-CD11c¢ (HL3, hamster IgG1), PE-labeled anti-B7-
DC (TY25, rat IgG2a), and PerCP-labeled anti-CD8o. (53-6.7, rat 1gG2a).
Several samples were incubated with biotinylated anti-B7-1 (16-10A1,
hamster 1gG2), or anti-B7-2 (GLI1, rat IgG2a) (eBioscience, San Diego,
CA) and followed by staining with PE-labeled streptavidin. After fixation
with a 4% paraformaldehyde-containing solution (Fix/Perm Buffer,
eBioscience), the cells were assessed using a FACSCalibur (BD Biosci-
ences). The absolute numbers of dendritic cells were calculated by multi-
plying the total cell count of lungs or DLNs with the frequency of each
subset. All mAbs and isotype IgGs were purchased from BD Biosciences.

Data analysis. Values were expressed as the means + SEM. Parametric
data were analyzed using the unpaired 7 test or ANOVA with Bonferroni’s
correction. Non-parametric data were analyzed using the Mann—Whitney
U test or the Kruskal-Wallis test. P-values less than 0.05 were accepted as
being statistically significant.

Results

B7-DC is induced but fails to suppress asthma phenotypes in
IFN-y-deficient mice

In anti-B7-DC mAb (TY25)-treated BALB/c mice, the
absolute counts of eosinophils in BAL fluid (BALF) and
AHR were significantly higher than those of control IgG-
treated mice (Fig. 1A). The concentrations of IL-5 and
IL-13 in the BALF of TY25-treated mice were significantly
higher than those in the controls. IFN-vy is a potent cyto-
kine capable of inducing the expression of B7-DC [8-
10,24]. In IFN-y~/~ mice on a BALB/c background, the
eosinophilia in BALF and AHR did not differ between
TY25-treated mice and control mice. The concentrations
of IL-5 and IL-13 did not differ between the two groups
either.

To determine whether the dendritic cells in the lungs and
DLNs might fail to induce B7-DC in the absence of IFN-y,
the expression of B7-DC was compared in IFN-y~/~ mice
and wild-type mice. When sensitized wild-type mice were
challenged with OVA, the expression of B7-DC in the
CDS8a~ dendritic cells of DLNs was markedly induced,
while that in naive mice was not (Fig. 1B). The induction
peaked on day 1 following the last OVA challenge and
returned to the baseline on day 8. A similar kinetics was
found for the expression of B7-DC in CDS8a  dendritic
cells of OVA-challenged Iungs. The expression of B7-DC
in CD8o" dendritic cells was negligible both in the DLNs
and in the lungs over the time course. The frequencies
and absolute numbers of B7-DC"CD8o~ dendritic cells
in both the DLNs and the lungs of IFN-y_/ ~ mice on
day 1 were not different from those of wild-type mice
(Fig. 1C). Thus, B7-DC was substantially induced, but its
regulatory effect on asthma phenotypes was lost in the
absence of IFN-y.

B7-DC on dendritic cells is induced by IL-13

Given that the induction of B7-DC is not affected in
IFN-y~/~ mice, we hypothesized that Th2 cytokine(s)
might induce B7-DC to turn on the negative-feedback sys-
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Fig. 1. Effect of anti-B7-DC mAb treatment on asthma phenotypes and profiles of B7-DC expression in IFN-y’/’ mice. (A) OVA-sensitized IFN-@/’/’
mice and wild-type BALB/c mice were challenged with OVA and the subsequent asthmatic reaction was assessed by the eosinophil count in
bronchoalveolar lavage fluid (BALF) and by measuring the airway hyperresponsiveness and the contents of IL-5 and IL-13 in BALF. The effect of anti-
B7-DC mAb (TY25) treatment during OVA challenge on the asthmatic reaction was examined. Each group consisted of five to seven mice. Data are
expressed as means = SEM. Data are representative of two independent experiments. (B) OVA-sensitized BALB/c mice were challenged with OVA, and
the expression of B7-DC in CD11c" dendritic cells of DLNs and the lungs was evaluated on day 1, 4, and 8 after the last OVA challenge. The numbers of
dot plots indicate the typical percentage of B7-DCTCD8a cells and B7-DC"CD8a " cells for CD11c" cells. (C) OVA-sensitized IFN-y’/ ~ mice and their
wild-type mice were challenged with OVA, and the expression of B7-DC in CD11¢* dendritic cells of DLNs and the lungs was evaluated 24 h after the last
OVA challenge. Each group consisted of five mice. Data are expressed as means + SEM.

tems. Among Th2 cytokines, IL-13 is particularly impor- [23,25,26]. The blockade of IL-13 in allergen-challenged
tant for the pathogenesis of asthma. The administration  mice inhibits the development of asthma phenotypes
of IL-13 to naive mice induces typical asthma phenotypes [22,23]. To explore the direct effect of IL-13 on the expres-
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sion of B7-DC in vitro, BMDCs were prepared from naive
BALB/c mice (Fig. 2A). There were high expression of B7-
1 and B7-2, and minimal expression of B7-DC on day 8
after the initiation of culture. When BMDCs were stimu-
lated with IL-13 for 24 h, the expression of B7-1 and B7-
2 was down-regulated, while that of unstimulated controls
was not. In contrast, the expression of B7-DC was mark-
edly up-regulated, while that of unstimulated controls
was not. The up-regulation of B7-DC was not found for
BMDC:s treated with IL-5 (data not shown).

To explore the role of endogenous IL-13 in the induc-
tion of B7-DC in wvivo, OVA-sensitized BALB/c mice
received a treatment of rmIL-13Ra2-Fc or control human
IgGl in the phase of OVA challenge. The number of eosin-
ophils in the BALF and AHR of rmIL-13Ra2-Fc-treated
mice was significantly lower than that in human IgG1-trea-
ted control mice (data not shown). Importantly, the fre-
quencies and absolute numbers of B7-DCTCD8o~
dendritic cells in both the DLNs and the lungs of rmIL-
13Ra2-Fc-treated mice were significantly lower than those
in control mice (Fig. 2B). These results indicate that IL-13

is a cytokine responsible for inducing B7-DC on the den-
dritic cells.

B7-DC up-regulates IFN-y but down-regulates IL-13

Finally, the downstream pathway of B7-DC induction
was explored by comparing the asthma phenotypes
between B7-DC~/~ mice and their wild-type controls
(Fig. 3). When B7-DC~/~ mice were sensitized and chal-
lenged, the number of eosinophils in their BALF was sig-
nificantly higher than that in the controls. The AHR of
B7-DC~/~ mice was significantly higher than that of the
controls. The concentrations of IL-5 and IL-13 in the
BALF of B7-DC™/~ mice were significantly higher than
those in the controls, while the concentration of IFN-y
was significantly lower than that in the controls. Consistent
results were obtained from the experiments using anti-B7-
DC mAb (MIH37) treatment other than TY25 (data not
shown). These results indicate that B7-DC up-regulates
the production of IFN-y and down-regulates the produc-
tion of IL-5 and IL-13.
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Fig. 2. Effect of IL-13 on the expression of B7-DC in dendritic cells. (A) Bone marrow-derived dendritic cells (BMDCs) were prepared by culturing bone
marrow cells from BALB/c mice in the presence of GM-CSF for 4-6 days. On day 7, BMDCs were stimulated with or without IL-13 at 100 ng/ml for 24 h
and then processed for flow cytometric analysis to evaluate the expression of B7-1, B7-2, and B7-DC. The shaded histograms indicate IL-13-treated
samples and the open histograms indicate untreated samples. Both histograms indicate staining with mAbs against the indicated B7 family molecules. The
dotted histograms indicate background staining with control IgGs. Data are representative of three independent experiments. (B) OVA-sensitized BALB/c
mice were challenged with OVA. A subgroup of mice received i.p. injections of recombinant mouse IL-13 receptor alpha 2/Fc chimeric protein (rmIL-
13R02-Fc) or control human IgG1 before each OVA challenge. The expression of B7-DC in CD11c¢" dendritic cells of DLNs and the lungs was evaluated
at 24 h after the last OVA challenge. The numbers of dot plots indicate the typical percentage of B7-DCTCD8a~ cells and B7-DCTCDS8a cells for
CDI1c" cells. Each group consisted of five to seven mice. Data are expressed as means & SEM.
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Fig. 3. Effect of B7-DC deletion on asthma phenotypes. OV A-sensitized
B7-DC /" mice and their wild-type mice were challenged with OVA, and
the subsequent asthmatic reaction was assessed by the eosinophil count in
BALF and by measuring the airway hyperresponsiveness and the contents
of IL-5, IL-13, and IFN-y in BALF. Each group consisted of six to eight
mice. Data are expressed as means - SEM. Data are representative of two
independent experiments.

Discussion

Immune responses are regarded as an integrated process
of various positive- and negative-feedback mechanisms,
and the latter is important for preventing excessive out-
comes. Several cytokines that contribute to the effector
phase of Th2 responses may be a trigger of negative-feed-
back regulation in allergic asthma. In the present study,
exogenously applied IL-13 markedly up-regulated the
expression of B7-DC in dendritic cells. In addition, the
treatment of rmlIL-13Ro2-Fc inhibited the up-regulation
of B7-DC in dendritic cells. The default enhancement of
asthma phenotypes by anti-B7-DC mAb in IFN-y*/ ~ mice
suggests that the regulation of asthma by B7-DC is depen-
dent on the IFN-y-mediated pathway. The Thl cytokine,
IFN-v, is known as a regulator of asthma, by its suppres-
sive effect on the production of Th2 cytokines [27-29]. Col-
lective evidence leads us to the conclusion that IL-13-
induced up-regulation of B7-DC may result in the down-
regulation of IL-5 and IL-13 production from effector
Th2 cells via up-regulation of IFN-y production. These
findings suggest that a critical Th2 cytokine, IL.-13, triggers

a negative-feedback regulation for asthma through the up-
regulation of a costimulatory molecule, B7-DC.

The blockade of IL-13 inhibited but did not completely
abolish the up-regulation of B7-DC in the present study. It
has been reported that GM-CSF, IL-12, and IL-4 also had
potency to induce B7-DC in dendritic cells in mice [24]. 1L-
4 is known as a crucial cytokine for the development of
Th2-biased allergen sensitization. Although the contribu-
tion of IL-4 in the effector phase of asthma remains to be
established, the up-regulation of B7-DC independently of
IL-13 might be induced by IL-4.

The issue to be discussed is the possible mechanism
whereby B7-DC may up-regulate the production of IFN-
v. The ligation of PD-1 by B7-DC is known to inhibit T cell
responses, which cannot explain the stimulatory effect of
B7-DC on IFN-y production. In addition to PD-1, there
may be a second receptor for B7-DC that is capable of
delivering a stimulatory signal [6,30,31]. B7-DC" dendritic
cells may activate several types of cells to produce IFN-y.
We have shown that the production of IFN-y by purified
DO11.10 CD4™T cells being cultured with OVA 1,3 330 pep-
tide-loaded BMDCs from B7-DC~/~ mice was reduced in
comparison with that from wild-type mice [20]. Taken
together with the results of experiments using IFN-y~/~
mice, our results indicate that B7-DC may augment IFN-
v production, presumably from Thl and Tcl cells.

The cross-regulation between cytokines and other
immune molecules, including costimulatory molecules,
may be an important component that enables the cyto-
kine-mediated actions to be retained within a self-limited
fashion. Considering that the IL-13-B7-DC axis works dur-
ing the effector phase, the manipulation of B7-DC activity
may provide a new therapeutic modality for the control of
allergic asthma.
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