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1�,25-Dihydroxyvitamin D3 Potentiates the Beneficial Effects of
Allergen Immunotherapy in a Mouse Model of Allergic
Asthma: Role for IL-10 and TGF-�1

Yousef A. Taher,*† Betty C. A. M. van Esch,* Gerard A. Hofman,* Paul A. J. Henricks,*
and Antoon J. M. van Oosterhout2†

1�,25-Dihydroxyvitamin D3 (1,25(OH)2D3), a potent inhibitor of NF-�B expression, can prevent the maturation of dendritic cells
in vitro leading to tolerogenic dendritic cells with increased potential to induce regulatory T cells. Herein, we investigated whether
the combination of allergen immunotherapy with 1,25(OH)2D3 potentiates the suppressive effects of immunotherapy and whether
the immunoregulatory cytokines IL-10 and TGF-� are involved in the effector phase. OVA-sensitized and challenged BALB/c mice
displayed airway hyperresponsiveness (AHR) and increased serum OVA-specific IgE levels, bronchoalveolar lavage eosinophilia,
and Th2 cytokine levels. In this model, the dose response of allergen immunotherapy 10 days before OVA inhalation challenge
shows strong suppression of asthma manifestations at 1 mg of OVA, but partial suppression of bronchoalveolar lavage eosino-
philia, IgE up-regulation, and no reduction of AHR at 100 �g. Interestingly, coadministration of 10 ng of 1,25(OH)2D3 with 100
�g of OVA immunotherapy significantly inhibited AHR and potentiated the reduction of serum OVA-specific IgE levels, airway
eosinophilia, and Th2-related cytokines concomitant with increased IL-10 levels in lung tissues and TGF-� and OVA-specific IgA
levels in serum. Similar effects on suboptimal immunotherapy were observed by inhibition of the NF-�B pathway using the selective
I�B kinase 2 inhibitor PS-1145. The suppressive effects of this combined immunotherapy were partially reversed by treatment with mAb
to either IL-10R or TGF-� before OVA inhalation challenge but completely abrogated when both Abs were given. These data dem-
onstrate that 1,25(OH)2D3 potentiates the efficacy of immunotherapy and that the regulatory cytokines IL-10 and TGF-� play a crucial
role in the effector phase of this mouse model. The Journal of Immunology, 2008, 180: 5211–5221.

A llergen-specific immunotherapy (IT)3 has proven to be
beneficial and is recommended as an alternative for
treating allergic disorders (1). Although administration

of specific allergens is effective in rhinitis and insect venom al-
lergy, the role of this intervention in allergic asthma remains con-
troversial (2, 3). Furthermore, the major drawbacks of this treat-
ment are the risk of eliciting rare but life-threatening systemic
reactions in patients receiving build-up and maintenance doses of
IT (3). Improvement of IT is needed to get better efficacy before
widespread application in asthmatic patients can be considered.
However, for rational improvement of IT elucidation of the precise
underlying mechanisms is required. The efficacy of IT has been

related to the induction of blocking IgG Abs (4), the induction of
anergy in T cells (5), or a shift of cytokine expression from Th2
cytokines that are associated with an asthmatic phenotype toward
Th1 cytokines (6, 7). Recently, induction of regulatory T (Treg)
cells secreting the immunoregulatory cytokines IL-10 and TGF-�
has been implicated in the down-regulation of allergen-specific T
cell proliferation in vitro after IT (8–10).

Dendritic cells (DCs) are the most potent APCs and play a key
role in the generation of adaptive T cell subsets (11). DCs are not
only immunogenic but also tolerogenic, depending on their matu-
ration state (12). Although several studies have suggested that ma-
ture DCs can induce CD4� T cell tolerance (13, 14), tolerogenic
DCs generally are semimature with increased expression of MHC
class II and B7-2, but low expression of CD40 and no production
of the proinflammatory cytokines IL-6 and TNF-� (15). Likewise,
incubation of T cells with semimature or immature DCs has been
shown to induce Ag-specific Treg cells like CD4� Th3 cells and
CD4� T regulatory 1 (Tr1) cells (16, 17). Although direct evidence
is lacking, we assume that immature tolerogenic DCs can be in-
strumental in the generation of Treg cells during allergen IT.

Previously, we developed a mouse model of allergic asthma in
which allergen IT suppressed allergen-induced airway manifesta-
tions of asthma (18). Moreover, allergen IT induces IL-10-depen-
dent long-lasting tolerance to OVA-induced asthma manifesta-
tions, pointing to a role for Tr1 cells (19). Since many of the
observed immunological changes following allergen IT may be
mediated by the induction of Treg cells and since immature tolero-
genic DCs play a critical role in Treg cell generation and periph-
eral tolerance, we were interested in whether allergen IT could be
improved using a compound that inhibits DC maturation. The
NF-�B protein Re1B is essential for DC differentiation and
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maturation (20, 21). Inhibition of NF-�B signaling by various
drugs has been shown to generate immature tolerogenic DCs (22–
24). A number of studies have consistently shown that treatment of
human DCs or murine bone marrow-derived DCs with 1�,25-di-
hydroxyvitamin D3 (1,25(OH)2D3) inhibits expression of Re1B,
costimulatory molecules, and IL-12 secretion but enhances IL-10
production (20, 25, 26). Moreover, 1,25(OH)2D3 appears to gen-
erate tolerogenic DCs in vivo, as demonstrated in models of trans-
plantation and autoimmune diseases (27, 28).

In this study, we investigated whether coinjection of
1,25(OH)2D3 potentiates the suppressive effects of IT in our mouse
model. In addition, to investigate whether the regulatory cytokines
IL-10 and TGF-� are involved in tolerance to OVA-induced air-
way manifestations of asthma, we functionally blocked IL-10 re-
ceptors and TGF-� in vivo.

Materials and Methods
Animals

Animal care and use were conducted in accordance with the Animal Ethics
Committee of the Utrecht University. Specific pathogen-free (according to
the Federation of European Laboratory Animal Science Associations) (29)
male BALB/c mice (6–8 wk) were purchased from Charles River
Laboratories.

Antibodies

Mouse IgG (mIgG) was purchased from Sigma-Aldrich. Rat IgG (rIgG)
was purchased from Valeant Pharmaceuticals. Rat mAb to mouse IL-10
receptor (anti-IL-10R) and mouse mAb to mouse TGF-� (anti-TGF-�)
were purified from culture supernatant of hybridomas (HB-12538 and HB-
9849, respectively; American Type Culture Collection) by using a protein
G column (Pharmacia). All Abs were treated with 10% (v/v) polymyxin
B-agarose (washed twice with saline; Sigma-Aldrich) for 1 h at 4°C to
remove LPS. After incubation, agarose beads were removed by centrifu-

gation (1700 � g, 4°C, 15 min), and the supernatants were sterilized by
using a 0.22-�m filter (Omnilabo). The endotoxin level in all treatment
preparations was �1 endotoxin unit/mg.

Sensitization, challenge, and IT protocol

The protocol used for sensitization, IT, and inhalation challenge (Fig. 1)
was the same as previously described (19). Mice were sensitized i.p. on
days 0 and 7 with 10 �g of OVA (chicken egg albumin, crude grade V;
Sigma-Aldrich) adsorbed onto 2.25-mg alum (ImjectAlum;, Pierce) in 0.1
ml of pyrogen-free saline (Braun). To study the efficacy of allergen IT, we
performed a dose-response relation of OVA-IT (Fig. 1A). For that purpose,
0.5% (w/v) OVA in saline was prepared and freshly diluted before injec-
tion. In experiment A, mice were treated with 3 s.c. injections of OVA
(10–1000 �g) in 0.2 ml of pyrogen-free saline on alternate days 2 wk after
the second sensitization. The control group was sham treated with 0.2 ml
of saline. Ten days after OVA-IT or sham treatment, mice were challenged
with OVA aerosols in pyrogen-free saline (10 mg/ml) for 20 min three
times every third day in a Plexiglas exposure chamber (5 L) coupled to a
Pari LC Star nebulizer (particle size 2.5–3.1 �m; PARI Respiratory Equip-
ment) driven by compressed air at a flow rate of 6 L/min. Aerosol was
given in groups composed of no more than 12 mice.

Since the dose-response relation of OVA-IT showed that IT with 100 �g
of OVA partially suppressed asthma-like symptoms in this model, we next
determined whether inhibition of NF-�B activation potentiates the sup-
pressive effects of allergen IT (Fig. 1B). Therefore, the active form of
vitamin D3, 1,25(OH)2D3 (Fluka) was dissolved in 96% (v/v) ethanol and
freshly diluted in OVA solution before s.c. injection. Based on preliminary
results (data not shown) and literature data (30), we chose the dose of 10
ng of 1,25(OH)2D3 for our in vivo experiments. In experiment B, mice
received 100 �g of OVA-IT alone or in combination with 10 ng of
1,25(OH)2D3. Control mice were sham treated with saline alone or in com-
bination with 10 ng of 1,25(OH)2D3. In both experiments (A and B), air-
way responsiveness to methacholine, serum levels of Igs, cellular infiltra-
tion, and Th2-cytokine levels in the bronchoalveolar lavage (BAL) fluid
were measured 24 h after the last OVA inhalation challenge.

The third series of experiments was aimed to analyze whether the im-
munoregulatory cytokines IL-10 and TGF-� are involved in the effector

FIGURE 1. Outline of the IT proto-
col in a murine model of asthma and
the intervention studies. OVA-sensi-
tized mice received IT with 10 –1000
�g of OVA on days 21, 23, and 25 (A),
100 �g of OVA combined with 10 ng
of 1,25(OH)2D3 s.c. on days 21, 23,
and 25 (B), and IT with suboptimal
(100 �g) OVA combined with 10 ng
1,25(OH)2D3 s.c. on days 21, 23, and
25. Intervention with anti-IL-10R, anti-
TGF-�, or both or control Abs (rIgG
plus mIgG) was just before the first
OVA aerosol challenge (day 35) (C),
or 100 �g of OVA combined with 10
ng of 1,25(OH)2D3 s.c. or 50 mg/kg
PS-1145 i.p. on days 21, 23, and 25
(D). All mice were challenged with
OVA aerosols on days 35, 38, and 41.
Airway responsiveness to methacho-
line and serum levels of OVA-specific
Igs were measured just before as well
as 1 day after the last challenge and
leukocyte numbers in BAL fluid and
lung tissue and cytokine levels in BAL
fluid, lung tissue, and TLN cell cul-
tures 1 day after challenge.
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phase of immunomodulation (Fig. 1C). In experiment C, mice were in-
jected i.p. with 0.5 mg of anti-IL-10R mAb (19), 2.5 mg of anti-TGF-�-
neutralizing mAb (31), or both 1 h before the first OVA aerosol challenge.
Control mice were treated with 0.5 mg of rIgG plus 2.5 mg of mIgG.

The fourth series of experiments were aimed to inhibit the NF-�B sig-
naling pathway at the time of IT with the selective I�B kinase 2 (IKK-2)
inhibitor PS-1145 (50 mg/kg, i.p.; Sigma-Aldrich) (32) and to compare its
effect on suboptimal IT to 1,25(OH)2D3 (Fig. 1D).

Evaluation of airway responsiveness

Airway responsiveness to inhaled methacholine (acetyl-�-methylcholine
chloride; Sigma-Aldrich) was measured twice (6 days before the first OVA
aerosol challenge and at 24 h after the last challenge) in conscious, unre-
strained mice using barometric whole-body plethysmography by recording
respiratory pressure curves (Buxco; EMKA Technologies) as described in
detail previously (33).

Determination of serum levels of OVA-specific Igs

Serum samples were taken 24 h after the last challenge, and OVA-specific
IgE, IgG1, and IgG2a were determined by ELISA as described previously
(18). For determination of OVA-specific IgA levels, wells were coated
with 0.5 �g/ml anti-mouse IgA mAb (BD Pharmingen) in PBS. After
blocking, diluted serum samples and duplicate dilution series of an IgA
reference serum were added for 2 h. Next, after multiple washings, the
wells were incubated for 1 h with 2 �g/ml biotinylated anti-mouse IgA,
followed by another washing and incubation for 1 h with 1/10,000 diluted
poly-HRP. For color development, 0.4 mg/ml o-phenylenediamine dichlo-
ride and 4 mM H2O2 in PBS were used, and the reaction was stopped by
adding 75 �l of 4 M H2SO4. OD was read at 490 nm using a Benchmark
microplate reader (Bio-Rad). Results were analyzed using Microplate Man-
ager PC software (Bio-Rad).

Analyses of the BAL fluid and lung tissue

BAL was performed immediately after bleeding of the mice by lavage of
the airways through a tracheal cannula with 1 ml of saline (37°C) contain-
ing protease inhibitor (complete mini tablet (Roche Diagnostics) and 5%
BSA). The supernatant of this first milliliter of BAL fluid was used to
measure cytokine levels. Subsequently, mice were lavaged four times with
1 ml of saline (37°C). Using separate groups of mice, single-cell suspen-
sions from lung digest were prepared after lavage (34). Briefly, lungs were
gently minced, transferred to RPMI 1640 medium supplemented with 10%
FCS, DNase I (Roche Diagnostics), and collagenase I (Sigma-Aldrich), and
incubated for 90 min at 37°C in 5% CO2. The digested lung tissue was
filtered through a 70-�m nylon cell strainer with 25 ml of PBS to obtain a
single-cell suspension. Hereafter, cells were pelleted (500 � g at 4°C for
5 min) and resuspended in 5 ml of PBS. Cells in BAL fluid and in lung
digest were analyzed as described previously (18).

Determination of cytokines in lung tissue

The tissue of the smallest lobe of the right lung was used to measure
cytokine levels. Briefly, lung tissue was placed in an Eppendorf microcen-
trifuge tube and homogenized in 20% (w/v) luminex buffer (50 mM Tris-
HCl, 150 mM NaCl, 0.002% Tween 20, and protease inhibitor, pH 7.5) on
ice. Subsequently, the lung tissue homogenates were centrifuged for 10
min at 12,000 � g. The supernatants were collected, kept at –70°C and
cytokine levels were measured by ELISA.

Determination of cytokine production by OVA-restimulated
thoracic lymph node cells in vitro

Cytokine production by Ag-restimulated T cells in thoracic lymph nodes
(TLN) were determined as described previously (34). TLN cells derived
from the paratracheal and parabronchial region were collected 24 h after
the last OVA aerosol challenge. TLN cells were cultured in triplicate dur-
ing polyclonal stimulation with 50 �g/ml immobilized anti-CD3 mAb
(clone 17A2) or Ag-specific stimulation with OVA (10 �g/ml) to deter-
mine their capacity to produce cytokines. After 5 days of culture at 37°C
in 5% CO2, the supernatants were harvested, pooled, and stored at –70°C
until determination of cytokine levels.

Measurement of cytokines

IL-5, IL-10, and IL-13 in the BAL fluid, lung tissue, and TLN cell cultures
were determined by ELISA according to the manufacturer’s instructions
(BD Pharmingen). A commercially available ELISA kit was used to assess
levels of TGF-� in BAL fluid, lung tissue, and serum (BioSource Interna-
tional). The detection limits were 32 pg/ml for IL-5 and 15 pg/ml for IL-10,
IL-13, and TGF-�.

Statistical analysis

All data are expressed as mean � SEM. After ANOVA, levels of cytokines
and Igs were compared by an unpaired and paired Student t test (two tailed,
homosedastic), respectively. Cell counts were compared using the Man-
Whitney U test. After log transformation, airway responsiveness to metha-
choline was statistically analyzed by a general linear model of repeated
measurements followed by a post hoc comparison between groups using
the Bonferroni method (19). A p � 0.05 was considered significant.

0

10

20

30

40

50

60

70

Sham         10 g          100 g        1 mg
OVA-IT

**

treatment group

nu
m

be
r o

f e
os

in
op

hi
ls

 (x
 1

0
5 )

0

10

20

30

40

50
Pre-challenge
Post-challenge

Sham           10 g            100 g           1 mg

**

OVA-IT

$

treatment group

O
V

A
-I

gE
 (x

10
3

EU
/m

l)

Basal Saline 3.13 6.25 12.5 25
0

2

4

6

8

10

12

14
Pre-challenge
Sham
OVA 10 g-IT
OVA 100 g-IT *

OVA 1 mg-IT

$

methacholine (mg/ml)

Pe
nh

A

B

C

FIGURE 2. Dose-response relation of OVA-IT. OVA-sensitized mice
received IT with 10 �g, 100 �g, or 1 mg of OVA. Airway responsiveness
to methacholine just before (prechallenge) and 1 day after the last OVA
aerosol challenge (A), eosinophil numbers in BAL fluid (B), and levels of
OVA-specific IgE in serum just before (prechallenge) and 1 day after OVA
aerosol challenge (C). Values are expressed as mean � SEM (n � 6). $,
p � 0.05 compared with prechallenge; �, p � 0.05 and ��, p � 0.01
compared with sham-treated mice.

5213The Journal of Immunology

 on A
pril 4, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org/


25 50
0

2

4

6

8

10

12

14 Pre-challenge

*

*

$

$

Methacholine (mg/ml)

Pe
nh

Sham
Sham/10 ng 1,25(OH)2D3

OVA 100 g-IT
OVA 100 g-IT/10 ng 1,25(OH)2D3

0

10

20

30

*
# #

nu
m

be
r o

f e
os

in
op

hi
ls

 (x
 1

0
5 )

0

250

500

750

1000

1250

1500

*

IL
-5

 (p
g/

m
l)

C

treatment group

            OVA-IT              Sham         Sham        100 g     100 g
1,25(OH)2D3 (ng)            -               10             -                10

treatment group

Sham         Sham        100 g     100 g
     -               10             -                10

A

B

0

250

500

750

1000

***
# # #

TG
F-

 (x
 1

0
2

pg
/m

l)

0

250

500

750

**

TG
F-

 (p
g/

m
l)

E

treatment group

            OVA-IT              Sham      Sham      100 g    100 g
1,25(OH)2D3 (ng)            -               10             -          10

treatment group

Sham         Sham      100 g    100 g
     -               10             -            10

D

0

20

40

60

80
*

P = 0.095

O
V

A
-s

pe
ci

fi
c I

gA
(x

 1
0

3  E
U

/m
l)

treatment group

            OVA-IT        Sham          Sham        100 g          100 g
1,25(OH)2D3 (ng)       -                10              -                   10

treatment group

Sham        Sham        100 g     100 g
    -              10               -              10

F G

0

10

20

30

40

50

60
Pre-challenge
Post-challenge

*
#

$$

O
V

A
-s

pe
ci

fic
 Ig

E
(x

 1
0

3
EU

/m
l)

FIGURE 3. Effects of coadministration of 1,25(OH)2D3 on the efficacy of suboptimal IT. OVA-sensitized mice received IT with 100 �g of OVA
combined with 10 ng of 1,25(OH)2D3. Airway responsiveness to methacholine just before (prechallenge) and 1 day after OVA aerosol challenge (A),
eosinophil numbers in BAL fluid (B), IL-5 levels in BAL fluid (C), TGF-� levels in BAL fluid (D), TGF-� levels in serum (E), levels of OVA-specific

5214 1,25(OH)2D3 POTENTIATES ALLERGEN IT IN A MOUSE MODEL

 on A
pril 4, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org/


Results
OVA-IT: dose-response relation

To evaluate the efficacy of allergen IT, we first examined the dose-
response relation of OVA-IT. OVA-sensitized mice were treated
with 10 �g, 100 �g, or 1 mg of OVA.

Airway responsiveness

Airway responsiveness was measured in conscious, unrestrained
mice by barometric whole-body plethysmography. At day 28, after
sensitization and treatment but before challenge, OVA-sensitized
mice demonstrated a dose-dependent increase in enhanced pause
(Penh) values in response to methacholine. The complete metha-
choline dose-response curves (DRCs) did not differ between dif-
ferent groups. The DRC of the sham-treated group is depicted as
representative of prechallenge measurements (Fig. 2A). Airway
responsiveness in vivo was measured again at 24 h after the last
OVA aerosol on day 42. After OVA aerosol challenge, sham-
treated mice developed airway hyperresponsiveness (AHR) as the
second methacholine DRC was significantly ( p � 0.05) different
from the DRC obtained before challenge (Fig. 2A). Mice treated
with 1 mg of OVA-IT displayed significantly ( p � 0.05) sup-
pressed development of OVA-induced AHR in vivo compared
with sham-treated mice (Fig. 2A). Neither 10 �g nor 100 �g of
OVA-IT influenced AHR to methacholine (Fig. 2A).

BAL eosinophilia

To determine the efficacy of OVA-IT on airway eosinophilia, we
examined the amount of inflammatory cells present in the airway
lumen 24 h after the last OVA aerosol challenge. The BAL fluid of
OVA-sensitized and -challenged mice contained high numbers of
eosinophils (Fig. 2B) besides mononuclear cells and few neutro-
phils (data not shown). One milligram of OVA-IT effectively sup-
pressed the airway eosinophilia as the number of eosinophils in the
BAL fluid was significantly reduced by 87% ( p � 0.01) compared
with sham-treated mice (Fig. 2B). One hundred micrograms of
OVA-IT partially suppressed the influx of airway eosinophilia but
this reduction did not reach the level of significance (44%, p �
0.93; Fig. 2B). No reduction was found in the number of eosinophils
in BAL fluid from mice treated with 10 �g of OVA-IT (Fig. 2B).

OVA-specific IgE levels in serum

We further investigated the efficacy of OVA-IT on the levels of
OVA-specific IgE in serum. In sham-treated mice, OVA challenge
displayed significantly increased (89%, p � 0.05) OVA-specific
IgE levels in serum compared with prechallenge levels (Fig. 2C).
One milligram of OVA-IT significantly suppressed the OVA-spe-
cific IgE levels in serum by 81% ( p � 0.01) compared with sham-
treated mice (Fig. 2C). IT with 100 �g of OVA also suppressed the
levels of OVA-specific IgE in serum by 48%, but this reduction did
not reach the level of significance ( p � 0.09; Fig. 2C). The up-
regulation of OVA-specific IgE levels in serum were slightly
changed (22% decrease, not significant) by treatment of mice with
10 �g of OVA-IT (Fig. 2C).

Therefore, a low dose of OVA-IT (10 �g) failed to counteract
the asthma-like symptoms after OVA inhalation challenge. In con-
trast, suboptimal OVA-IT (100 �g) partially suppressed the airway
eosinophilia in the BAL fluid and OVA-specific IgE levels in se-
rum but not the AHR. Treatment with optimal OVA-IT (1 mg)

effectively suppressed AHR, airway eosinophilia, and OVA-spe-
cific IgE levels in serum.

Effects of coadministration of 10 ng of 1,25(OH)2D3 on
suboptimal OVA-IT

Subsequently, we aimed to determine whether coadministration of
10 ng of 1,25(OH)2D3 could potentiate suboptimal IT. For this
purpose, mice were treated with 100 �g of OVA-IT combined with
10 ng of 1,25(OH)2D3.

Airway responsiveness

In Fig. 3A, only the responses to 25 and 50 mg/ml methacholine of
the complete DRCs are shown. Compared with sham treatment, IT
with suboptimal (100 �g) OVA failed to reduce development of
OVA-induced AHR to methacholine (Fig. 3A). Interestingly, co-
administration of 10 ng of 1,25(OH)2D3 with 100 �g of OVA-IT
significantly suppressed AHR to methacholine compared with
sham-treated mice ( p � 0.05; Fig. 3A). Ten nanograms of
1,25(OH)2D3 by itself did not change AHR in sham-treated mice
(Fig. 3A).

Eosinophils and cytokine levels in the BAL fluid and lung tissue

One hundred micrograms of OVA-IT partially suppressed (�30%,
not significant) the influx of eosinophils in the BAL fluid and lung
tissue (Figs. 3B and 6A, respectively). Importantly, coadministra-
tion of 10 ng of 1,25(OH)2D3 with 100 �g of OVA-IT effectively
reduced airway eosinophilia in the BAL fluid and lung tissue by
�70% ( p � 0.05) compared with sham-treated mice and by
�55% ( p � 0.01) compared with mice merely receiving 100 �g
of OVA-IT (Figs. 3B and Fig. 6A). The BAL fluid from sham-
treated mice showed no changes in numbers of eosinophils after
treatment with 10 ng of 1,25(OH)2D3 (Fig. 3B). Compared with
sham-treated mice, coadministration of 10 ng of 1,25(OH)2D3 with
OVA-IT did not significantly change the number of neutrophils in
BAL fluid nor in lung tissue (Table I).

In parallel with the reduction in airway eosinophilia, there were
significant falls in IL-5 levels by 58% ( p � 0.05; Fig. 3C) and by
64% ( p � 0.01; Fig. 6C) and IL-13 levels by 76% ( p � 0.05; data
not shown) and 64% ( p � 0.001; Fig. 6B) in BAL fluid and lung
tissue, respectively, after coadministration of 10 ng of
1,25(OH)2D3 with 100 �g of OVA-IT compared with sham-
treated mice. One hundred micrograms of OVA-IT partially re-
duced (37%, not significant) the levels of IL-10 in BAL fluid com-
pared with sham-treated mice and this effect was not influenced by

IgE in serum just before (prechallenge) and 1 day after OVA aerosol challenge (F), and levels of OVA-specific IgA in serum 1 day after OVA aerosol challenge
(G). Values are expressed as mean � SEM (n � 6). $, p � 0.05 and $$, p � 0.01 compared with prechallenge. �, p � 0.05 and ���, p � 0.001 compared
with sham-treated mice. #, p � 0.05; ##, p � 0.01; and ###, p � 0.001 compared with OVA (100 �g)-IT-treated mice.

Table I. Number of neutrophils in BAL fluid and lung tissuea

Treatment Group

No. of Neutrophils (�104)

BAL Fluid Lung Tissue

Sham 2.90 � 1.08 42.88 � 19.86
Sham/1,25(OH)2D3 (10 ng) 1.53 � 0.73 ND
OVA (100 �g)-IT 1.21 � 0.78 39.46 � 25.21
OVA (100 �g)-IT/1,25(OH)2D3

(10 ng)
1.02 � 0.43 49.88 � 19.75

a OVA-sensitized mice received IT with 100 �g of OVA combined with 10 ng of
1,25(OH)2D3 prior to OVA inhalation challenges. Values are expressed as mean �
SEM (n � 6).
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coadministration of 10 ng of 1,25(OH)2D3 (data not shown). In-
terestingly, coadministration of 10 ng of 1,25(OH)2D3 with 100 �g
of OVA-IT significantly increased IL-10 levels in lung tissue by
85% compared with sham-treated mice and with mice treated only
with 100 �g of OVA-IT ( p � 0.05; Fig. 6D). No changes were
found in IL-5, IL-13, and IL-10 levels in BAL fluid from sham-
treated and 10 ng of 1,25(OH)2D3-treated mice (Fig. 3C and data
not shown).

TGF-� levels in BAL fluid, lung tissue, and serum

We next examined whether coadministration of 10 ng of
1,25(OH)2D3 influenced the levels of the regulatory cytokine
TGF-�. High levels of TGF-� were present in BAL fluid and lung
tissue of sham-treated mice. One hundred micrograms of OVA-IT
significantly reduced the levels of TGF-� by 38% ( p � 0.05; Fig.
3D) in BAL fluid and by 44% ( p � 0.05; data not shown) in lung
tissue compared with sham-treated mice. Coadministration of 10

ng of 1,25(OH)2D3 with suboptimal OVA-IT did not influence the
reduction in TGF-� levels in BAL fluid (Fig. 3D) and lung tissues
(data not shown). Interestingly, we found that coadministration of
10 ng of 1,25(OH)2D3 with 100 �g of OVA-IT displayed mark-
edly increased serum levels of TGF-� compared with sham-treated
mice and with mice treated only with 100 �g of OVA-IT ( p �
0.001; Fig. 3E). In addition, treatment with 10 ng of 1,25(OH)2D3

did not influence the levels of TGF-� in the BAL fluid and serum
obtained from sham-treated mice (Fig. 3, D and E, respectively).

Serum levels of Igs

We further examined whether coadministration of 10 ng of
1,25(OH)2D3 with 100 �g of OVA-IT could influence the levels of
Igs in serum. In sham-treated mice, OVA challenge displayed sig-
nificantly increased (92%, p � 0.01) OVA-specific IgE levels in
serum compared with prechallenge levels (Fig. 3F). IT with 100
�g of OVA partially down-regulated (41%, not significant) the
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FIGURE 4. Effects of coadministration of 1,25(OH)2D3 on the efficacy of suboptimal IT. OVA-sensitized mice received IT with 100 �g of OVA
combined with 10 ng of 1,25(OH)2D3. IL-5 (A), IL-13 (B), and IL-10 (C) levels in OVA-restimulated TLN cell cultures 1 day after OVA aerosol challenge.
Values are expressed as mean � SEM (n � 6). §, p � 0.001 compared with nonstimulated (medium) sham-treated mice. �, p � 0.05; ��, p � 0.01; and
���, p � 0.001 compared with sham-treated mice. #, p � 0.05 compared with OVA (100 �g)-IT-treated mice.

Table II. Serum OVA-specific Ab levelsa

Treatment Group

OVA-Specific IgG1 Isotype
(�106 EU/ml)

OVA-Specific IgG2a Isotype
(�105 EU/ml)

Prechallenge Postchallenge Prechallenge Postchallenge

Sham 0.38 � 0.18 26.49 � 9.56* 0.17 � 0.13 6.44 � 2.07*
Sham/1,25(OH)2D3 (10 ng) 0.26 � 0.13 21.48 � 6.31† 0.56 � 0.29 7.16 � 3.91
OVA (100 �g)-IT 48.26 � 17.67* 39.12 � 6.99 11.12 � 2.91‡ 8.27 � 1.36
OVA (100 �g)-IT/1,25(OH)2D3 (10 ng) 53.73 � 13.87‡ 61.73 � 11.85§ 34.18 � 9.81‡¶ 22.92 � 6.83§

a OVA-sensitized mice received IT with 100 �g of OVA combined with 10 ng of 1,25(OH)2D3. Levels of OVA-specific IgG1 and IgG2a in serum
were measured before (prechallenge) and after (postchallenge) OVA aerosol challenge. Values are expressed as mean � SEM (n � 6).

�, p � 0.05 and ‡, p � 0.01 compared to prechallenge levels of sham-treated mice. †, p � 0.05 compared to prechallenge levels. ¶, p � 0.05 compared
to prechallenge levels of OVA (100 �g)-IT-treated mice. §, p � 0.05 compared to postchallenge levels of sham-treated mice.
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OVA-specific IgE levels in serum (Fig. 3F). Interestingly, coad-
ministration of 10 ng of 1,25(OH)2D3 with 100 �g of OVA-IT
displayed significantly suppressed OVA IgE levels in serum by
61% ( p � 0.05) compared with sham-treated mice and by 34%
( p � 0.05) compared with mice treated with 100 �g of OVA-IT
alone (Fig. 3F). In contrast, we found that the combination of 10
ng of 1,25(OH)2D3 with 100 �g of OVA-IT caused significantly
increased OVA-specific IgA (55%, p � 0.05) levels in serum com-
pared with sham-treated mice (Fig. 3G). In addition, 10 ng of
1,25(OH)2D3 by itself had no significant effect on OVA-specific
IgE and IgA levels in serum of sham-treated mice (Fig. 3, F and G,
respectively). Furthermore, in sham-treated mice, OVA challenge
induced an increase of OVA-specific IgG1 (99%, p � 0.05) and
IgG2a (97%, p � 0.05) levels in serum compared with prechal-
lenge levels (Table II). In OVA-sensitized mice, suboptimal
OVA-IT markedly increased the serum OVA-specific IgG1 (99%,
p � 0.05) and IgG2a (98%, p � 0.01) levels compared with prechal-
lenge levels of sham-treated mice (Table II). Coadministration of 10
ng of 1,25(OH)2D3 with 100 �g of OVA-IT caused a further increase
in levels of OVA-specific IgG1 (10%, p � 0.81) and of IgG2a (68%,
p � 0.05) in serum compared with mice treated with 100 �g of
OVA-IT alone (Table II). These levels did not increase further on
OVA challenge, except for the IgG1 serum levels (Table II).

Determination of cytokine production by OVA-restimulated
TLN cells in vitro

To examine T cell responses on Ag-specific restimulation, single-
cell suspensions of TLN of each mouse were prepared 24 h after
the last OVA aerosol challenge. OVA- restimulated TLN cell cul-
tures derived from sham-treated mice produced significantly ( p �
0.001) higher amounts of IL-5, IL-13, and IL-10 (Fig. 4) than those
from nonrestimulated TLN cell cultures. TLN cell cultures derived
from mice treated only with 100 �g of OVA-IT or only with 10 ng
of 1,25(OH)2D3 produced similar levels of these cytokines after
OVA restimulation in vitro as those of sham-treated mice. How-
ever, the amount of IL-5 in TLN cell cultures from mice that re-
ceived the combination of 100 �g of OVA-IT with 10 ng of
1,25(OH)2D3 was reduced (79%, p � 0.001) compared with those
from sham-treated mice and by 65% ( p � 0.05) compared with
those from mice treated only with 100 �g of OVA-IT (Fig. 4A).
Also, the levels of IL-13 and IL-10 were significantly reduced in
the OVA-restimulated TLN cell cultures from mice treated with
100 �g of OVA-IT combined with 10 ng of 1,25(OH)2D3 com-
pared with those from sham-treated mice (57%, p � 0.05, and
72%, p � 0.01, Fig. 4, B and C, respectively) and by 60% ( p �
0.05) and by 58% ( p � 0.05) for IL-13 and IL-10, respectively,
compared with those from mice that merely received 100 �g of
OVA-IT (Fig. 4, B and C). These reductions of IL-5, IL-13, and
IL-10 levels were also observed when TLN cell cultures were re-
stimulated with anti-CD3 Ab (Fig. 4).

Therefore, coadministration of 10 ng of 1,25(OH)2D3 potenti-
ated the immunosuppressive effects of suboptimal IT with 100 �g
of OVA on AHR, OVA-specific IgE levels in serum, airway eo-
sinophilia, and Th2 cytokine levels in BAL fluid and lung tissue
and on in vitro allergen-restimulated TLN cell cultures. Further-
more, these immunosuppressive effects are associated with in-
creased levels of IL-10 in lung tissue and TGF-� in serum.

IL-10 and TGF-� are crucial in tolerance induction by
coadministration of 10 ng of 1,25(OH)2D3 with suboptimal IT

We next investigated the role of IL-10 and TGF-� in the observed
immunosuppressive effects induced by the combination of 100 �g
of OVA-IT with 10 ng of 1,25(OH)2D3. OVA-sensitized mice
were treated with 100 �g of OVA-IT combined with 10 ng of

1,25(OH)2D3 and IL-10R and TGF-� were functionally blocked
using mAbs in vivo on the first day of OVA aerosol challenge.

Eosinophils and cytokine levels

We determined the number of eosinophils in BAL fluid 24 h after
the last OVA aerosol challenge. In mice that received control Abs,
100 �g of OVA-IT combined with 10 ng of 1,25(OH)2D3 readily
suppressed OVA-induced influx of eosinophils into the BAL fluid
by 74% ( p � 0.05) compared with sham-treated mice (Fig. 5A). In
contrast, in mice treated with anti-IL-10R mAb, 100 �g of OVA-IT
combined with 10 ng of 1,25(OH)2D3 failed to suppress OVA-in-
duced influx of eosinophils into the BAL fluid (Fig. 5A). Similar re-
sults were obtained with anti-TGF-� (Fig. 5A). However, blocking of
IL-10R along with anti-TGF-� showed a further increase in the num-
ber of eosinophils in BAL fluid compared with blocking of IL-10R or
anti-TGF-� alone, implying an additive effect between both cytokines
IL-10 and TGF-� (not significant; Fig. 5A).

In parallel with airway eosinophilia, treatment with anti-IL-10R
or anti-TGF-� alone partially reversed the suppression in the levels
of the Th2-associated asthmatogenic cytokines IL-5 (Fig. 5B) and
IL-13 (Fig. 5C) in BAL fluid induced by 100 �g of OVA-IT com-
bined with 10 ng of 1,25(OH)2D3. IL-5 and IL-13 levels were
completely reversed when both IL-10R and TGF-� were function-
ally blocked in vivo (Fig. 5, B and C, respectively). In addition,
IL-10 levels were completely reversed in BAL fluid obtained from
mice treated with either anti-IL-10R, anti-TGF-�, or both (Fig.
5D). Furthermore, the increased TGF-� levels in serum of 100 �g
of OVA-IT combined with 10 ng of 1,25(OH)2D3-treated mice
were not affected by treatment with anti-IL-10R or anti-TGF-�
(Fig. 5E), while it was significantly suppressed in mice treated
with both anti-IL-10R and anti-TGF-� ( p � 0.05; Fig. 5E).

Serum levels of Igs

The serum Ab levels of OVA-specific IgE from mice that received
100 �g of OVA-IT combined with 10 ng of 1,25(OH)2D3 and
control Abs were significantly lower ( p � 0.05) than those from
sham and control Ab-treated mice (Fig. 5F). A partial recovery in
OVA-specific IgE levels in serum was observed after treatment
with either anti-IL-10R or anti-TGF-� alone. Treatment of mice
with both anti-IL-10R and anti-TGF-� completely reversed the
suppression of OVA-specific IgE levels in serum (Fig. 5F). Inter-
estingly, the increased OVA-specific IgA levels in serum from
mice treated with 100 �g of OVA-IT combined with 10 ng of
1,25(OH)2D3 were remarkably down-regulated after treatment
with anti-IL-10R (57% suppression, p � 0.08), anti-TGF-� (71%
suppression, p � 0.05), or both (70% suppression, p � 0.05; Fig.
5G). Furthermore, treatment with anti-IL-10R, anti-TGF-�, or
both did not change the IgG1 levels in serum of 100 �g of OVA-IT
combined with 10 ng of 1,25(OH)2D3 and control Ab-treated mice
(Table III). Compared with mice merely receiving 100 �g of
OVA-IT combined with 10 ng of 1,25(OH)2D3 and control Abs,
IgG2a levels were partially lower (not significant) after treatment
with anti-IL-10, anti-TGF-�, or both (Table III).

Effects of coadministration of the IKK-2 inhibitor PS-1145 on
suboptimal OVA-IT

To strengthen the importance to inhibit the NF-�B signaling path-
way at the time of IT, the effect of the selective IKK-2 inhibitor
PS-1145 (50 mg/kg, i.p.) on the efficacy of suboptimal OVA-IT
was determined in comparison with the effect of 1,25(OH)2D3. In
this series of experiments, the numbers of eosinophils and cytokine
levels in lung tissue were analyzed.

Suboptimal OVA-IT did not significantly change the number of
eosinophils nor the levels of IL-5, IL-10, and IL-13 in lung tissue
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as compared with sham-treated mice (Fig. 6). However, coadmin-
istration of PS-1145 along with suboptimal OVA-IT significantly
suppressed the number of eosinophils by 64% ( p � 0.01) as well
as the levels of IL-5 and IL-13 by, respectively, 62% ( p � 0.01)
and 50% ( p � 0.001) as compared with sham-treated mice (Fig. 6,
A–C). Interestingly, compared with sham-treated mice, the level of
the immunoregulatory cytokine IL-10 in lung tissue was signifi-
cantly increased by 85% ( p � 0.01) after this combination therapy
(Fig. 6D), whereas the TGF-� level was slightly reduced (24%;
p � 0.09). The efficacy of combined treatment with PS-1145 was
similar to the efficacy of combined treatment with 1,25(OH)2D3

(Fig. 6).
Therefore, similar to 1,25(OH)2D3, coadministration of the selec-

tive IKK-2 inhibitor PS-1145 potentiated the immunosuppressive ef-
fects of suboptimal OVA-IT on airway eosinophilia and Th2 cytokine
levels in lung tissues. Moreover, these immunosuppressive effects
were associated with an increase in IL-10 levels in lung tissue.

Discussion
In the present study, it is demonstrated that coadministration of
1,25(OH)2D3 significantly augments the beneficial effects of IT on
Ag-induced allergic asthma manifestations in a mouse model.
Augmentation of the suppression of allergen-specific IgE levels,
eosinophilic airway inflammation, and AHR is associated with re-
duced IL-5 and IL-13 levels in BAL fluid and lung tissue and
reduced production of Th2 cytokines by T cells upon Ag restimu-
lation in vitro. Additionally, we demonstrated that the suppressive
effects of IT combined with 1,25(OH)2D3 are associated with in-
creased levels of IL-10 in lung tissue and TGF-� in serum and are
completely abrogated after treatment with anti-IL-10R and anti-
TGF-�, indicating a crucial role of these immunoregulatory
cytokines.

In humans, specific allergen IT is widely used to treat allergic
rhinitis, conjunctivitis, and occasionally allergic asthma. IT re-
duces symptoms and medication requirements and is currently the
only long-term disease-modifying treatment. Although the precise
mechanisms of IT are still incompletely understood, recent data
suggest an important role for IL-10-producing Tr1 cells and TGF-
�-producing Th3-type cells in IT against bee venom, house dust

mite, and grass pollen (8–10). In agreement herewith, we recently
demonstrated that IL-10 plays a crucial role in the suppression of
airway manifestation of asthma after allergen IT in a mouse model
(19). Since in the clinic improvement of the efficacy of IT is de-
sirable, we were interested to examine whether the suppressive
effects could be potentiated by 1,25(OH)2D3, the active form of
vitamin D3.

The biological effects of 1,25(OH)2D3 are mediated by the vi-
tamin D receptor which acts as a transcriptional regulator by bind-
ing to vitamin D-responsive elements within the promoters of tar-
get genes. The rationale to use 1,25(OH)2D3 in combination with
IT is based on the observations that it inhibits the NF-�B protein
RelB expression in murine DCs (20). Besides skewing T cells
toward Th1 or Th2, DCs are instrumental in the generation of
adaptive Treg cells like Th3 and Tr1 cells (11, 12). Immature/
tolerogenic DCs induce development of Treg cells by several
mechanisms, including production of IL-10 or TGF-� (13, 17). A
number of studies has demonstrated that inhibition of NF-�B by
1,25(OH)2D3 induces a persistent immature/tolerogenic phenotype
in human and mouse DCs characterized by reduced expression of
MHC class II, costimulatory molecules, and IL-12 and strongly
enhanced production of IL-10, but not TGF-� (25, 26, 35). DCs
modulated by 1,25(OH)2D3 or its analogs induce decreased T cell
proliferation and favor development of Treg cells in vitro and in
vivo (27, 28, 36). Thus, it is tempting to speculate that combination
of 1,25(OH)2D3 with allergen IT promotes the generation of Treg
cells that may suppress Th2-driven asthma manifestations at the
time of allergen inhalation.

In the present study, we demonstrated that coadministration of
either 1,25(OH)2D3 or PS-1145, both potent inhibitors of the
NF-�B signaling pathway, potentiated the suppressive effects of IT
in a mouse model of allergic asthma. Complete reversal of the
suppressive effects of combined IT was observed after blocking of
the IL-10R and neutralizing of TGF-� by mAbs at the time of Ag
inhalation challenge. These observations may be confounded by
effects of the Abs on Ag-induced asthma manifestations per se.
Anti-TGF-� treatment was recently shown not to affect Ag-in-
duced airway eosinophilia nor IL-5 levels (37). However, we have
previously shown that treatment with anti-IL10R itself potentiates

FIGURE 5. Effects of anti-IL-10R, anti-TGF-�, or both on the immunosuppressive effects induced by suboptimal IT combined with 1,25(OH)2D3.
OVA-sensitized mice were treated with 100 �g of OVA combined with 10 ng of 1,25(OH)2D3 and received i.p. treatment with anti-IL-10R or anti-TGF-�
or both just before the first OVA aerosol challenge. Number of eosinophils (A), IL-5 levels (B), IL-13 levels (C), IL-10 levels (D) in BAL fluid, TGF-�
levels in serum (E), levels of OVA-specific IgE (F), and OVA-specific IgA (G) in serum just before (prechallenge) and 1 day after OVA aerosol challenge.
Values are expressed as mean � SEM (n � 6). $$, p � 0.01 compared with prechallenge. �, p � 0.05 and ��, p � 0.01 compared with sham-treated mice.
#, p � 0.05; ##, p � 0.01 compared with OVA (100 �g)-IT-treated mice. €, p � 0.05; €€, p � 0.01; and €€€, p � 0.001 compared with mice treated with
OVA (100 �g)-IT combined with 10 ng of 1,25(OH)2D3 and control Abs (cAb � rIgG plus mIgG).

Table III. Serum OVA-specific Ab levelsa

Treatment Group

OVA-Specific IgG1 Isotype
(�106 EU/ml)

OVA-Specific IgG2a Isotype
(�104 EU/ml)

Prechallenge Postchallenge Prechallenge Postchallenge

Sham � rIgG � mIgG 0.00 � 0.00 11.30 � 2.04* 0.79 � 0.52 34.87 � 12.94†

OVA (100 �g)-IT � rIgG � mIgG 9.42 � 2.60 12.12 � 2.93 1.88 � 0.81 29.24 � 8.05†

OVA (100 �g)-IT/1,25(OH)2D3 (10 ng) � rIgG � mIgG 16.51 � 2.02 17.14 � 1.84 11.64 � 4.25 49.01 � 16.46
OVA (100 �g)-IT/1,25(OH)2D3 (10 ng) � anti-IL-10R 8.30 � 2.74 14.82 � 3.62 0.99 � 0.55 28.53 � 10.71†

OVA (100 �g)-IT/1,25(OH)2D3 (10 ng) � anti-TGF-� 10.91 � 2.13 16.10 � 1.32 5.32 � 4.05 37.21 � 6.90†

OVA (100 �g)-IT/1,25(OH)2D3 (10 ng) � anti-IL-10R � anti-TGF-� 13.65 � 3.98 17.15 � 1.33‡ 19.54 � 12.79 31.87 � 6.41

a OVA-sensitized mice were treated with 100 �g of OVA combined with 10 ng of 1,25(OH)2D3 and received i.p. treatment with anti-IL-10R or anti-TGF-� alone or both
just before the first OVA aerosol challenge. Levels of OVA-specific IgG1 and IgG2a in serum were measured before (prechallenge) and after (postchallenge) OVA aerosol
challenge. Values are expressed as mean � SEM (n � 6).

†, p � 0.05 and �, p � 0.01 compared to prechallenge levels. ‡, p � 0.05 compared to postchallenge levels of sham-treated mice.
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OVA challenge-induced BAL eosinophilia but not IL-5 levels nor
AHR (19). In line herewith, treatment with both Abs increased
BAL eosinophilia but not IL-5 levels in combined IT-treated mice
as compared with control Ab sham-treated mice, reflecting the
effect of anti-IL10R on eosinophilia. Altogether, we conclude that
both IL-10 and TGF-� mediate the suppressive effects on asthma
manifestations after combined IT. Furthermore, we speculate that
IL-10- and TGF-�- producing Treg, e.g., respectively, Tr1 and Th3
cells, are induced during combined IT and become reactivated to
exert their antiasthmogenic effects during Ag inhalation challenge.
Interestingly, after combined IT levels of the immunoregulatory
cytokines IL-10 and TGF-� were significantly increased in lung
tissue and serum, respectively, after Ag challenge, but we did not
observe increased levels of these cytokines in BAL fluid. It is
striking that these immunoregulatory cytokines are increased at
different locations, which may indicate that they are secreted by
different (sub)sets of cell types. T cells appear to be the most likely
source of these cytokines considering the long-term immunosup-
pressive effects of IT (19). However, IL-10 secretion upon restimu-
lation of T cells isolated from lung draining lymph nodes was
decreased after IT, which indicates that regulation does not appear
to occur at the level of the draining lymph nodes. Although these
latter findings do not necessarily support the concept that induction
of cytokine- producing Treg cells mediate the immunosuppressive
effects, it remains possible that Treg cells exert their immunosup-
pression at another location.

In addition to keeping DCs in an immature/tolerogenic state,
1,25(OH)2D3 may also locally increase TGF-� production.
Whereas 1,25(OH)2D3 has not been shown to directly induce
TGF-� secretion by DCs (36), it has been demonstrated that it
induces TGF-� among other fibroblasts (38). Therefore, TGF-�
produced in the local microenvironment may act in concert with
tolerogenic DCs in the generation of TGF-�-producing Th3-type
cells (39). 1,25(OH)2D3 has also been shown to directly affect Th
cell polarization by augmenting Th2 development, independent of
an effect on APCs (40). However, it appears unlikely that this plays
a role in the induction of a memory-suppressive response as ob-
served after IT in the mouse model (19).

It is well-known that TGF-� plays a critical role in the isotype
switch of B cells toward IgA (41, 42). Likewise, increased levels
of OVA-specific IgA in serum were detected after combination of
IT with 1,25(OH)2D3 while administration of anti-TGF-� signif-
icantly suppressed the increased serum IgA levels. Similarly, in
human studies, it has been clearly demonstrated that TGF-� secretion
by allergen-specific T cells is increased after IT with house dust mites,
which is associated with increased serum Der p1-specific IgA levels
(9). Interestingly, by binding to Fc�RI on leukocytes, serum IgA may
have potent anti-inflammatory effects mediated by intracellular re-
cruitment of the tyrosine phosphatase SHP-1 (43). In agreement here-
with, Schwarze et al. (44) demonstrated that allergen-specific IgA
completely prevented the development of AHR to methacholine,
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FIGURE 6. Effects of coadministration of PS-1145 or 1,25(OH)2D3 on the efficacy of suboptimal IT. OVA-sensitized mice received IT with 100 �g of
OVA combined with 50 mg/kg PS-1145 or with 10 ng of 1,25(OH)2D3. Number of eosinophils (A) and levels of IL-13 (B), IL-5 (C), and IL-10 (D) in lung
tissue of mice 1 day after OVA aerosol challenge. Values are expressed as mean � SEM (n � 6). �, p � 0.05; ��, p � 0.01; and ���, p � 0.001 compared
with sham-treated mice. #, p � 0.05; ##, p � 0.01; and ###, p � 0.001 compared with OVA (100 �g)-IT-treated mice.
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reduced eosinophilic airway inflammation, and increased allergen-
specific IgG2a in a mouse model of allergic asthma. Thus, the TGF-
�/IgA/Fc�RI pathway may by one of the effector mechanisms to sup-
press asthma manifestations after IT.

In summary, we demonstrate in a mouse model of allergic asthma
that coadministration of 1,25(OH)2D3 or PS-1145, both potent inhib-
itors of the NF-�B signaling pathway, augments the efficacy of IT to
prevent Th2-driven development of asthma manifestations. The im-
munoregulatory cytokines IL-10 and TGF-� play a crucial role in
these beneficial effects of this combined therapy. Inhibition of NF-�B
may be a novel strategy to improve allergen immunotherapy for the
treatment of allergic diseases, asthma included.

Disclosures
A.J.M.v.O. holds a pending patent application regarding vitamin D3 and
allergen immunotherapy.

References
1. Bousquet, J., R. Lockey, and H. J. Malling. 1998. Allergen immunotherapy:

therapeutic vaccines for allergic diseases: a WHO position paper. J. Allergy Clin.
Immunol. 102: 558–562.

2. Abramson, M. J., R. M. Puy, and J. M. Weiner. 1995. Is allergen immunotherapy
effective in asthma? A meta-analysis of randomized controlled trials.
Am. J. Respir. Crit. Care Med. 151: 969–974.

3. Bousquet, J., and F. B. Michel. 1994. Specific immunotherapy in asthma: is it
effective? J. Allergy Clin. Immunol. 94: 1–11.

4. Wachholz, P. A., and S. R. Durham. 2003. Induction of “blocking” IgG antibod-
ies during immunotherapy. Clin. Exp. Allergy 33: 1171–1174.

5. Muller, U., C. A. Akdis, M. Fricker, M. Akdis, T. Blesken, F. Bettens, and
K. Blaser. 1998. Successful immunotherapy with T-cell epitope peptides of bee
venom phospholipase A2 induces specific T-cell anergy in patients allergic to bee
venom. J. Allergy Clin. Immunol. 101: 747–754.

6. Durham, S. R., S. Ying, V. A. Varney, M. R. Jacobson, R. M. Sudderick,
I. S. Mackay, A. B. Kay, and Q. A. Hamid. 1996. Grass pollen immunotherapy
inhibits allergen-induced infiltration of CD4� T lymphocytes and eosinophils in
the nasal mucosa and increases the number of cells expressing messenger RNA
for interferon-�. J. Allergy Clin. Immunol. 97: 1356–1365.

7. Ebner, C., U. Siemann, B. Bohle, M. Willheim, U. Wiedermann, S. Schenk,
F. Klotz, H. Ebner, D. Kraft, and O. Scheiner. 1997. Immunological changes
during specific immunotherapy of grass pollen allergy: reduced lymphoprolifera-
tive responses to allergen and shift from TH2 to TH1 in T-cell clones specific for
Phl p 1, a major grass pollen allergen. Clin. Exp. Allergy 27: 1007–1015.

8. Akdis, C. A., T. Blesken, M. Akdis, B. Wuthrich, and K. Blaser. 1998. Role of
interleukin 10 in specific immunotherapy. J. Clin. Invest. 102: 98–106.

9. Jutel, M., M. Akdis, F. Budak, C. Aebischer-Casaulta, M. Wrzyszcz, K. Blaser,
and C. A. Akdis. 2003. IL-10 and TGF-� cooperate in the regulatory T cell
response to mucosal allergens in normal immunity and specific immunotherapy.
Eur. J. Immunol. 33: 1205–1214.

10. Francis, J. N., S. J. Till, and S. R. Durham. 2003. Induction of IL-
10�CD4�CD25� T cells by grass pollen immunotherapy. J. Allergy Clin. Im-
munol. 111: 1255–1261.

11. Kapsenberg, M. L. 2003. Dendritic-cell control of pathogen-driven T-cell polar-
ization. Nat. Rev. Immunol. 3: 984–993.

12. Lambrecht, B. N., and H. Hammad. 2003. Taking our breath away: dendritic cells
in the pathogenesis of asthma. Nat. Rev. Immunol. 3: 994–1003.

13. Akbari, O., R. H. DeKruyff, and D. T. Umetsu. 2001. Pulmonary dendritic cells
producing IL-10 mediate tolerance induced by respiratory exposure to antigen.
Nat. Immunol. 2: 725–731.

14. McGuirk, P., C. McCann, and K. H. Mills. 2002. Pathogen-specific T regulatory
1 cells induced in the respiratory tract by a bacterial molecule that stimulates
interleukin 10 production by dendritic cells: a novel strategy for evasion of pro-
tective T helper type 1 responses by Bordetella pertussis. J. Exp. Med. 195:
221–231.

15. Lutz, M. B., and G. Schuler. 2002. Immature, semi-mature, and fully mature
dendritic cells: which signals induce tolerance or immunity? Trends Immunol. 23:
445–449.

16. Jonuleit, H., E. Schmitt, G. Schuler, J. Knop, and A. H. Enk. 2000. Induction of
interleukin 10-producing, nonproliferating CD4� T cells with regulatory prop-
erties by repetitive stimulation with allogeneic immature human dendritic cells.
J. Exp. Med. 192: 1213–1222.

17. Weiner, H. L. 2001. The mucosal milieu creates tolerogenic dendritic cells and
TR1 and TH3 regulatory cells. Nat. Immunol. 2: 671–672.

18. Van Oosterhout, A. J., B. Van Esch, G. Hofman, C. L. Hofstra, I. Van Ark,
F. P. Nijkamp, M. L. Kapsenberg, H. F. Savelkoul, and F. R. Weller. 1998.
Allergen immunotherapy inhibits airway eosinophilia and hyperresponsiveness
associated with decreased IL-4 production by lymphocytes in a murine model of
allergic asthma. Am. J. Respir. Cell Mol. Biol. 19: 622–628.

19. Vissers, J. L., B. C. van Esch, G. A. Hofman, M. L. Kapsenberg, F. R. Weller,
and A. J. van Oosterhout. 2004. Allergen immunotherapy induces a suppressive
memory response mediated by IL-10 in a mouse asthma model. J. Allergy Clin.
Immunol. 113: 1204–1210.

20. Dong, X., T. Craig, N. Xing, L. A. Bachman, C. V. Paya, F. Weih, D. J. McKean,
R. Kumar, and M. D. Griffin. 2003. Direct transcriptional regulation of RelB by
1�,25-dihydroxyvitamin D3 and its analogs: physiologic and therapeutic impli-
cations for dendritic cell function. J. Biol. Chem. 278: 49378–49385.

21. Martin, E., B. O’Sullivan, P. Low, and R. Thomas. 2003. Antigen-specific sup-
pression of a primed immune response by dendritic cells mediated by regulatory
T cells secreting interleukin-10. Immunity 18: 155–167.

22. de Jong, E. C., P. L. Vieira, P. Kalinski, and M. L. Kapsenberg. 1999. Cortico-
steroids inhibit the production of inflammatory mediators in immature monocyte-
derived DC and induce the development of tolerogenic DC3. J. Leukocyte Biol.
66: 201–204.

23. Lee, J. I., R. W. Ganster, D. A. Geller, G. J. Burckart, A. W. Thomson, and L. Lu.
1999. Cyclosporine A inhibits the expression of costimulatory molecules on in
vitro-generated dendritic cells: association with reduced nuclear translocation of
nuclear factor �B. Transplantation 68: 1255–1263.

24. Adorini, L., G. Penna, N. Giarratana, A. Roncari, S. Amuchastegui, K. C. Daniel,
and M. Uskokovic. 2004. Dendritic cells as key targets for immunomodulation by
vitamin D receptor ligands. J. Steroid Biochem. Mol. Biol. 89–90: 437–441.

25. Griffin, M. D., W. H. Lutz, V. A. Phan, L. A. Bachman, D. J. McKean, and
R. Kumar. 2000. Potent inhibition of dendritic cell differentiation and maturation
by vitamin D analogs. Biochem. Biophys. Res. Commun. 270: 701–708.

26. Penna, G., and L. Adorini. 2000. 1�,25-dihydroxyvitamin D3 inhibits differen-
tiation, maturation, activation, and survival of dendritic cells leading to impaired
alloreactive T cell activation. J. Immunol. 164: 2405–2411.

27. Gregori, S., M. Casorati, S. Amuchastegui, S. Smiroldo, A. M. Davalli, and
L. Adorini. 2001. Regulatory T cells induced by 1�,25-dihydroxyvitamin D3 and
mycophenolate mofetil treatment mediate transplantation tolerance. J. Immunol.
167: 1945–1953.

28. Gregori, S., N. Giarratana, S. Smiroldo, M. Uskokovic, and L. Adorini. 2002. A
1�,25-dihydroxyvitamin D3 analog enhances regulatory T-cells and arrests au-
toimmune diabetes in NOD mice. Diabetes 51: 1367–1374.

29. Nicklas, W., P. Baneux, R. Boot, T. Decelle, A. A. Deeny, M. Fumanelli, and
B. Illgen-Wilcke. 2002. Recommendations for the health monitoring of rodent
and rabbit colonies in breeding and experimental units. Lab. Anim. 36: 20–42.

30. Zella, J. B., L. C. McCary, and H. F. DeLuca. 2003. Oral administration of
1,25-dihydroxyvitamin D3 completely protects NOD mice from insulin-depen-
dent diabetes mellitus. Arch. Biochem. Biophys. 417: 77–80.

31. Oida, T., X. Zhang, M. Goto, S. Hachimura, M. Totsuka, S. Kaminogawa, and
H. L. Weiner. 2003. CD4�CD25� T cells that express latency-associated peptide
on the surface suppress CD4�CD45RBhigh-induced colitis by a TGF-�-depen-
dent mechanism. J. Immunol. 170: 2516–2522.

32. Vodanovic-Jankovic, S., P. Hari, P. Jacobs, R. Komorowski, and W. R. Drobyski.
2006. NF-�B as a target for the prevention of graft-versus-host disease: compar-
ative efficacy of bortezomib and PS-1145. Blood 107: 827–834.

33. Deurloo, D. T., B. C. van Esch, C. L. Hofstra, F. P. Nijkamp, and
A. J. van Oosterhout. 2001. CTLA4-IgG reverses asthma manifestations in a mild
but not in a more “severe” ongoing murine model. Am. J. Respir. Cell Mol. Biol.
25: 751–760.

34. Hofstra, C. L., I. Van Ark, F. P. Nijkamp, and A. J. Van Oosterhout. 1999.
Antigen-stimulated lung CD4� cells produce IL-5, while lymph node CD4� cells
produce Th2 cytokines concomitant with airway eosinophilia and hyperrespon-
siveness. Inflamm. Res. 48: 602–612.

35. Penna, G., S. Amuchastegui, N. Giarratana, K. C. Daniel, M. Vulcano,
S. Sozzani, and L. Adorini. 2007. 1,25-Dihydroxyvitamin D3 selectively modu-
lates tolerogenic properties in myeloid but not plasmacytoid dendritic cells. J. Im-
munol. 178: 145–153.

36. Griffin, M. D., W. Lutz, V. A. Phan, L. A. Bachman, D. J. McKean, and
R. Kumar. 2001. Dendritic cell modulation by 1�,25 dihydroxyvitamin D3 and its
analogs: a vitamin D receptor-dependent pathway that promotes a persistent state
of immaturity in vitro and in vivo. Proc. Natl. Acad. Sci. USA 98: 6800–6805.

37. Alcorn, J. F., L. M. Rinaldi, E. F. Jaffe, M. van Loon, J. H. Bates,
Y. M. Janssen-Heininger, and C. G. Irvin. 2007. Transforming growth factor-�1
suppresses airway hyperresponsiveness in allergic airway disease. Am. J. Respir.
Crit. Care Med. 176: 974–982.

38. Oyama, N., K. Iwatsuki, M. Satoh, H. Akiba, and F. Kaneko. 2000. Dermal
fibroblasts are one of the therapeutic targets for topical application of 1�,25-
dihydroxyvitamin D3: the possible involvement of transforming growth factor-�
induction. Br. J. Dermatol. 143: 1140–1148.

39. Zheng, S. G., J. D. Gray, K. Ohtsuka, S. Yamagiwa, and D. A. Horwitz. 2002.
Generation ex vivo of TGF-�-producing regulatory T cells from CD4�CD25�

precursors. J. Immunol. 169: 4183–4189.
40. Boonstra, A., F. J. Barrat, C. Crain, V. L. Heath, H. F. Savelkoul, and A. O’Garra.

2001. 1�,25-Dihydroxyvitamin D3 has a direct effect on naive CD4� T cells to
enhance the development of Th2 cells. J. Immunol. 167: 4974–4980.

41. Letterio, J. J., and A. B. Roberts. 1998. Regulation of immune responses by
TGF-�. Annu. Rev. Immunol. 16: 137–161.

42. Cazac, B. B., and J. Roes. 2000. TGF-� receptor controls B cell responsiveness
and induction of IgA in vivo. Immunity 13: 443–451.

43. Pasquier, B., P. Launay, Y. Kanamaru, I. C. Moura, S. Pfirsch, C. Ruffie,
D. Henin, M. Benhamou, M. Pretolani, U. Blank, and R. C. Monteiro. 2005.
Identification of Fc�RI as an inhibitory receptor that controls inflammation: dual
role of FcR�ITAM. Immunity 22: 31–42.

44. Schwarze, J., G. Cieslewicz, A. Joetham, L. K. Sun, W. N. Sun, T. W. Chang,
E. Hamelmann, and E. W. Gelfand. 1998. Antigen-specific immunoglobulin-A
prevents increased airway responsiveness and lung eosinophilia after airway chal-
lenge in sensitized mice. Am. J. Respir. Crit. Care Med. 158: 519–525.

5221The Journal of Immunology

 on A
pril 4, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org/

