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Knockout mice studies have revealed that NF-�B plays a critical role in Th2 cell differentiation and is therefore required for
induction of allergic airway inflammation. However, the questions of whether NF-�B also plays a role in the effector phase of
airway allergy and whether inhibiting NF-�B could have therapeutic value in the treatment of established asthma remain un-
answered. To address these issues, we have assessed in OVA-sensitized wild-type mice the effects of selectively antagonizing NF-�B
activity in the lungs during OVA challenge. Intratracheal administration of NF-�B decoy oligodeoxynucleotides to OVA-sensitized
mice led to efficient nuclear transfection of airway immune cells, but not constitutive lung cells and draining lymph node cells,
associated with abrogation of NF-�B activity in the airways upon OVA provocation. NF-�B inhibition was associated with strong
attenuation of allergic lung inflammation, airway hyperresponsiveness, and local production of mucus, IL-5, IL-13, and eotaxin.
IL-4 and OVA-specific IgE and IgG1 production was not reduced. This study demonstrates for the first time that activation of
NF-�B in local immune cells is critically involved in the effector phase of allergic airway disease and that specific NF-�B inhibition
in the lungs has therapeutic potential in the control of pulmonary allergy. The Journal of Immunology, 2004, 173: 5766–5775.

T he worldwide prevalence and severity of allergic asthma
have increased alarmingly over the last decades (1). The
pathophysiological features of allergic asthma, chronic

pulmonary eosinophilia, airway hyperresponsiveness (AHR)3 to a
variety of nonspecific spasmogenic stimuli, excessive airway mu-
cus production, and elevated serum IgE levels, have all been linked
to aberrant Th2 cell responses to commonly inhaled allergens (see
review Refs. 2–5). Allergen-specific Th2 cells exert their critical
effector functions by producing a unique repertoire of cytokines,
the most important of which being IL-4, IL-5, and IL-13 (2–5).

NF-�B is a pleiotropic transcription factor that plays an impor-
tant role in regulating the expression of multiple genes involved in
immune responses (see review Ref. 6). The NF-�B family is com-
posed of five structurally related DNA-binding proteins, desig-
nated NF-�B1/p50, NF-�B2/p52, RelA/p65, Rel/c-Rel, and RelB.
Although the most common NF-�B complex is a heterodimer of
the p65 and p50 subunits, the different family members can asso-
ciate in various homo- or heterodimer combinations. Inactive

NF-�B complexes are sequestered in the cytosol by inhibitory pro-
teins of the I�B family. Following various stimuli, I�B proteins are
phosphorylated, ubiquinated and degraded, allowing NF-�B nu-
clear translocation and transcriptional initiation of NF-�B-depen-
dent genes.

It has been demonstrated in humans and animal models that
asthmatic inflammation is associated with increased NF-�B activ-
ity in lung cells (7–9). To further investigate the role of NF-�B in
asthma, p50- and c-Rel-deficient mice were tested in a model of
OVA-induced allergic airway inflammation (9–11). These studies
showed that p50�/� mice are incapable of mounting eosinophilic
airway inflammation due to the inability of their naive T cells to
differentiate along the Th2 lineage (9). Indeed, p50 is required for
Gata-3 expression (10), a key step in Th2 differentiation and Th2
cytokine expression (12, 13). Similarly, defects in T cell activation
and proliferation preclude induction of allergic airway inflamma-
tion in c-Rel�/� mice (11).

Although studies of p50 and c-Rel knockout mice revealed an
essential role for NF-�B in induction of allergic airway inflamma-
tion, the questions of whether NF-�B also plays a role in the ef-
fector phase of pulmonary allergy and whether inhibiting NF-�B
function can be used for the therapy of established asthma remain
unanswered. To address these issues, we have assessed in OVA-
sensitized wild-type mice the effects of selectively antagonizing
NF-�B activity in the lungs during OVA provocation. Specific
NF-�B inhibition was achieved using NF-�B decoys. Decoys are
synthetic double-stranded oligodeoxynucleotides (ODNs) bearing
the consensus binding sequence of a specific transcription factor
(14–16). When introduced into cells, decoys impair the authentic
interaction between the target transcription factor and genomic
DNA, with subsequent inhibition of gene expression (14–16).

Materials and Methods
NF-�B decoy ODNs

Double-stranded NF-�B decoy ODNs containing the consensual NF-�B
binding site (GGGATTTCCC) were generated using equimolar amounts of
single-stranded sense and antisense phosphorothioate-modified ODNs
(sense strand: 5�-CCT TGA AGG GAT TTC CCT CC-3�) as described
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(17). Briefly, synthetic single-stranded ODNs were dissolved in sterile TE
buffer (10 mM Tris, 1 mM EDTA, pH 8.0), purified by HPLC and quan-
tified by spectrophotometry (Eurogentec, Liège, Belgium). Single-stranded
ODNs were then annealed for 2 h, during which time the temperature was
reduced from 80°C to 25°C. Double-stranded scrambled ODNs were used
as controls (sense strand: 5�-TTG CCG TAC CTG ACT TAG CC-3�). In
some experiments, sense strand of NF-�B decoys and scrambled ODNs
was FITC-labeled or biotinylated at both 5� and 3� ends.

Induction of allergic airway disease and treatment with NF-�B
decoys

Six- to 8-wk-old female BALB/c mice (Harlan Nederland, Horst, The
Netherlands) were sensitized on days 0 and 14 by i.p. injection of 10 �g of
OVA (grade III; Sigma-Aldrich, St. Louis, MO) dissolved in 100 �l of PBS
and mixed with 100 �l of Imject Alum (Pierce, Rockford, IL). Sham-
immunized mice received alum alone. On days 28, 29, and 30, mice were
challenged by exposure to an aerosol of 1% (wt/v) OVA in PBS for 1 h.
Inhalation was conducted in a plastic chamber connected to the aerosol
output from a Ultra-Neb99 nebulizer (DeVilbiss, Somerset, PA). Twenty-
four hours after the last challenge (day 31), AHR was measured, the mice
were killed, and allergic airway inflammation was characterized.

To assess the effects of specific NF-�B inhibition on pulmonary allergy,
NF-�B decoys and scrambled ODNs were given by intratracheal instilla-
tion (15 nmol in 30 �l of TE buffer/mouse) on days 28 and 30 (6 h before
OVA inhalation) to OVA-sensitized mice. For instillation, mice were anes-
thetized by i.p. injection of xylazine (200 �g/mouse) and ketamine (2 mg/
mouse). In experiments aimed at localizing NF-�B decoys or scrambled
ODNs, the last intratracheal administration was performed with FITC-la-
beled or biotinylated ODNs. The protocol was approved by the Animal
Ethics Committee of the University of Liège, Belgium.

Measurement of AHR

Responsiveness to �-methacholine (MCh) was assessed in conscious, un-
restrained mice by using barometric whole-body plethysmography (Buxco
Electronics, Troy, NY) and increases in enhanced pause (Penh) as an index
of airway obstruction (18).

Mice were placed in separate plethysmographic chambers and allowed
to acclimatize for 10 min before analysis. Baseline readings were taken and
averaged for 3 min. Afterward, PBS or increasing concentrations of MCh
(1.5 to 12 mg/ml saline) were nebulized into the chambers for 3 min, and
Penh measurements were taken and averaged for 3 min after each nebuli-
zation. Airway reactivity was expressed as a fold-increase of Penh for each
concentration of MCh compared with Penh value after PBS challenge.

Bronchoalveolar lavage, cytology, and cytokine assays

Mice were killed and the lungs and heart were surgically exposed. The
trachea was catheterized and the lungs were lavaged with 1 ml of PBS. Cell
density in bronchoalveolar lavage fluid (BALF) was assessed by the use of
a hemocytometer. Cell differentials were performed on cytospin prepara-
tions stained with Diff-Quick (Dade Behring, Dudingen, Germany). BALF
levels of IL-2 (�3 pg/ml; Endogen, Cambridge, MA), IL-4 (�5 pg/ml;
Endogen), IL-5 (�5 pg/ml; Endogen), IL-13 (�1.5 pg/ml; R&D Systems,
Minneapolis, MN), IFN-� (�10 pg/ml; Endogen) and eotaxin (�3 pg/ml;
R&D Systems) were determined by ELISA.

Lung histology and immunohistochemistry

For routine histology, lungs were fixed in 10% Formalin, paraffin embed-
ded, cut in 5-�m sections, and stained with H&E. Intracytoplasmic and
luminal mucin was assessed by periodic acid-Schiff (PAS) stains.

Biotinylated decoys and biotinylated scrambled ODNs were localized
by immunohistochemistry, using the Immunohistowax processing method
(A PHASE, Gosselies, Belgium) (19). Double staining was used to identify
cell populations that had incorporated biotinylated decoys or biotinylated
scrambled ODNs. Briefly, excess biotin from ODNs was blocked using the
Vector blocking kit (Vector Laboratories, Burlingame, CA). Slides were
then incubated for 1 h at room temperature with biotinylated mAbs directed
against I-Ek (14-4-4S; American Type Culture Collection (ATCC), Man-
assas, VA), F4/80 (A3-1; Serotec, Oxford, U.K.), CD11c (N418; ATCC),
B220 (RA3-6B2; BD Pharmingen, San Diego, CA) or Gr-1 (RB6-8C5; BD
Pharmingen), or FITC-conjugated Abs directed against CD90/Thy1.2 (53-
2.1; BD Pharmingen). Finally, slides were incubated in avidin-biotin-al-
kaline phosphatase complex (Vectastain ABC kit; Vector Laboratories)
and stained with the alkaline phosphatase substrate kit III (Vector Labo-
ratories), or directly stained with anti-FITC alkaline phosphatase Fab
(Roche, Mannheim, Germany).

Flow cytometry

To localize FITC-labeled decoys and FITC-labeled scrambled ODNs, den-
dritic cells, macrophages, eosinophils, and T cell and B cell from BALF,
lung tissue, and thoracic lymph nodes (TLNs) were examined for FITC
positivity by using flow cytometry. Lungs and TLNs were minced and
filtered through nylon mesh before flow cytometry analyses. Cells were
incubated (for 30 min on ice in PBS containing 1% normal mouse serum)
with either biotin-conjugated anti-mouse CD11c (HL3; BD Pharmingen)
and PE-conjugated anti-mouse I-Ad (AMS-32.1; BD Pharmingen) Abs,
PE-conjugated F4/80 (CI:A3-1; Serotec), CyChrome-labeled anti-mouse
CD3� (145-2C11; BD Pharmingen), and allophycocyanin-conjugated anti-
mouse CD19 (1D3; BD Pharmingen) Abs, PE-conjugated anti-mouse
CCR3 Abs (83101; BD Pharmingen), or isotype controls (BD Pharmin-
gen). Biotin labeling was revealed by addition of allophycocyanin-conju-
gated streptavidin (BD Pharmingen). Cells were washed, fixed with para-
formaldehyde (0.25%), and analyzed using a FACSCalibur (BD
Biosciences, San Jose, CA).

Apoptosis assays

Dendritic cells, macrophages, eosinophils and T cells from BALF and lung
tissue were assayed for apoptosis by staining with Annexin VFITC (Roche).
Flow cytometry analyses were performed with a FACSCalibur (BD
Biosciences).

Preparation of nuclear extracts from whole lung

Lungs were snap frozen in liquid N2 and pulverized. The lung powder was
homogenized in 5 ml of cytoplasmic extraction buffer (10 mM HEPES, pH
7.9, 10 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 0.2% (v/v) Nonidet P-40,
and 1.6 mg/ml protease inhibitors (complete) from Roche in a Dounce
tissue homogenizer (Merck Eurolab, Leuven, Belgium) and centrifuged to
remove cellular debris. Pelleted nuclei were resuspended in 20 mM
HEPES, pH 7.9, 1.5 mM MgCl2, 0.2 mM EDTA, 0.63 M NaCl, 25% (v/v)
glycerol, and 1.6 mg/ml protease inhibitors (nuclear buffer), incubated for
20 min at 4°C and centrifuged for 30 min at 14,000 rpm. The same method
was used to prepare nuclear extracts from BALF cells. Protein amounts
were quantified with the Micro BCA protein assay reagent kit (Pierce).

EMSAs

Binding reactions were performed for 30 min at room temperature with 5
�g nuclear proteins in 20 mM HEPES, pH 7.9, 10 mM KCl, 0.2 mM
EDTA, 20% (v/v) glycerol, 1% (wt/v) acetylated BSA, 3 �g of poly(dI-dC)
(Amersham Pharmacia Biotech, Aylesbury, U.K.), 1 mM DTT, 1 mM
PMSF, and 100,000 cpm of 32P-labeled double-stranded oligonucleotide
probes. Probes were prepared by annealing the appropriate single-stranded
oligonucleotide (Eurogentec) at 65°C for 10 min in 10 mM Tris, 1 mM
EDTA, 10 mM NaCl, followed by slow cooling to room temperature. The
probes were then labeled by end-filling with the Klenow fragment of Esch-
erichia coli DNA polymerase I (Roche), with [�-32P]-dATP and [�-32P]-
dCTP (DuPont/NEN Life Science Products, Les Ulis, France). Labeled
probes were purified by spin chromatography on Sephadex G-25 columns
(Roche). DNA-protein complexes were separated from unbound probe on
4% native polyacrylamide gels at 150 V in 0.25 M Tris, 0.25 M sodium
borate, and 0.5 mM EDTA, pH 8.0. Gels were vacuum-dried and exposed
to Fuji x-ray film at �80°C for 12 h. To confirm specificity, competition
assays were performed with a 50-fold excess of unlabeled wild-type probes
and with mutated probes. For supershifting experiments, 1.5 �l of each Ab
was incubated with the extracts for 30 min before addition of the radiola-
beled probe. The sequences of the oligonucleotide used in this work were
as follows: wild-type palindromic �B probe, 5�-TTG GCA ACG GCA
GGG GAA TTC CCC TCT CCT TAG GTT-3�; mutated palindromic �B
probe, 5�-TTG GCA ACG GCA GAT CTA TTC CCC TCT CCT TAG
GTT-3�. The Abs specific for p50 (sc-114), p52 (sc-298), p65 (sc-109),
c-Rel (sc-70), and RelB (sc-226) were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA).

Determination of serum levels of total and OVA-specific Igs

Serum levels of total IgE and OVA-specific IgE, IgG1, and IgG2a were
measured by ELISA. Briefly, 96-well plates (Immulon 2; Dynatech Lab-
oratories, Chantilly, VA) were coated with either purified anti-mouse IgE
(5 �g/ml, 27.74; BD Pharmingen) or OVA (100 �g/ml). After addition of
serum samples, a sheep anti-IgE Ab (affinity purified Abs; Calbiochem, La
Jolla, CA) was added to individual wells and its binding was detected with
peroxidase-conjugated anti-sheep IgG (affinity purified Abs; Calbiochem).
OVA-specific IgG1 and IgG2a were detected using peroxidase-labeled
goat anti-IgG1 and anti-IgG2a Abs (affinity purified Abs; Southern Bio-
technology Associates, Birmingham, AL). The OVA-specific Ab levels
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were calculated as the inverse of the dilution giving 50% of the OD ob-
tained with dilutions of a reference serum pool. Total IgE concentrations
were calculated by comparison with commercial mouse IgE standards (BD
Pharmingen). The limit of detection for total IgE was 100 pg/ml.

Restimulation of TLN cells

Cells (3 � 106 in a 24-well plate) isolated from TLNs were restimulated in
vitro in the presence or absence of 100 �g/ml OVA. Supernatants were
harvested after 4 days and IL-4, IL-5, and IL-13 levels were determined by
ELISA.

Statistical analysis

Data are presented as means � SDs. The differences between mean values
were estimated using either an ANOVA with subsequent Fisher’s protected
least significant difference tests or a Student’s t test for unpaired data. A
value of p � 0.05 was considered significant.

Results
Intratracheal administration of NF-�B decoy ODNs abrogates
NF-�B activity in the airways upon allergen (OVA) provocation

We first examined in OVA-sensitized mice whether the NF-�B
decoy approach could be applied as an efficient strategy to antag-
onize NF-�B activation in the lungs upon OVA provocation. Nu-
clear extracts prepared from the whole lung or BALF cells of
sham-immunized and OVA-challenged mice (hereafter referred to
as sham/OVA) demonstrated a weak basal NF-�B-binding activ-
ity, as assessed by EMSAs (Fig. 1a, lane 1). As expected, NF-�B
activity was much greater in extracts prepared from the whole lung
or BALF cells of mice sensitized and challenged with OVA (OVA/
OVA) (Fig. 1a, lane 2). Two distinct NF-�B complexes were
found in nuclear extracts from sham/OVA and OVA/OVA mice
(Fig. 1A, lanes 1 and 2). Supershift assays demonstrated that the
slower migrating complex, which was displaced by both anti-p65
and anti-p50 Abs (Fig. 1b, lanes 2 and 4), was formed mainly of
prototypical p65-p50 heterodimers, whereas the faster migrating
complex, which reacted only with anti-p50 Abs (Fig. 1b, lane 4),
corresponded to p50 homodimers. The NF-�B complexes were not
supershifted by the Abs directed against p52, c-Rel, and RelB (Fig.
1b, lanes 3, 5, and 6). As shown in Fig. 1a, intratracheal delivery
of NF-�B decoys markedly inhibited activity of both NF-�B com-
plexes in the airways of OVA/OVA mice (Fig. 1a, lane 4),
whereas control scrambled ODNs had no effects (Fig. 1a, lane 3).
Oct-1-binding activity, used as a loading control, was comparable
in all samples (Fig. 1a, lanes 1–4). DNA-binding competition ex-
periments using 50-fold excess of unlabeled wild-type and mutated
palindromic �B probes confirmed specificity of NF-�B binding
(data not shown). Taken together, these data show that local ad-
ministration of decoy ODNs efficiently antagonizes NF-�B acti-
vation in the whole lung and BALF cells of OVA-sensitized mice
following OVA challenge.

Decoy ODNs inhibit NF-�B activation in the airways of
OVA-challenged mice by targeting local immune cells

To localize NF-�B decoys in vivo, the last intratracheal decoy
administration (6 h before the last OVA challenge) was performed
with FITC-labeled ODNs. At 24 h later, cells from BALF, lung
tissue, and TLNs were examined for FITC positivity by flow cy-
tometry. Cells from OVA/OVA mice that received unlabeled de-
coys were used as controls. As shown in Fig. 2, most macrophages
(F4/80�), dendritic cells (I-AhighCD11cmedium-high), T cells
(CD3��), and eosinophils (large (medium to high forward scatter
levels) and granular (high side scatter levels) CCR3� cells were
considered as eosinophils; this population indeed contained �90%
eosinophils, as determined by flow cytometry sorting and May-
Grünwald Giemsa staining) from BALF and lung tissue were
FITC�. Only rare B cells (CD19�) were found in the lungs, but

nearly all had incorporated NF-�B decoys (data not shown). Cells
from TLNs, namely macrophages, dendritic cells, and T and B
cells, were all FITC� (Fig. 2).

In vivo distribution of NF-�B decoys was also evaluated by
immunohistochemistry following intratracheal delivery of biotin-
ylated ODNs. Biotinylated NF-�B decoys 1) targeted peribron-
chial and perivascular immune cells and 2) were mainly located in
the nucleus of these cells (Fig. 3a). No signal was detectable in
constitutive lung cells, including bronchial epithelial cells, fibro-
blasts and endothelial cells (Fig. 3a). Double staining showed that
the majority of the signal was located in the nucleus of peribron-
chial and perivascular dendritic cells (I-Ek� and CD11c�), mac-
rophages (F4/80�), granulocytes (Gr-1�), and T cells (CD90/
Thy1.2�), confirming flow cytometry analyses (Fig. 3b and data
not shown). No B220 staining was observed in lung sections. Lung
sections from mice that received unlabelled decoys were used as
controls. No staining was observed in these sections (Fig. 3).

FIGURE 1. Local administration of decoy ODNs suppresses NF-�B ac-
tivation in the airways of OVA-challenged mice. Mice were either sensi-
tized with OVA � alum (days 0 and 14) and challenged by repeated ex-
posure to an aerosol of OVA (days 28–30) (OVA/OVA mice) or sham-
sensitized with alum only and OVA-challenged (sham/OVA mice). NF-�B
decoys or scrambled ODNs (Scr) were given by intratracheal instillation on
days 28 and 30 (6 h before OVA inhalation) to OVA/OVA mice. a, Fol-
lowing 24 h after the last OVA challenge (day 31), nuclear protein extracts
were prepared from the whole lung or from BALF cells. These extracts
were assessed for NF-�B and Oct-1 DNA-binding activity by EMSAs. b,
To characterize specific NF-�B complexes, supershift analysis was con-
ducted with Abs directed against p50, p52, p65, c-Rel, and RelB. Super-
shifts (solid arrowheads) are indicated. These results are representative of
at least 12 comparable experiments.
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In vivo distribution of intratracheally administered scrambled
ODNs, as assessed by flow cytometry and immunohistochemistry,
was similar to that of NF-�B decoys (data not shown). These re-
sults indicate that decoy ODNs inhibit NF-�B activation in the
airways of OVA/OVA mice by targeting local immune cells but
not constitutive lung cells and draining lymph node cells.

NF-�B decoy ODNs do not induce apoptosis of airway
immune cells

Total NF-�B inhibition triggers immune cell apoptosis (20–24).
We therefore examined using Annexin VFITC staining and flow
cytometry analyses whether decoy-mediated NF-�B inhibition was
sufficient to induce apoptosis of lung immune cells in OVA/OVA
mice. Twenty-four hours after the last OVA challenge (day 31),
the rates of dendritic cell, macrophage, eosinophil, and T cell ap-
optosis were low in BALF and lung tissue of decoy-treated OVA/
OVA mice (Table I). Moreover, these rates were similar to those
recorded in untreated OVA/OVA animals (Table I). Thus, our re-
sults show that treatment of OVA/OVA mice with NF-�B decoys
does not induce apoptosis of airway immune cells.

NF-�B decoys attenuate allergic lung inflammation, airway
hyperresponsiveness and mucus production, but not specific Ig
production, in OVA-challenged mice

We next analyzed whether intratracheal delivery of NF-�B decoys
would affect allergic airway inflammation, AHR, and mucus and
OVA-specific Ig production in OVA/OVA mice.

Sham/OVA mice did not develop pulmonary inflammation upon
OVA challenge, as revealed by histological examination (Fig. 4a,
top left panel). Conversely, widespread peribronchiolar and
perivascular inflammatory infiltrates were observed in OVA-sen-
sitized mice after Ag provocation (Fig. 4a, top right panel). Lung-
infiltrating cells were mostly eosinophils and lymphocytes. Treat-
ment of OVA/OVA mice with NF-�B decoys resulted in
significant reduction of peribronchial and perivascular eosinophilic
and lymphocytic inflammation (Fig. 4a, bottom right panel),
whereas administration of scrambled ODNs had no detectable ef-
fects (Fig. 4a, bottom left panel).

Concomitant with histological assessment, airway inflammation
was evaluated in the BALF (Fig. 4b). The total cell count in the
BALF recovered from OVA/OVA mice was �19-fold higher than
that in the BALF derived from sham/OVA mice. This difference
was mainly due to a drastic increase in eosinophil percentage in the
BALF from OVA/OVA mice. Also, lymphocyte and macrophage
numbers were significantly higher in these mice compared with
sham/OVA animals. As shown in Fig. 4b, eosinophilia was
strongly decreased in mice treated with NF-�B decoys compared
with untreated OVA/OVA mice. In addition to a blunted eosino-
phil recruitment, lymphocyte and macrophage recruitment was
also significantly attenuated in the airways of decoy-treated mice.
By contrast, treatment with scrambled ODNs had no significant
effect on eosinophil, lymphocyte, and macrophage influx.

Bronchial epithelial cells in OVA/OVA mice showed extensive
PAS positive staining indicating the presence of mucin collections
(Fig. 5, top right panel). By contrast, sham/OVA mice had mini-
mal to absent mucus staining (Fig. 5, bottom left panel). Treatment
of OVA/OVA mice with NF-�B decoys resulted in abrogation of
mucus production (Fig. 5, bottom right panel), whereas adminis-
tration of scrambled ODNs had no effects (Fig. 5, bottom left
panel).

We further measured AHR to determine whether instillation of
NF-�B decoys influences allergen-induced lung dysfunction. For
that, responsiveness to MCh was assessed by using whole-body
plethysmography and increases in Penh as an index of airway ob-
struction. OVA-sensitized mice showed a drastic increase in AHR
compared with sham/OVA animals after challenge (Fig. 6). Fur-
thermore, it was found that administration of decoy but not scram-
bled ODNs leads to a significant reduction of AHR in
OVA/OVA mice.

Serum levels of total IgE and OVA-specific IgE and IgG1 were
elevated in OVA/OVA mice compared with sham/OVA animals
(Fig. 7). OVA-specific IgG2a were undetectable in the samples. Of
note, neither NF-�B decoys nor scrambled ODNs modified serum
Ig levels in OVA/OVA mice.

These findings show that treatment with NF-�B decoy ODNs
strongly attenuates allergic airway inflammation, AHR and mucus
production, but not specific Ig production, in OVA/OVA mice.

Treatment with NF-�B decoys reduces IL-5, IL-13 and eotaxin,
but not IL-4, production in the airways of OVA-challenged mice

We next measured Th1 (IFN-� and IL-2) and Th2 (IL-4, IL-5, and
IL-13) cytokine concentrations in the BALF recovered from the
animals. BALF levels of eotaxin, a potent chemoattractant for eo-
sinophils and Th2 cells that depends on NF-�B for its expression
(25–31), were also determined. As expected in this model, BALF
levels of eotaxin and Th2 but not Th1 cytokines were markedly
increased in OVA/OVA mice compared with sham/OVA controls
(Fig. 8). IL-5, IL-13, and eotaxin concentrations in the BALF of
decoy-treated OVA/OVA mice were all significantly lower than
those recorded in untreated OVA/OVA animals. Conversely, treat-
ment with NF-�B decoys did not affect BALF levels of IL-4. No

FIGURE 2. NF-�B decoy ODNs target airway immune cells. Mice sen-
sitized (days 0 and 14) and challenged (days 28–30) with OVA received
NF-�B decoy ODNs intratracheally on day 28 and day 30 (6 h before OVA
challenge). The last instillation of NF-�B decoys (day 30) was performed
with FITC-labeled ODNs. At 24 h later (day 31), dendritic cells (I-
AdhiCD11cmed-hi), macrophages (F4/80�), eosinophils (large and granular
CCR3� cells), T cells (CD3��), and B cells (CD19�) from BALF, lung
tissue, and TLNs were assessed for FITC positivity using flow cytometry
(gray histograms). Cells from mice that received unlabeled decoys were
used as controls (open histograms). These results represent at least three
comparable experiments.
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changes were seen after administration of scrambled ODNs (Fig.
8). These data show that intratracheal delivery of NF-�B decoys
significantly reduces IL-5, IL-13, and eotaxin, but not IL-4, pro-
duction in the lungs of OVA/OVA mice.

Treatment of OVA/OVA mice with NF-�B decoys does not affect
the ability of TLN cells to produce Th2 cytokines in response to
the allergen

We finally measured Th2 cytokine concentrations in culture su-
pernatants from OVA-restimulated TLN cells. TLN cells from
sham/OVA mice produced only low amounts of IL-4, IL-5 and
IL-13 in the presence of OVA (Fig. 9). In contrast, stimulation of
TLN cells from OVA/OVA animals with Ag markedly promoted
the production of Th2 cytokines. The levels of IL-4, IL-5, and
IL-13 produced in OVA-stimulated TLN cultures from decoy- and
scrambled-treated OVA/OVA mice were similar to those observed
in untreated OVA/OVA animals. Th2 cytokines were undetectable
in supernatants from TLN cells cultured in the absence of OVA

(data not shown). Altogether, these results demonstrate that intra-
tracheal administration of NF-�B decoys to OVA/OVA mice does
not alter the capacity of their TLN cells to secrete Th2 cytokines
following Ag stimulation.

Discussion
Knockout mice studies have revealed that NF-�B plays a critical
role in Th2 cell differentiation and is therefore required for induc-
tion of allergic airway inflammation (9–11). However, it remains
unclear whether NF-�B also plays a role in the effector phase of
airway allergy and whether inhibiting NF-�B could have thera-
peutic value in the treatment of established asthma. To answer
these questions, we have assessed in OVA-sensitized wild-type
mice the effects of specifically antagonizing NF-�B activity in the
airways during OVA provocation. We report that intratracheal ad-
ministration of decoy ODNs, but not scrambled controls, abro-
gated NF-�B activation in the whole lung and in BALF cells fol-
lowing OVA challenge. NF-�B inhibition was associated with

FIGURE 3. NF-�B decoy ODNs
target the nucleus of airway immune
cells. Mice sensitized (days 0 and 14)
and challenged (days 28–30) with
OVA received NF-�B decoy ODNs in-
tratracheally on day 28 and day 30 (6 h
before OVA challenge). The last ODN
administration was performed on day
30 with biotinylated NF-�B decoys,
which were localized 24 h later using
immunohistochemistry. a, Biotinylated
NF-�B decoys targeted peribronchial
and perivascular immune cells (solid
arrows, top right panel) at magnifica-
tion �20 and were mainly located in
the nucleus of these cells (solid arrows,
bottom panel) at magnification �100.
Constitutive lung cells did not incorpo-
rate biotinylated ODNs (open arrows,
top right panel and bottom panel).
Lung sections from mice that received
unlabelled decoys were used as con-
trols (top left panel). H&E staining of
adjacent sections has been performed
(middle panels) at magnification �20.
b, Double staining showed that the ma-
jority of the signal was located in the
nucleus of peribronchial and perivascular
dendritic cells (I-Ek�), macrophages (F4/
80�), granulocytes (Gr-1�), and T cells
(CD90/Thy1.2�) (bottom panels), mag-
nification �20. Lung sections from mice
that received unlabeled decoys were used
as controls (top panels) at magnification
�20. These results represent at least
three comparable experiments.
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strong attenuation of allergic lung inflammation, AHR and mucus
production. This study demonstrates for the first time that local
NF-�B activation is critically involved in the effector phase of
allergic airway disease and that pharmacologic inhibition of

NF-�B in the lungs has therapeutic potential in the control of pul-
monary allergy.

The decoy approach has been used successfully in several ani-
mal models of human diseases and is now gaining increasing in-
terest (see review Ref. 16). Usually, decoy ODNs are encapsulated
in a fusigenic liposome or mixed with cationic lipids before being
administered (16, 32). This procedure improves cellular uptake
and nuclear localization, a prerequisite for optimal decoy function
(16). However, it has been demonstrated that systemic or local
injection of “naked” NF-�B decoys may be sufficient to achieve
NF-�B inhibition in vivo and therefore prevention of experimen-
tally induced inflammatory conditions (33, 34). In the present re-
port, we show that intratracheal administration of “naked” NF-�B
decoys to OVA-sensitized mice results in efficient nuclear trans-
fection of airway immune cells, thus precluding NF-�B activation
upon OVA stimulation. Bronchial epithelium did not incorporate
NF-�B decoys, an observation consistent with a previous report
that intratracheal administration of NF-�B decoys does not result
in efficient transfection of airway epithelial cells and thus fail in
preventing bleomycin-induced lung inflammation (35). Interest-
ingly, nuclei of hepatocytes can be transfected very efficiently with
decoy ODNs (36, 37), emphasizing that uptake of decoy ODNs is
cell type-specific and that, as for plasmid-mediated gene transfer,
airway epithelium appears to be a well-defended site for ODN-
based therapy. The mechanisms responsible for cell type-specific
differences in decoy ODN uptake are presently unknown and
would require additional studies. Four lines of evidence support
the specificity of our ODN-based approach. First, scrambled
ODNs did not alter NF-�B activity. Second, NF-�B decoys did not
affect Oct-1-binding activity. Third, NF-�B decoys did not induce
apoptosis of targeted cells, as determined by staining with annexin
V-FITC and flow cytometry analyses. Fourth, the NF-�B decoy
ODNs used in the present study did not contain any of the cur-
rently recognized immunomodulatory sequences, including the an-
tisense ODN for the HIV rev gene, the conventional CpG motif
(TCG)n or (CG)n repeats, or palindrome sequences (38–42). We
conclude that intratracheal delivery of “naked” decoy ODNs offers

Table I. Percentage of apoptotic (annexin V�) immune cells in the
BALF and lung tissue of untreated and NF-�B decoy-treated OVA/OVA
mice

BALF Lung Tissue

OVA/
OVA

OVA/OVA �
Decoys

OVA/
OVA

OVA/OVA �
Decoys

Macrophages (%) 6 � 2 2.7 � 2.4 2 � 0.7 1 � 0.4
Dendritic cells (%) 10 � 5.3 7.7 � 1.6 6.7 � 2.2 9.3 � 4.2
T cells (%) 0.8 � 0.2 1.3 � 0.4 4.3 � 1.4 4.7 � 2.2
Eosinophils (%) 5.3 � 2.2 2.7 � 2.1 4.3 � 3.1 4 � 2.7

FIGURE 4. Treatment with NF-�B decoys markedly attenuates allergic
airway inflammation in experimental asthma. a, Lung sections of sham/
OVA mice, untreated OVA/OVA mice, and OVA/OVA mice treated with
either NF-�B decoys or scrambled (Scr) ODNs were stained with H&E. b,
The BALF recovered from the animals was subjected to total and differ-
ential cell counts. Data are presented as means � SDs (n 	 6 in each mice
group). �, Significantly different from the results obtained in OVA/OVA
mice. E, Significantly different from the results obtained in sham/OVA
mice. These results represent six comparable experiments.

FIGURE 5. Treatment with NF-�B decoys abrogates mucus production
in OVA/OVA mice. Lung sections of sham/OVA mice, untreated OVA/
OVA mice, and OVA/OVA mice treated with either NF-�B decoys or
scrambled (Scr) ODNs were stained with PAS (magenta) to assess intra-
cytoplasmic and luminal mucin production. Comparable results were ob-
tained in six experiments.
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an interesting means to specifically inhibit transcription factors in
lung immune cells, both for basic research into the role of these
factors and for development of new treatments for immunological
airway diseases.

Recently, immunohistochemistry studies have demonstrated in-
creased NF-�B activity in bronchial epithelium and airway im-
mune cells of OVA/OVA mice as compared with sham/OVA an-
imals (43, 44). In the present study, although NF-�B decoys only
targeted airway immune cells (i.e., granulocytes, APCs and lym-
phocytes), treatment of OVA/OVA mice with decoys led to abro-
gation of NF-�B activation in the whole lung. This observation is
consistent with our previous report that the presence in the bronchi
of inflammatory cells displaying NF-�B activity, and thus secret-
ing high levels of the proinflammatory cytokines TNF-� and IL-
1�, is required for the maintenance of NF-�B activity in the epi-
thelium of asthmatic airways (45).

Several lines of evidence suggest that NF-�B decoys did not
affect the secondary immune response that takes place in TLNs
upon OVA challenge. First, lymph node cells did not incorporate
NF-�B decoys. Second, in vitro restimulation of lymph node cells
from decoy-treated mice resulted in IL-5, IL-4, and IL-13 up-reg-
ulation similar to that observed in untreated mice. Third, IgE and
IgG1 production was unaffected in decoy-treated animals. These
findings support the hypothesis that intratracheally administered
NF-�B decoys caused severe blunting of allergic lung inflamma-
tion and AHR through their ability to target immune cells that
invade the airways rather than by interfering with the immune
response that occurs in TLNs.

As a result of NF-�B inhibition in lung immune cells, IL-13,
IL-5, and eotaxin expression was markedly reduced in the airways

FIGURE 6. Intratracheal administration of NF-�B decoys strongly re-
duces AHR in OVA/OVA mice. AHR was assessed in sham/OVA mice,
untreated OVA/OVA mice, and OVA/OVA mice treated with either
NF-�B decoys or scrambled (Scr) ODNs, by analyzing Penh responses in
a body plethysmograph. PBS or increasing concentrations of MCh (1.5–12
mg/ml) were nebulized for 3 min, and Penh measurements were taken and
averaged for 3 min after each nebulization. Data are expressed as the fold
increase above PBS challenge values. Data are presented as means � SDs
(n 	 6 in each mice group). �, Significantly different from the results
obtained in OVA/OVA mice. E, Significantly different from the results
obtained in sham/OVA mice. Comparable results were obtained in four
experiments.

FIGURE 7. NF-�B decoys do not affect specific Ig production in OVA-
challenged mice. Serum samples were taken from sham/OVA mice, un-
treated OVA/OVA mice, and OVA/OVA mice treated with either NF-�B
decoys or scrambled (Scr) ODNs. Levels of total IgE and OVA-specific
IgE and IgG1 were measured in these samples by ELISA. OVA-specific
IgE and IgG1 levels are expressed using arbitrary units (AU). Data are
presented as means � SDs (n 	 6 in each mice group). All the values
obtained in OVA/OVA mice were significantly different from those ob-
tained in sham/OVA mice. These results are similar to at least four com-
parable experiments.

FIGURE 8. NF-�B decoys inhibit IL-5, IL-13 and eotaxin, but not IL-4,
production in the airways of OVA-challenged mice. Eotaxin, and Th1
(IFN-� and IL-2) and Th2 (IL-4, IL-5, and IL-13) cytokine concentrations
were measured in the BALF of sham/OVA mice, OVA/OVA mice, and
OVA/OVA mice treated with either NF-�B decoys or scrambled (Scr)
ODNs. Cytokine levels were determined by specific ELISA and are pre-
sented as means � SDs (n 	 6 in each mice group). �, Significantly dif-
ferent from the results obtained in OVA/OVA mice. E, Significantly dif-
ferent from the results obtained in sham/OVA mice. These results are
representative of at least six similar experiments.
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of decoy-treated mice as compared with untreated OVA/OVA an-
imals. This observation is consistent with previous findings that
immune cells are important or exclusive producers of these cyto-
kines (see review Refs. 5, 46, 47) and that the 5�-flanking region
in the genes encoding IL-13 and eotaxin contain putative NF-�B
binding sites (30, 48). IL-13 mediates eosinophil egression, AHR
and mucus overproduction (2–4, 49–52). IL-5 promotes eosino-
phil differentiation, proliferation, activation and survival, and thus
plays an essential role in initiation and persistence of airway eo-
sinophilia (53–59). Lastly, eotaxin has been shown to be a specific
chemoattractant for eosinophils and Th2 cells (25–28). Thus, given
the respective roles of IL-13, IL-5, and eotaxin in allergic re-
sponses, the combined deficiency of all these cytokines in the air-
ways of NF-�B decoy-treated OVA/OVA mice could explain the
significant attenuation of AHR, allergic inflammation, and mucus
production in these animals. Moreover, it is reasonable to specu-
late that reduced immune cell recruitment in the airways may, in
turn, account for attenuation of cytokine production. Our data pro-
vide the first in vivo demonstration that NF-�B is essentially re-
quired for local IL-5, IL-13, and eotaxin expression, and thus for
occurrence of AHR, allergic inflammation and mucus production,
during the effector phase of pulmonary allergy.

Surprisingly, local IL-4 production did not decrease in OVA/
OVA mice following decoy treatment, despite reduced accumula-
tion of IL-4-producing cells, namely Th2 cells and eosinophils (46,
47), in the airways of these animals. A possibility is that NF-�B
directly or indirectly represses IL-4 gene expression, and that

NF-�B inhibition leads to exaggerated IL-4 expression in Th2 cells
and eosinophils that invade the lungs of decoy-treated mice. This
hypothesis is consistent with a previous report that the p50 ho-
modimer, the activation of which was inhibited in our study, may
function as a direct repressor of gene expression (60). Additional
studies are needed to clarify this issue.

Although prototypical Th2 cytokines are often coordinately ex-
pressed, selective production of either IL-4 or IL-5 has been re-
ported in several pathological situations (see review Ref. 61). An
example is intrinsic or nonatopic asthma, with eosinophilic bron-
chitis but without elevated IgE production, where there is evidence
for excessive expression of IL-5 but not IL-4 (62). It has been
hypothesized that differential transcription factor activation or in-
hibition could cause differential Th2 cytokine expression (3). Con-
sistent with this assumption, we show that intact NF-�B activity in
immune cells present at the site of allergic inflammation is re-
quired to ensure coincidence of effector Th2 responses.

Corticosteroids are currently the mainstay of therapy in asthma
(see reviews Refs. 63, 64). Steroids suppress the expression of
multiple genes encoding cytokines, chemokines, adhesion mole-
cules and inflammatory enzymes, and this is why they are so ef-
fective in controlling allergic inflammation (63, 64). Consistent
with this assertion is the fact that therapeutic strategies based on
blocking individual proinflammatory mediators, for example an-
tagonism of IL-5, have proven ineffective (65). Most of the anti-
inflammatory actions of corticosteroids can be accounted for by
inhibiting transcription factors, mainly NF-�B and activator pro-
tein 1 that regulate inflammatory gene expression (transrepression)
(see reviews Refs. 64, 66). In contrast, systemic side effects of
corticosteroids are mediated through activation of gene expression
(transactivation), prompting a search for steroids that would be
able to induce transrepression only (67–70). When designing the
present study, we postulated that direct inhibition of NF-�B could
be an alternative way to selectively reproduce the key anti-
inflammatory actions of corticosteroids. We report that local
NF-�B inhibition is associated with strong attenuation of cytokine
expression, mucus production, eosinophilic and lymphocytic in-
flammation, and AHR in experimental asthma, reinforcing our
hypothesis.
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vice, Virginie Garze, Fabrice Jaspar, Martine Leblond, Philippe Marquil-
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