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Inhibition of signal transducer and activator of
transcription 1 attenuates allergen-induced
airway inflammation and hyperreactivity

David Quarcoo, MD,a Silke Weixler, MD,a David Groneberg, MD,a Ricarda Joachim, MD,b

Birgit Ahrens, MD,a Andreas H. Wagner, PhD,c Markus Hecker, PhD,c and

Eckard Hamelmann, MDa Berlin and Göttingen, Germany
Background: Transcriptional factors of the signal transducer

and activator of transcription (STAT) family play an important

role in orchestrating immune reactions.

Objective: The aim of the current study was to investigate the

role of STAT-1 in murine allergeneinduced sensitization and

development of airway inflammation (AI) and airway

hyperreactivity (AHR), cardinal features of bronchial asthma.

Methods: BALB/c mice were systemically sensitized to

ovalbumin and challenged with ovalbumin through the

airways. Decoy oligonucleotide (ODN) specific for STAT-1 was

applied once locally to the airways of sensitized animals before

allergen airway challenges.

Results: Single application of decoy ODN markedly and

significantly reduced numbers of eosinophils and lymphocytes

in bronchoalveolar lavage fluids compared with those seen in

sensitized and challenged animals receiving mutant control

ODN. Associated with this decrease in eosinophilic AI were

significantly reduced levels of IL-5 in BAL fluid, of CD40

expression in peribronchial infiltrates, and of vascular cell

adhesion molecule 1 expression in vascular endothelial cells,

respectively. In addition, development of AHR after allergen

sensitization and airway challenges was effectively abolished

after local STAT-1 decoy ODN treatment.

Conclusion: The data indicate that a decoy ODN neutralizing

STAT-1 effectively inhibits allergen-induced AI and AHR,

probably by attenuating upregulation of costimulatory and

adhesion molecules, and suggest a significant role of STAT-1

in asthma pathology. (J Allergy Clin Immunol 2004;114:

288-95.)

Key words: CD40, vascular cell adhesion molecule 1, asthma,

bronchial hyperreactivity

Bronchial asthma is characterized by a marked in-
flammatory response in the airways, leading to infiltration
of eosinophils and lymphocytes, key cells inducing,
regulating, and sustaining bronchoconstriction and airway
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hyperreactivity (AHR). This inflammatory cascade is
controlled by numerous mediators, such as cytokines,
chemokines, and adhesion molecules, orchestrating
a targeted infiltration of specific cells to specific organ
sites. The expression and production of these mediators is
determined by intracellular pathways transducing signals
from membrane-expressed receptors downstream to the
nucleus, leading to transcription and translation of specific
genes.
A novel intracellular signaling pathway was discovered

in the early 1990s, which, after phosphorylation of
cytokine receptors by cytoplasmatic Janus kinases, leads
to activation of latent factors that were later termed signal
transducer and activator of transcription (STAT).1,2 STAT
molecules are involved in the regulation of a multitude of
physiologic and pathophysiologic conditions, including
cellular and humoral defense,3 growth,4 lactation, and
normal mammary gland development.5,6 Twomembers of
the family, STAT-4 and STAT-6, are centrally involved in
regulating T-cell differentiation toward the TH1 and TH2
phenotypes by inducing the production of IL-12 and IL-4,
respectively.4,7,8 Accordingly, the absence or blockade of
the STAT-6 signaling pathway inhibits the development
of allergen-mediated TH2 responses, such as airway
inflammation (AI) and AHR.9,10 Sampath et al11 provided
the first evidence for a possible role of another member of
the family in allergic AI. They demonstrated that STAT-1
was constitutively expressed in epithelial cells of
asthmatic patients and suggested that increased activation
of STAT-1 might induce the upregulation of STAT-
1edependentmolecules, such as CD40.11-13 CD40 is a 50-
kd protein of the TNF receptor family, which was first
identified on B cells as a counterpart of the CD40 ligand
(CD40L) in T-celleB-cell interaction.14 The importance
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of CD40-CD40L interaction in allergic diseases was
elegantly revealed by Lei et al,15 showing that allergen-
induced eosinophilic AI after allergen sensitization and
airway challenges was unable to develop in CD40L-
deficient mice. In this and other studies, the reduced
leukocyte airway infiltration was attributed to a decreased
expression of vascular cell adhesion molecule (VCAM) 1
in endothelial cells, which is critical for the infiltration of
eosinophils and lymphocytes in the late phase of an
asthmatic airway reaction.16 Interestingly, full activation
and expression of VCAM-1 is also dependent on STAT-1
signaling.17,18

Targeting STAT-1 might thus provide an interesting
and novel way to interfere with the expression of a variety
of molecules, including costimulatory and adhesion
molecules, possibly affecting a wide spectrum of
allergen-mediated inflammatory responses. Here we show
for the first time that disruption of STAT-1 signaling by
local application of STAT-1 decoy oligonucleotides
(ODNs) inhibited the development of allergen-induced
eosinophilic AI and increased in vivo airway reactivity,
indicating a significant role for STAT-1 in allergen-
mediated airway diseases.

METHODS

Animals

All experiments were approved by the animal care facility (Berlin

Office for Occupational Safety, Protection of Health and Technical

SafetyeLaGetSi). Female BALB/c mice, 20 to 23 g (obtained from

the Federal Institute for Health Protection of Consumers and

Veterinary Medicine [BgVV], Berlin, Germany), arrived free of

pathogen and were maintained on an ovalbumin (OVA)efree diet in

cages equipped with filter hoods.

Decoy ODN technique

Double-stranded ODNs were prepared from complementary

single-stranded phosphorothioate-bonded ODNs (Eurogentec,

Köln, Germany) by melting at 958C for 5 minutes, followed by

a cool-down phase of 3 to 4 hours at ambient temperature. The

efficiency of the hybridization reaction was verified with 2.5%

agarose gel electrophoresis and usually found to exceed 95%. The

sequences of the single-stranded ODNs were as follows (underlined

letters denote phosphorothioate-bonded bases): STAT-1 consensus

decoy ODN, CATGTTATGCATATTCCTGTAAGTG; mutant con-

trol ODN, CATGTTATGCAGACCGTAGTAAGTG.

The final concentration of the ODN dissolved in TEN buffer (10

mmol/L Tris-HCl, 1 mmol/L EDTA, and 150 mmol/L NaCl, pH 7.5)

was 0.4 mmol/L. Decoy ODNs enter target cells without the

assistance of vectors and are protected by phosphorothioate

modification against degradation, thus preventing gene transcription

for at least 72 hours. The specificity of ODNs was analyzed by means

of gel shift analysis (EMSA) with nuclear extracts from cultured

mouse synovial fibroblasts, demonstrating the absence of the STAT-1

band only in the presence of the consensus but not the mutant ODN

(data not shown). Mutant control ODNs lacking specificity for the

consensus DNA-binding motif of the STAT-1 protein but otherwise

being chemically identical were used to demonstrate the specificity of

the decoy ODN approach.19,20

Consensus decoy ODNs were coupled with fluorescent Texas red

and used at the same final concentration to verify in vivo uptake of
ODN decoy by airway cells. Cells that internalized ODN decoy were

visualized by using a fluorescence microscopewith an adequate filter.

Treatment

Animals were sensitized to OVA (20 lg per injection; Sigma,

Deisenhofen, Germany) adsorbed to 2 mg of Al(OH)3 (Pierce,

Rockford, Ill) administered by means of intraperitoneal injections on

days 1 and 14. On days 28 and 29, animals were challenged for 20

minutes with 1% OVA (wt/vol) diluted in PBS (PAA Laboratory,

Pasching, Austria) delivered by means of aerosolization, as pre-

viously described.21 Twenty-four hours before the first airway

allergen challenge, animals intranasally received 20 lL of decoy

ODN (OVA-decoy), mutant control ODN solution (OVA-mutant), or

vehicle alone (OVA-vehicle). The negative control group was sham

sensitized and provoked with PBS and additionally treated in-

tranasally with vehicle according to the same protocol (PBS-vehicle).

For analysis of AI andAHR, animals were analyzed 24 hours after the

last challenge. Some groups were challenged only once intranasally

with 2 3 25 lL of PBS containing 50 lg of OVA (positive control

and ODN treated animals) or saline alone to detect early regulatory

changes. These animals were analyzed 12 hours after allergen

challenge.

For in vivo uptake experiments, 20 lL of fluorescent Texas

redelabeled consensus decoy ODN was administered intranasally

once to naive mice. One hour later, animals were killed, and lungs

were removed and shock frozen in liquid nitrogen. Ten-micrometer

sections were cut on a cryostat, mounted on glass slides, rinsed with

PBS, and analyzed for fluorescence accumulation by using

epifluorescence microscopy (Leica DMR2; Leica, Weilburg,

Germany).

Preparation of bronchoalveolar fluid

Twenty-four hours after the last airway challenge, animals were

killed, and the tracheas were cannulated. Airways underwent lavage

twice with 1 mL of ice-cold PBS, and cell numbers and cytokine

contents were determined as described previously. Total leukocytes,

lymphocytes, eosinophils, and macrophages were differentiated in

bronchoalveolar lavage fluid (BALF) according to morphologic

criteria.21 In total, 12 mice were analyzed in each group in 3

independent experiments. Cell-free BALF was frozen at 208C until

further analysis.

Determination of cytokines from BALF

Cytokine levels were determined by means of ELISA, as

previously described.21 Sensitivities were 10 ng/mL for IL-4, 15

ng/mL for IL-5, and 39 ng/mL for IFN-c. In total, 12 mice were

analyzed in each group in 3 independent experiments.

Extraction of total RNA and mRNA
quantification

A standard protocol was used for RNA extraction fromwhole lung

cells. RNA was quantified by using real-time PCR. For details, refer

to the e-text in the Journal’s Online Repository at www.mosby.com/

jaci.

Determination of airway reactivity

In vivo airway reactivity was measured in unrestrained animals by

means of barometric whole-body plethysmography (corresponding to

the Buxco system provided by EMKA Technologies, Paris, France),

as previously described.21 This method detects increases in airway

reactivity to methacholine after sensitization and allergen airway

challenges of mice, and measurements obtained with this technique

closely correlate with the results of invasive measurements of

intrapleural pressure and airway resistance.22 In brief, pressure

differences were measured between the main chamber of the

http://www.mosby.com/jaci
http://www.mosby.com/jaci
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plethysmograph, containing the animal, and a reference chamber

(generating a box pressure signal). Mice were challenged with

aerosolized PBS or increasing doses of methacholine (6-50 mg/mL)

for 3 minutes, and readings were taken and averaged for 3 minutes

after each nebulization. Data are expressed as a fold increase of

baseline values (PBS challenge) by using the dimensionless

parameter enhanced pause. In total, 12 mice were analyzed in each

group in 3 independent experiments.

Immunofluorescence analysis

Immunostaining was carried out as described previously23 on

cryostat-cut, transversal, 8-lm-thick lung sections of (1) sham-

sensitized, saline-challenged, and vehicle-treated animals (PBS-

vehicle); (2) OVA-sensitized, OVA-challenged, and STAT-1 decoy

ODNetreated animals (OVA-mutant); and (3) mutant control ODN-

treated animals (OVA-decoy), respectively. Sections were mounted,

fixed, washed in PBS, and incubated with 0.1 mol/L phosphate buffer

containing 1% BSA and 10% normal swine serum for 1 hour at room

temperature. After repeated washing steps in PBS, the tissues were

incubated with a previously described monoclonal rat anti-mouse

CD40 antibody clone, 3/23 (Pharmingen),24,25 diluted 1:50 or a rat

anti-mouse VCAM-1 antibody clone, M/K-2 (R&D),26 diluted 1:100

in the preincubation solution at 48C. After overnight incubation and

washing steps in PBS, the VCAM-1 signal was detected by means of

incubation with a Cy-3elabeled secondary antibody (Amersham,

Braunschweig, Germany) for 1 hour at ambient temperature. Slides

were mounted in carbonate-buffered glycerol (pH 8.6) and viewed by

using epifluorescence microscopy. The CD40 signal was detected by

using a previously described alkaline phosphataseeantialkaline

phosphatase technique with new fuchsin as a chromogen.27

Endogenous alkaline phosphatase was quenched with levamisole,

and nonspecific binding of the secondary antibody was blocked by

means of preincubation of the slides with normal rabbit serum.

Specificity of the antibody reaction was verified in parallel sections,

which were incubated with rat IgG (clone 1D10) as the primary

antibody.

FIG 1. Uptake of decoy ODN by airway cells. Texas redecoupled

decoy ODNs were delivered intranasally to untreated animals, as

described in the Methods section. One hour after application of

decoy, animals were killed. The scale bar represents 50 lm.
Statistical analysis

Results are presented as means ± SD. Means were compared by

using the Student t test with the SPSS version 7.5.2G software

package (SPSS, Chicago, Ill). P values of less than .05 were regarded

as significant differences.

RESULTS

Uptake of decoy ODN by airway cells

Single intranasal application of Texas redelabeled
STAT-1 consensus decoy ODN confirmed in vivo uptake
by airway epithelial cells. Intracellular fluorescence
accumulation was found as early as 1 hour after
application of the decoy ODN (Fig 1) and remained
detectable 6 hours later (not shown).

STAT-1 inhibition decreases eosinophilic
airway infiltration

Accumulation of leukocytes, especially eosinophils and
lymphocytes, in the BALF is a cardinal feature of allergen-
mediated AI and bronchial asthma. Therefore we de-
termined the influx of immune cells in the BALF of
OVA-sensitized and OVA-challenged animals. Sensiti-
zation and airway challenges (OVA-vehicle) resulted in
significantly higher numbers of total leukocytes, as well as
eosinophils and lymphocytes, compared with those seen
in sham-sensitized and challenged controls (PBS-vehicle;
Fig 2). Treatment of sensitized mice with the STAT-1
decoy ODN before allergen airway challenges (OVA-
decoy) significantly reduced total leukocyte counts, as
well as the numbers of infiltrating eosinophils in the
BALF, compared with those found in sensitized and
challenged control animals treated with the mutant control
ODN (OVA-mutant; Fig 2). Sensitized mice treated with
the mutant control ODN before allergen airway challenges
(OVA-mutant) showed similar differential cell counts as
vehicle control animals. This reduction after STAT-1
decoy ODN treatment in infiltrating cells implied a critical
role of STAT-1edependent gene expression in the
induction of AI in this model.

STAT-1 inhibition decreases IL-5
levels in BALF

Another cardinal feature of allergic AI is the induction
of a typical cytokine pattern characterized by predominant
TH2 (IL-4 and IL-5) and rather little TH1 (IL-12 and IFN-
c) cytokine production in the targeted organ. In the BALF
of sensitized and allergen-challenged mice (OVA-vehi-
cle), IL-5 levels were significantly increased compared
with those seen in negative control animals (PBS-vehicle;
Fig 3). Animals treated with the STAT-1 decoy ODN once
before repeated allergen airway challenges (OVA-decoy)
showed a significant reduction in the BALF level of IL-5
compared with the mutant control ODNetreated (OVA-
mutant) or vehicle-treated (OVA-vehicle) groups (Fig 3).
There were no significant differences in the other cytokine
levels determined.



J ALLERGY CLIN IMMUNOL

VOLUME 114, NUMBER 2

Quarcoo et al 291

M
e
ch

a
n
is
m
s
o
f
a
st
h
m
a
a
n
d

a
ll
e
rg

ic
in
fl
a
m
m
a
ti
o
n

FIG 2. Cell differentiation in BALF. Total leukocytes, lymphocytes, eosinophils, and macrophages were

differentiated in BALF of sham-sensitized, intranasally vehicleetreated (PBS-vehicle); OVA-sensitized,

vehicleetreated (OVA-vehicle); STAT-1 decoy ODNetreated (OVA-decoy); or mutant control ODNetreated

(OVA-mutant) mice 24 hours after the last aerosol challenge. Results are expressed as average values ± SD.

Asterisks indicate a statistically significant difference.
STAT-1 inhibition decreases IL-5 mRNA
production in lung tissues

In addition to cytokine protein levels in BALF, we
assessed mRNA expression in lung tissues after single
allergen challenge through the airways. Sensitization and
airway allergen challenge (OVA-mutant) resulted in
significantly enhanced IL-5 and slightly augmented IL-4
mRNA production in lung tissues compared with those
seen in nonsensitized, challenged control animals (PBS-
vehicle; Fig 4). In contrast, IFN-c mRNA production was
rather decreased after allergen sensitization and challenge.
Single local application of STAT-1 decoy ODN before
airway allergen challenge (OVA-decoy) significantly
inhibited IL-5 and showed a tendency toward reduced
IL-4 mRNA production compared with that seen in
sensitized, challenged animals. IFN-c mRNA production
in the STAT-1 decoy ODNetreated group (OVA-decoy)
was restored to the levels of nonsensitized control animals
(Fig 4).

Immunofluorescence analysis

Local inflammatory responses and infiltration of
effector cells after allergen sensitization and airway
challenges might be regulated by STAT-1edependent
upregulation of costimulatory and adhesion molecules.
We therefore analyzed the expression and distribution of
CD40 and VCAM-1 in lung tissues by means of
immunofluorescence analysis. Allergen sensitization and
airway allergen challenges (OVA-mutant) resulted in
a marked upregulation of VCAM-1 expression in
endothelial cells of blood vessels in lung tissues compared
with that seen in nonsensitized control animals (PBS-
mutant), which showed nearly no VCAM-1 expression at
all (Fig 5). In contrast to the sensitized and challenged
control mice (OVA-mutant), this upregulation of VCAM-
1 expression in endothelial cells was completely inhibited
by a single and local STAT-1 decoy ODN application to
sensitized mice before airway allergen challenge (OVA-
decoy; Fig 5).

The costimulatory molecule CD40 is expressed early
during the inflammatory process. Therefore staining of
lung tissues was performed as early as 12 hours after
a single intranasal allergen challenge of sensitizedmice. In
sensitized (OVA-mutant), but not in sham-sensitized,
challenged animals (PBS-vehicle), we observed a marked
upregulation of CD40 expression by infiltrating
leukocytes in the peribronchial regions of the airways
(Fig 5). Single and local treatment with STAT-1 decoy
ODN of sensitized animals before allergen challenge
(OVA-decoy) resulted in a near-complete inhibition of
this increase in CD40 expression, attaining a level of
immunofluorescence similar to that observed in sham-
sensitized, challenged animals (Fig 5).

Determination of in vivo airway
responsiveness

In addition to AI, development of AHR is a main
cardinal feature of allergen-induced bronchial asthma. In
vivo airway responsiveness to aerosolized methacholine
in spontaneously breathing and conscious mice was
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assessed by means of barometric whole-body plethys-
mography.22 OVA sensitization and airway allergen
challenges (OVA-vehicle) significantly increased airway
reactivity compared with that seen in sham-sensitized,
challenged control animals (PBS-vehicle). This increase
in airway reactivity was virtually abolished by single and
local application of STAT-1 decoy ODN to sensitized,
challenged mice (OVA-decoy), whereas treatment with
mutant control ODN (OVA-mutant) had no effect (Fig 6).

DISCUSSION

In the present study we investigated the effects of
STAT-1 neutralization on allergen-induced inflammatory
responses and development of AHR.We show here for the
first time in a murine model of allergen-induced AI that
single and local application of STAT-1 decoy ODN to
sensitized animals before repeated allergen airway
challenge attenuates 2 major pathologic findings of
bronchial asthma, AI and AHR, to a striking extent.

We used a decoy ODN approach with the benefit that
this versatile tool not only antagonizes a single gene
product but also inhibits transcription of all genes
downstream of the transactivation of the specific tran-
scription factor. Another advantage of the decoy ODN
technique is the wide variety of potential target cells,
namely all cytokine receptorebearing cells, the signal
transduction of which involves the STAT-1 pathway. This
includes antigen-presenting cells (APCs) inducing im-
mune reactions, T cells regulating inflammatory
responses, and gatekeeper cells in endothelial and
epithelial layers regulating the traffic of leukocytes across
tissue borders. Furthermore, application of decoy ODN is
unproblematic and fast because no additional vectors are
required to transport the decoy ODN into the target
cell,19,20 where it unfolds its effects immediately by
blocking its target transcription factor, even in quiescent

FIG 3. Cytokine level in BALF. IL-4, IL-5, and IFN-c levels were

measured in BALF of sham-sensitized, intranasally vehicleetreated

(PBS-vehicle); OVA-sensitized, vehicleetreated (OVA-vehicle);

STAT-1 decoy ODNetreated (OVA-decoy); or mutant control

ODNetreated (OVA-mutant) mice. Results are expressed as

average values ± SD. Asterisks indicate a statistically significant

difference.
cells.28 Finally, decoy ODNs are highly specific for their
target transcription factor, although we cannot fully
exclude that STAT-3 (TRANSFAC matrix V$STAT
3.01), because of sequence homologies in the core DNA-
binding region, might also be neutralized by the STAT-1
decoy ODNs used, whereas interference with both
STAT-5 (V$STAT5.01) and STAT-6 (V$STAT6.01) is
unlikely.

STAT-1 is generally associated with the transduction of
signals mediated by IFN receptors. Although TH1
cytokines, like IFN-c, are normally thought to antagonize
allergen-mediated immune responses, there are accumu-
lating data suggesting a critical involvement of INF-c in
the development of bronchial asthma. IFN-c was found to
be increased in serum and BALF of asthmatic in-
dividuals,29 and the development of AHR in mice was
attributed to the presence of IFN-c.30 Along the same line,
evidence for a pathophysiologic role of this cytokine in
allergen-induced airway disease was provided by studies
with allergen-specific IFN-ceproducing TH1 cells, dem-
onstrating that transfer of these cells into naive mice
resulted in development of increased AI and AHR on
subsequent allergen airway challenges.11,31 Therefore
disrupting STAT-1 signaling might inhibit expression
and production of factors downstream of IFN receptors
that might be pivotal for the development of AI and AHR.

One likely candidate is CD40, a major costimulatory
molecule expressed in APCs and B cells that is critically
involved in T-cell activation and T-celleB-cell coopera-
tion for Ig-isotype switch.14 Twelve hours after a single
allergen airway challenge, we observed a marked
upregulation of CD40 in lung tissues of sensitized
animals, indicating a central role of CD40 costimulation
in the induction of allergen-mediated airway immune
responses. This suggestion is supported by several murine
studies showing that blocking of CD40 on APCs or of the
corresponding T-cell receptor CD40L causes a striking

FIG 4. Cytokine mRNA expression in lungs. RNA levels of IL-4, IL-5,

and IFN-c mRNA in whole lung extracts of sham-sensitized,

intranasally vehicleetreated (PBS-vehicle); OVA-sensitized, vehi-

cleetreated (OVA-vehicle); STAT-1 decoy ODNetreated (OVA-

decoy); or mutant control ODNetreated (OVA-mutant) mice by

means of real-time RT-PCR and expressed as DCT 3 10�1. Results

are expressed as means ± SEM of 3 independent experiments.

Asterisks indicate a statistically significant difference.
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attenuation of the inflammatory responses ensuing after
allergen sensitization and airway challenges.15,32,33

Similar to in vitro data demonstrating an abrogated
expression of CD40 after STAT-1 decoy ODN treat-
ment,13 we observed complete inhibition of in vivo
upregulation of CD40 in peribronchial cells after local
application of STAT-1 decoy ODN to sensitized animals
before airway allergen challenge.

As a consequence of abrogated CD40 expression
caused by disruption of STAT-1 signaling, T-cell
activation and cytokine production critical for develop-
ment of AI and AHRmight be impaired. Indeed, we found
increased production of IL-5 in BALF and of IL-5 mRNA
in lung tissues in sensitized and challenged animals that
was significantly reduced after single and local treatment
of sensitized mice with STAT-1 decoy ODN before
airway challenges. This might be the result either of direct
effects of STAT-1 decoy ODN on T cells leading to
decreased cytokine production or because of abolished T-
cell activation after impaired expression of CD40.34-36

In addition to IL-5,16 several other factors are pivotal for
the induction of eosinophilic airway infiltration.
Peripheral blood eosinophils are guided through blood
vessels into the tissues of target organs by means of
interaction with specific adhesionmolecules. In the case of
eosinophils, interaction between cell-bound very late
antigen 4 with VCAM-1 expressed on the endothelium
is crucial for targeted migration into tissues.16 The
expression of VCAM-1 is under the control of another
TH2 cytokine, IL-4, and is found to be upregulated in lung
tissues of asthmatic patients.37,38 Accordingly, we ob-
served increased expression of VCAM-1 in lung tissues of
sensitized mice after allergen airway challenges, facilitat-

FIG 5. Immunohistochemistry. CD40 (A) and VCAM-1 (B) immuno-

reactivity in lungs of sham-sensitized, intranasally vehicleetreated

(PBS-vehicle); mutant control ODN-treated (OVA-mutant); or

STAT-1 decoy ODN-treated (OVA-decoy) mice. The scale bar

represents 50 lm.
ing the increased eosinophilic AI found in this group. In
contrast, VCAM-1 expression was markedly reduced in
lung tissues of sensitized animals treated with STAT-1
decoy ODN before airway allergen challenges. This fact
might very well be an additional explanation for the
decreased eosinophilic influx seen in the BALF of decoy
ODN-treated animals.

In conclusion, the reduced inflammatory responses
observed after STAT-1 decoy ODN application to
sensitized mice before airway challenges might be the
result of different and possibly synergistic mechanisms:
(1) inhibition of T-celledependent eosinophilic airway
infiltration (independently of IL-5) by means of down-
regulation of T-cell costimulation through CD4039,40; (2)
blockade of eosinophilic AI by means of decreased
production of IL-5; and (3) blockade of eosinophilic
airway infiltration by means of decreased expression of
essential adhesion molecule, such as VCAM-1.41

AI is one of the cardinal features of allergic airway
disease and might be very important for the development
of AHR.42 In the current study allergen sensitization and
airway challenges induced significant increases of in vivo
airway reactivity, which are indicated by a leftward shift
and increase in the slope of the dose-response curve to
inhaled methacholine. The development of AHR was
inhibited by a single local application of the STAT-1
decoy ODN to sensitized animals before repeated airway
allergen challenges. It seems reasonable to suggest that the
reduction in leukocytic, and especially eosinophilic, AI
was responsible for this inhibitory effect of STAT-1 decoy
ODN on the development of AHR. However, it cannot be

FIG 6. Airway responsiveness. Airway responsiveness to aero-

solized methacholine was measured in unrestrained and con-

scious mice, and enhanced pause was determined. Expressed are

the fold increase in enhanced pause values of sham-sensitized,

intranasally vehicleetreated (PBS-vehicle); OVA-sensitized, mutant

control ODNetreated (OVA-mutant); or STAT-1 decoy ODNe

treated (OVA-decoy) mice. *Significant difference between OVA-

decoy/OVA-mutant groups; #significant difference between PBS-

vehicle/OVA-vehicle groups.
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ruled out that other factors that are affected by the
inhibition of STAT-1 signaling might be involved in
attenuating increased airway responsiveness because the
development of AHR might occur independently of
(eosinophilic) AI.43 Nonetheless, the combination of
a reduced level of (T-cell) activation and reduced numbers
of leukocytes (eosinophils) in airway infiltrates after
STAT-1 neutralization might cause the inhibition of
a complex airway response, such as the development of
AHR.

Inhibition of signaling pathways by application of
decoy ODN raises additional questions regarding the
further alteration of gene expression by this treatment.
Increased STAT-1 signaling has been discovered in
a variety of diseases and might lead to unphysiologic
tissue responses to otherwise physiologic stimuli.
Depending on the affected tissue, this might lead to very
different diseases, such as dwarfism,44 leukemia,45 and
bronchial asthma.11 Nonphysiologic activation of STAT-
1 by epithelial cells in patients with bronchial asthma
might lead to the development of asthma-related
symptoms. This might be rectified by neutralization of
STAT-1 with a decoy ODN, as demonstrated in the
present experimental model.

In conclusion, our data indicate that a single local
application of a decoy ODN neutralizing the transcription
factor STAT-1 effectively inhibits allergen-induced AI
and AHR, most likely through attenuating the enhanced
expression of CD40 and other effector molecules. These
data suggest that STAT-1 might play a pivotal role in the
development of allergen-mediated airway disease and
points toward potential novel targets for molecular therapy
in the treatment or prevention of bronchial asthma.

We thank Christine Seib and Kathrin Borgwald for excellent

technical assistance.

REFERENCES

1. Darnell JE, Jr, Kerr IM, Stark GR. Jak-STAT pathways and

transcriptional activation in response to IFNs and other extracellular

signaling proteins. Science 1994;264:1415-21.

2. Ihle JN, Nosaka T, Thierfelder W, Quelle FW, Shimoda K. Jaks and

Stats in cytokine signaling. Stem Cells 1997;15(suppl 1):105-12.

3. Durbin JE, Hackenmiller R, Simon MC, Levy DE. Targeted disruption of

the mouse Stat1 gene results in compromised innate immunity to viral

disease. Cell 1996;84:443-50.

4. Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S,

et al. Essential role of Stat6 in IL-4 signalling. Nature 1996;380:627-30.

5. Liu X, Robinson GW, Wagner KU, Garrett L, Wynshaw-Boris A,

Hennighausen L. Stat5a is mandatory for adult mammary gland

development and lactogenesis. Genes Dev 1997;11:179-86.

6. Udy GB, Towers RP, Snell RG, Wilkins RJ, Park SH, Ram PA, et al.

Requirement of STAT5b for sexual dimorphism of body growth rates

and liver gene expression. Proc Natl Acad Sci U S A 1997;94:7239-44.

7. Shimoda K, van Deursen J, Sangster MY, Sarawar SR, Carson RT, Tripp

RA, et al. Lack of IL-4-induced Th2 response and IgE class switching in

mice with disrupted Stat6 gene. Nature 1996;380:630-3.

8. Akimoto T, Numata F, Tamura M, Takata Y, Higashida N, Takashi T,

et al. Abrogation of bronchial eosinophilic inflammation and airway

hyperreactivity in signal transducers and activators of transcription

(STAT)6-deficient mice. J Exp Med 1998;187:1537-42.

9. Tomkinson A, Kanehiro A, Rabinovitch N, Joetham A, Cieslewicz G,

Gelfand EW. The failure of STAT6-deficient mice to develop airway
eosinophilia and airway hyperresponsiveness is overcome by interleu-

kin-5. Am J Respir Crit Care Med 1999;160:1283-91.

10. Miyata S, Matsuyama T, Kodama T, Nishioka Y, Kuribayashi K, Takeda

K, et al. STAT6 deficiency in a mouse model of allergen-induced

airways inflammation abolishes eosinophilia but induces infiltration of

CD8+ T cells. Clin Exp Allergy 1999;29:114-23.

11. Sampath D, Castro M, Look DC, Holtzman MJ. Constitutive activation

of an epithelial signal transducer and activator of transcription (STAT)

pathway in asthma. J Clin Invest 1999;103:1353-61.

12. Krzesz R, Wagner AH, Cattaruzza M, Hecker M. Cytokine-inducible

CD40 gene expression in vascular smooth muscle cells is mediated by

nuclear factor kappaB and signal transducer and activation of

transcription-1. FEBS Lett 1999;453:191-6.

13. Wagner AH, Gebauer M, Pollok-Kopp B, Hecker M. Cytokine-inducible

CD40 expression in human endothelial cells is mediated by interferon

regulatory factor-1. Blood 2002;99:520-5.

14. Banchereau J, Bazan F, Blanchard D, Briere F, Galizzi JP, van Kooten C,

et al. The CD40 antigen and its ligand. Annu Rev Immunol 1994;12:

881-922.

15. Lei XF, Ohkawara Y, Stampfli MR, Mastruzzo C, Marr RA, Snider D,

et al. Disruption of antigen-induced inflammatory responses in CD40

ligand knockout mice. J Clin Invest 1998;101:1342-53.

16. Bochner BS, Luscinskas FW, Gimbrone MA, Jr, Newman W, Sterbinsky

SA, Derse-Anthony CP, et al. Adhesion of human basophils, eosinophils,

and neutrophils to interleukin 1-activated human vascular endothelial

cells: contributions of endothelial cell adhesion molecules. J Exp Med

1991;173:1553-7.

17. Neish AS, Read MA, Thanos D, Pine R, Maniatis T, Collins T.

Endothelial interferon regulatory factor 1 cooperates with NF-kappa B as

a transcriptional activator of vascular cell adhesion molecule 1. Mol Cell

Biol 1995;15:2558-69.

18. De Caterina R, Bourcier T, Laufs U, La Fata V, Lazzerini G, Neish AS,

et al. Induction of endothelial-leukocyte interaction by interferon-gamma

requires coactivation of nuclear factor-kappaB. Arterioscler Thromb

Vasc Biol 2001;21:227-32.

19. Buchwald AB, Wagner AH, Webel C, Hecker M. Decoy oligodeox-

ynucleotide against activator protein-1 reduces neointimal proliferation

after coronary angioplasty in hypercholesterolemic minipigs. J Am Coll

Cardiol 2002;39:732-8.

20. Kelkenberg U, Wagner AH, Sarhaddar J, Hecker M, von der Leyen HE.

CCAAT/enhancer-binding protein decoy oligodeoxynucleotide inhibi-

tion of macrophage-rich vascular lesion formation in hypercholesterol-

emic rabbits. Arterioscler Thromb Vasc Biol 2002;22:949-54.

21. Hamelmann E, Takeda K, Vella AT, Irvin CG, Gelfand EW. De-

velopment of eosinophilic airway inflammation and airway hyper-

responsiveness requires IL-5 but not IgE or B-cells. Am J Respir Crit

Care Med 1999;160:480-9.

22. Hamelmann E, Schwarze J, Takeda K, Oshiba A, Larsen GL, Irvin CG,

et al. Noninvasive measurement of airway responsiveness in allergic

mice using barometric plethysmography. Am J Respir Crit Care Med

1997;156:766-75.

23. Groneberg DA, Nickolaus M, Springer J, Doring F, Daniel H, Fischer A.

Localization of the peptide transporter PEPT2 in the lung: implications

for pulmonary oligopeptide uptake. Am J Pathol 2001;158:707-14.

24. Noelle RJ, Ledbetter JA, Aruffo A. CD40 and its ligand, an essential

ligand-receptor pair for thymus-dependent B-cell activation. Immunol

Today 1992;13:431-3.

25. Hasbold J, Johnson Leger C, Atkins CJ, Clark EA, Klaus GG. Properties

of mouse CD40: cellular distribution of CD40 and B cell activation by

monoclonal anti-mouse CD40 antibodies. Eur J Immunol 1994;24:

1835-42.

26. Pelletier RP, Ohye RG, Vanbuskirk A, Sedmak DD, Kincade P,

Ferguson RM, et al. Importance of endothelial VCAM-1 for in-

flammatory leukocytic infiltration in vivo. J Immunol 1992;149:

2473-81.

27. Braun A, Appel E, Baruch R, Herz U, Botchkarev V, Paus R, et al. Role

of nerve growth factor in a mouse model of allergic airway inflammation

and asthma. Eur J Immunol 1998;28:3240-51.

28. Mann MJ, Dzau VJ. Therapeutic applications of transcription factor

decoy oligonucleotides. J Clin Invest 2000;106:1071-5.

29. Cembrzynska Nowak M, Szklarz E, Inglot AD, Teodorczyk Injeyan JA.

Elevated release of tumor necrosis factor-alpha and interferon-gamma by



J ALLERGY CLIN IMMUNOL

VOLUME 114, NUMBER 2

Quarcoo et al 295

M
e
ch

a
n
is
m
s
o
f
a
st
h
m
a
a
n
d

a
ll
e
rg

ic
in
fl
a
m
m
a
ti
o
n

bronchoalveolar leukocytes from patients with bronchial asthma. Am

Rev Respir Dis 1993;147:291-5.

30. Hessel EM, Van Oosterhout AJ, Van Ark I, Van Esch B, Hofman G, Van

Loveren H, et al. Development of airway hyperresponsiveness is

dependent on interferon-gamma and independent of eosinophil in-

filtration. Am J Respir Cell Mol Biol 1997;16:325-34.

31. Hansen G, Berry G, DeKruyff RH, Umetsu DT. Allergen-specific Th1

cells fail to counterbalance Th2 cell-induced airway hyperreactivity

but cause severe airway inflammation. J Clin Invest 1999;103:175-83.

32. Soong L, Xu JC, Grewal IS, Kima P, Sun J, Longley BJ, Jr, et al.

Disruption of CD40-CD40 ligand interactions results in an enhanced

susceptibility to Leishmania amazonensis infection. Immunity 1996;4:

263-73.

33. Campbell KA, Ovendale PJ, Kennedy MK, Fanslow WC, Reed SG,

Maliszewski CR. CD40 ligand is required for protective cell-mediated

immunity to Leishmania major. Immunity 1996;4:283-9.

34. Peng X, Kasran A, Warmerdam PA, de Boer M, Ceuppens JL. Accessory

signaling by CD40 for T cell activation: induction of Th1 and Th2

cytokines and synergy with interleukin-12 for interferon-gamma pro-

duction. Eur J Immunol 1996;26:1621-7.

35. De Vita L, Accapezzato D, Mangino G, Morrone S, Santilio I, Casciaro

MA, et al. Defective Th1 and Th2 cytokine synthesis in the T-T cell

presentation model for lack of CD40/CD40 ligand interaction. Eur J

Immunol 1998;28:3552-63.

36. Blotta MH, Marshall JD, DeKruyff RH, Umetsu DT. Cross-linking of the

CD40 ligand on human CD4+ T lymphocytes generates a costimulatory

signal that up-regulates IL-4 synthesis. J Immunol 1996;156:3133-40.

37. Gosset P, Tillie-Leblond I, Janin A, Marquette CH, Copin MC, Wallaert

B, et al. Expression of E-selectin, ICAM-1 and VCAM-1 on bronchial
biopsies from allergic and non-allergic asthmatic patients. Int Arch

Allergy Immunol 1995;106:69-77.

38. Popper HH, Pailer S, Wurzinger G, Feldner H, Hesse C, Eber E.

Expression of adhesion molecules in allergic lung diseases. Virchows

Arch 2002;440:172-80.

39. Corry DB, Folkesson HG, Warnock ML, Erle DJ, Matthay MA, Wiener

Kronish JP, et al. Interleukin 4, but not interleukin 5 or eosinophils, is

required in a murine model of acute airway hyperreactivity. J Exp Med

1996;183:109-17.

40. Henderson WR, Jr, Chi EY, Albert RK, Chu SJ, Lamm WJ, Rochon Y,

et al. Blockade of CD49d (alpha4 integrin) on intrapulmonary but not

circulating leukocytes inhibits airway inflammation and hyperrespon-

siveness in a mouse model of asthma. J Clin Invest 1997;100:3083-92.

41. Kudlacz E, Whitney C, Andresen C, Duplantier A, Beckius G, Chupak

L, et al. Pulmonary eosinophilia in a murine model of allergic

inflammation is attenuated by small molecule alpha4beta1 antagonists.

J Pharmacol Exp Ther 2002;301:747-52.

42. Hamelmann E, Gelfand EW. Role of IL-5 in the development of

allergen-induced airway hyperresponsiveness. Int Arch Allergy Immunol

1999;120:8-16.

43. Crimi E, Spanevello A, Neri M, Ind PW, Rossi GA, Brusasco V.

Dissociation between airway inflammation and airway hyperresponsive-

ness in allergic asthma. Am J Respir Crit Care Med 1998;157:4-9.

44. Su WC, Kitagawa M, Xue N, Xie B, Garofalo S, Cho J, et al. Activation

of Stat1 by mutant fibroblast growth-factor receptor in thanatophoric

dysplasia type II dwarfism. Nature 1997;386:288-92.

45. Meydan N, Grunberger T, Dadi H, Shahar M, Arpaia E, Lapidot Z, et al.

Inhibition of acute lymphoblastic leukaemia by a Jak-2 inhibitor. Nature

1996;379:645-8.


	Inhibition of signal transducer and activator of transcription 1 attenuates allergen-induced airway inflammation and ...
	METHODS
	Animals
	Decoy ODN technique
	Treatment
	Preparation of bronchoalveolar fluid
	Determination of cytokines from BALF
	Extraction of total RNA and mRNA quantification
	Determination of airway reactivity
	Immunofluorescence analysis
	Statistical analysis

	RESULTS
	Uptake of decoy ODN by airway cells
	STAT-1 inhibition decreases eosinophilic airway infiltration
	STAT-1 inhibition decreases IL-5 levels in BALF
	STAT-1 inhibition decreases IL-5 mRNA production in lung tissues
	Immunofluorescence analysis
	Determination of in vivo airway responsiveness

	DISCUSSION
	REFERENCES


