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Abstract

Background: Stat3, Socs3 and cytokines play an integral
role in the coordination and persistence of inflammation.
However, a clear understanding of the role played by the
Stat3/IL-6 and Socs3 pathway in airway inflammation is lack-
ing. We report the alteration in the status of expression and
activation of Stat3 by ovalbumin (OVA), and establish its re-
lationship with Socs3 and IL-6 in the lungs of mice with eo-
sinophilic pulmonary inflammation and airway hyperre-
sponsiveness. Methods: Alterations in the expression of
Stat3, Socs3 and IL-6 were determined in a murine model of
asthma, where Balb/c mice were sensitized and challenged
with OVA (OVA/OVA) and compared with control mice sensi-
tized and challenged with saline (SAL) (SAL/SAL) mice. The
OVA/OVA mice were characterized by a moderate increase
in methacholine-induced specific airway resistance, the
presence of 150 pg/ml of OVA-specific IgG and 8.93 pg/ml
OVA-specific IgE antibody and elevated levels of eosinophils
and Th2 cytokines (IL-4 and IL-5) in the bronchoalveolar la-

vage fluid. In contrast SAL/SAL mice had low eosinophils, IL-
4 and IL-5 and no OVA-specific IgG and IgE antibodies in the
BALF. Stat3 and Socs3 expression profiles were monitored in
OVA/OVA and Stat3- and Socs3-silenced OVA/OVA mice. Fur-
thermore, expression of IL-6 in Stat3- and Socs3-silenced
mice and the exogenous effect of IL.-6 on Stat3 were studied.
Results: The results show that expression and activation of
Stat3 mRNA and proteins are significantly low in lung of
OVA/OVA mice in comparison to SAL/SAL mice following
OVA challenge. An increased pool of Socs3 mRNA is ob-
served in OVA/OVA mice with or without OVA challenge and
in SAL/SAL mice 24 h after OVA challenge. Transient in vivo
blocking of Socs3 gene by Socs3 siRNA restores the expres-
sion of IL.-6 mRNA and protein in OVA/OVA mice, and nasal
administration of recombinant IL-6 to OVA/OVA mice en-
hanced Stat3 mRNA expression. Conclusions: Our data sug-
gest that airway inflammation is associated with low expres-
sion of Stat3 and IL-6 and overexpression of Socs3 genes in
a mouse model of asthma. Furthermore, IL-6 is under the in-
fluence of the Socs3 gene and may contribute to the nega-
tive regulation of Stat3 via IL-6 following a challenge with an
allergen during the development of asthma.
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Introduction

Cytokines play a pivotal role in the development of al-
lergic diseases by regulating the activation and prolifera-
tion of Th2 cells. Cytokine-mediated signals on effector
cells are primarily transduced by the Jak-Stat signaling
cascade [1]. The two major subsets of CD4+ T cells, Thl
and Th2 cells secrete distinct profiles of cytokines. Thl
cells secrete IL-2, interferon-vy and tumor necrosis factor-
B whereas Th2 cells secrete IL-4, IL-5, IL-9, IL-10 and
IL-13 [2]. The Th2 cytokines (IL-4, IL-5 and IL-13) con-
trol the majority of the contributors to the airway inflam-
mation, including IgE class switching, recruitment and
activation of eosinophils and mucous hyperproduction
[2, 3]. IL-4 stimulates Jakl and Jak3 to activate Stat6 [4],
which plays an important role in regulating airway in-
flammation such as Th2 differentiation and IgE produc-
tion [5-9]. Its role is confirmed in experiments with
Stat6-deficient mice, which failed to develop allergen-in-
duced airway inflammation and airway hyperrespon-
siveness (AHR) [5]. Sensitized and challenged Stat6-defi-
cient mice failed to develop a pulmonary Th2 response,
AHR, goblet cell hyperplasia, eosinophilia or IgE [9].
Presently, several groups have investigated the expression
and activation of Stat6 in asthmatics [10-12] and have ei-
ther found a high density of Stat6-expressing cells in the
airways [11] or an elevated level of Stat6 secreted by bron-
chial epithelial cells [12]. Stat3, with diverse roles in bio-
logical processes including cell proliferation, survival,
apoptosis and inflammation, is another cytoplasmic pep-
tide belonging to the Stat family. It is activated by a large
number of extracellular stimuli including IL-6, various
other cytokines, granulocyte CSF, epidermal growth fac-
tor and IL-10 [13-16]. However, not much is known about
its activation and function in the lung during airway in-
flammation.

The function of Stat3 is extensively studied in cell cul-
ture systems, immunological disorders and several in-
flammatory diseases. Its activation is implicated in the
regulation of cell proliferation, differentiation, transfor-
mation and apoptosis [17]. In vivo aberrant expression of
Stat3 is associated with immune tolerance [18] acute-
phase response [19] septic shock [20] and constitutive ac-
tivation in chronic inflammation [21]. These observations
suggest that Stat3 may play an important role during air-
way inflammation, especially asthma. Stat3 in macro-
phages may play a negative role in inflammation [22] and
tissue-specific disruption of Stat3 during hematopoiesis is
associated with a lethal inflammatory bowel syndrome
[23], suggesting that it regulates the induction of a distinct
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set of target genes in different cell types. Although these
studies have indicated the importance of Stat3 in inducing
inflammatory response, very little is known regarding its
activation and function in the lung during acute inflam-
mation. Gao et al. [24] reported that activation of Stat3 in
the lungs is macrophage dependent, and IL-6, IL-10 and
C5a contribute to Stat3 activation in inflamed rat lung.
Stat3 has recently been implicated in the pathogenesis of
asthmain a study showing that Stat3-dependent pathways
induced by IL-13 in lung myofibroblast are inhibited by
the administration of an inhaled corticosteroid, flutica-
sone [25]. The pharmacogenetics of asthma treatment re-
veals Stat3 as one of the candidate genes showing associa-
tion in response to corticosteroid treatment [26]. Stat3
polymorphism is significantly associated with baseline
FEV, both in adults and children, suggesting that it may
participate in inflammatory pathways and have an impact
on the level of lung function [27]. Thus, there is growing
evidence that Stat3 may also be associated with airway
inflammation, and it would be interesting to know the
status of this molecule in conjunction with Socs3 and
IL-6 in airway inflammation as Socs3 is a negative regula-
tor of Stat3 and gp130, the latter being the common sig-
nal-transducing receptor chain for IL-6-type cytokines
and ubiquitously expressed in most tissues. We reveal that
Stat3 mRNA expression and protein activation are sig-
nificantly low in inflammatory murine lung compared
with noninflamed lung; blocking Socs3 gene expression
resulted in heightened expression of IL-6 and Stat3 genes.
The implications of these observations are discussed in
the light of the pathogenesis of asthma.

Materials and Methods

Animals and OVA Sensitization

Eight- to ten-week-old female Balb/c mice procured from In-
stitutional Animal Facilities were used for the experiments with
consent from the Committee for the Purpose of Control and Su-
pervision on Experiments on Animals (CPCSEA), India. The
mice were sensitized to OVA by intraperitoneal (i.p.) injection of
100 pg ovalbumin (OVA; grade V; Aldrich-Sigma Chemical)
emulsified in 2% alum solution on days 0 and 14 or sham-sensi-
tized with saline (SAL). On day 14, 30 min after OVA sensitiza-
tion, the animals were challenged with OVA through the nasal
route. A total of 50 ug OVA in sterile SAL was applied on the snout
or the nostril in 5 cycles, 2 pl containing 10 ug OVA in SAL at
each cycle at an interval of 2 min. On days 21, 22, 23 and 26, the
mice were similarly challenged with 50 wg OVA through the nasal
route. Methacholine chloride (Mch) (Sigma) was administered in-
travenously on day 27 and airway hyperresponsiveness (AHR)
was measured by plethysmography. Some of the animals were
used for collection of blood and some for bronchoalveolar lavage
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fluids (BALF). In another set of experiments, the animals were
sacrificed by cervical dislocation at different time points after the
final OVA exposure on day 26 and the lungs and livers dissected
out. Use of sodium thiopentone (Thiosol; Neon Lab, Mumbai,
India) was avoided in this group as it involves significant varia-
tions in anesthesizing time. Tissues (25-30 mg) were either stored
in RNA later for future RNA isolation and one-step RT-PCR for
the detection of Stat3, Socs3, IL-6 and B-actin mRNA or imme-
diately processed for the preparation of nuclear extracts and es-
timation of active Stat3 protein by ELISA. Recombinant IL-6
(rIL-6) dissolved in sterile SAL, in different doses, was adminis-
tered through the nasal route in the same way as OVA.

Measurement of AHR

AHR induced by different concentrations of Mch (0-40 mg/
kg) was measured using a double-chambered whole-body ple-
thysmograph (Buxco; model No. PLY 3351) [28]. The raw flow
curves were acquired by sampling the signals at 2 kHz. The regu-
larity of the breathing patterns was first assessed by qualitatively
monitoring the constancy of peak flows. Irregularities in the
breathing pattern were often encountered due to movement of the
neck in most cases and to a lesser extent, sigh-breath and cough.
Data arising from these irregularities in breathing pattern were
not considered for quantitative analysis. Before the start of the
experiments, the animals were conditioned to stay in the plethys-
mograph chamber for at least 3 or 4 sessions of 10 min duration
each. It was necessary to precondition the animals to minimize
irregularities in the breathing pattern during data acquisition and
achieve constancy in peak thoracic and nasal flows in the shortest
possible time. Both OVA/OVA and SAL/SAL mice were condi-
tioned in a similar way to nullify the effect of preconditioning of
animals on the measurement of sRaw. For each mouse, the proto-
col consisted of breathing in the plethysmograph for 10 min and
the mean value was considered for analysis. sRaw is monitored
with the Acknowledge software program version 3.1 (Biopac,
USA). sRaw was calculated with the formula:

sRaw (cm H,O + s) = [(Ty + TE)/(2 * 1) * (Pyymy — 47) - 136+ 2 -+
v dT/(TI + TE)]

developed by Pennock et al. [29].

Collection of BALF and Sera

Mice were anesthetized with sodium thiopentone, i.p. 5mg/0.1
ml/mouse at 2 h after the last OVA challenge for collection of
BALF and blood. For collection of BALF, the trachea was exposed
by midline incision in the neck region and 1 ml of PBS, pH 7.4 was
injected into the lungs through the trachea and withdrawn after
10 s. The fluid recovered from each mouse was centrifuged at
2,000 rpm, for 5 min at 4°C and the supernatants were subjected
to antibody and cytokine analysis [30]. The pellets were resus-
pended, cytocentrifuged and stained with hematoxylin and eosin
(HE) and viewed under the microscope for eosinophil counts.
Blood was collected from the retro-orbital sinus using nonhepa-
rinized glass capillaries, allowed to clot for 1 h and centrifuged to
separate the serum.

Evaluation of Total and Antigen-Specific IgG and IgE

Antibodies and Cytokines

Total and antigen-specific IgG and IgE antibodies in the BALF
and sera were evaluated by quantitative ELISA following the man-
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ufacturer’s protocol (Mouse IgG ELISA Quantitation kit; Bethyl
Laboratories, Inc., Montgomery, Tex., USA). In brief, the plates
were coated with goat antimouse IgG antibody at a concentration
of 10 pg/ml to 100 wl of coating buffer (0.05 M carbonate bicarbon-
ate, pH 9.6) and incubated for 60 min. Free sites were blocked with
50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8 for 30 min, washed, analyte
added and incubated for 60 min. Goat antimouse IgG conjugated
with HRP was used for the detection of mouse IgG at a dilution of
1:10,000. Color was developed by adding tetramethyl benzidine
substrate for 10 min. The reaction was stopped by adding 100 pl
of 2 M H,SO,. The intensity of the color developed was measured
on an ELISA plate reader at 450 nm. Antigen-specific IgG was de-
termined by coating the plate with OVA in 0.05 M carbonate-bi-
carbonate buffer, pH 9.5, at a concentration of 10 pg/ml and incu-
bated at 4°C overnight. After incubation, the wells were washed
with PBST and blocked with 200 I blocking reagent (50 mM TRIS,
0.14 M NaCl, 1% BSA, pH 8) for 30 min. After 3 washes with wash
buffer, 100 pl analyte was added and incubated for 2 h at room
temperature. IgG antibody in the analyte was detected with the
help of goat antimouse IgG antibody conjugated with HRP. Devel-
opment of color and stopping of enzyme substrate reaction were
performed in the same way as total IgG estimation. IL-4, IL-5 and
IL-6 proteins in BALF were evaluated by solid-phase sandwich
ELISA using an ELISA kit according to the manufacturer’s in-
structions (R&D System, Minneapolis, Minn., USA).

RNA Isolation and One-Step RT-PCR

Total RNA was isolated from lung and liver tissues using
RNeasy mini kit as per the manufacturer’s instructions (RNeasy
mini kit; Qiagen, Hilden, Germany). RT-PCR was carried out us-
ing a one-step RT-PCR kit (Qiagen, Germany). The RT-PCR con-
ditions were 50°C for 30 min for reverse transcription; initial PCR
activation at 95°C for 15 min followed by 30 cycles of denatur-
ation at 94°C for 45 s, annealing at a 5°C below the Tm of primers
for 45 s and extension of 1 min at 72°C. The reaction was stopped
after a final 10-min extension at 72°C. 1 pl of template RNA con-
taining 50 ng of total RNA was used. RT-PCR products were run
on 1.2% agarose gel containing ethidium bromide and viewed and
analyzed on Gel Documentation system using Gene Snap and
Gene tool software for image acquisition and gel analysis, respec-
tively (Syngene, Cambridge, UK). Molecular weight marker (0.5
wg) containing a defined quantity of each band was loaded and
electrophoresed. The Syngene analysis tool was used to extrapo-
late the cDNA quantity from the input quantity of standard mo-
lecular weight markers and quantitated the RT-PCR products.

Primers (Operon Biotechnologies GmbH, Germany) used for
RT-PCR were: Stat3: 5-GAAGACCAAGTTCATCTGTGTG-3’
(forward), 5-GTAGCACACTCCGAGGTCAGAT-3" (reverse);
Socs3: 5-GAAGACCAAGTTCATCTGTGTG-3" (forward), 5'-
GTAGCACACTCCGAGGTCAGAT-3’ (reverse); IL-6: 5-ATGA-
ACTCCTTCTCCACAAGCGC-3' (forward), 5'-GAAGAGTTT-
CCAGGTGGACTG-3' (reverse); B-actin: 5-GACATGGAGAA-
GATCTGGCAC-3" (forward), 5-TCCGACGCAGGATGGCG-
TGA-3' (reverse).

Preparation of Nuclear Extracts and Estimation of Active

Stat3 Protein

Preparation of nuclear extracts and evaluation of active Stat3
peptide was performed according to the instructions given in the
technical bulletin of the mouse Stat3 activity assay kit (R&D Sys-
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tem). In brief, the nuclear extracts from lung and liver tissues were
prepared by solubilizing tissues in freshly prepared lysis buffer A
(10 mM HEPES, pH 7.9; 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT,
0.1% NP-40, 2 mM Na3;VOy, 5 mM NAF, 3 pg/ml aprotinin, 25
pg/ml leupeptin, 25 pug/ml pepstatin, 25 pg/ml chymostatin and
0.2 mM PMSE). Twenty-percent tissue homogenates were pre-
pared by chopping the tissue into fine pieces, pipetting up and
down and subsequently centrifuging at 16,000 g for 5 min at 2-
8°C in a microcentrifuge (Sigma 2K). The nuclear pellet was solu-
bilized in Lysis buffer B (20 mM HEPES, pH7.9; 1.5 mM MgCl,,
420 mM NaCl, 0.5 mM DTT, 25% glycerol, 2 mM Na3VOy, 5 mM
NAF, 3 pg/ml aprotinin, 25 pg/ml leupeptin, 25 p.g/ml pepstatin,
25 pg/ml chymostatin and 0.2 mM PMSF). After vortexing for
20 s, the lysate was incubated on ice for 20 min and finally centri-
fuged at 16,000 g for 5 min at 2-8°C. The supernatant was used
for active Stat3 assay.

For estimating active Stat3, 3 wl of biotin-labeled double-
stranded (ds) oligonucleotide was added to 50 g of nuclear ex-
tract and the volume adjusted to 30 wl with Lysis buffer B and
incubated at room temperature for 30 min. Biotin-labeled ds oli-
gonucleotide without nuclear extract served as blank. Unlabeled
ds oligonucleotide was used for the determination of specificity
by competition. In short, 3 wl of unlabeled ds oligonucleotide was
added to 3 pl ofbiotin-labeled ds oligonucleotide and 50 g of
nuclear extract sample and the volume adjusted to 30 pl with Ly-
sis buffer B and incubated at room temperature for 30 min. After
incubation, 200 pl of reagent diluents (5% protease free BSA in
PBS containing 0.05% Tween 20, pH 7.2, 0.2 wm membrane fil-
tered) was added to each tube and mixed gently. From each reac-
tion, 100 pl of sample was aspirated and dispensed to wells in an
ELISA plate coated with capture antibody (mouse antihuman
Stat3 antibody) and incubated at room temperature for 2 h. After
washing the plate three times with wash buffer (PBS containing
0.05% Tween 20, pH 7.2; 0.2 wm membrane filtered) 100 pl strep-
tavidin conjugated to HRP diluted with reagent diluents was add-
ed and the plate incubated for 20 min at room temperature. The
plate was washed again five times and 100 pl of substrate solution
was added to each well and incubated for 20 min. The reaction
was stopped by 2 N H,SO, and the color developed read at 450 nm
with a correction wavelength at 540 nm in a Power Wave XS mi-
croplate spectrophotometer (BioTek).

In vivo Inhibition of Stat3 and Socs3 Gene Expression by

siRNAs

A pool of 3 strands of Stat3 or Socs3 siRNA duplexes (Santa
Cruz Biotech, Calif., USA) complexed with 5% glucose solution
was diluted in ExGen500 in vivo transfection reagent containing
a cationic polymer, polyethylenimine (Fermentas Life Sciences,
Harrington, Ont., Canada) and administered according to the
manufacturer’s instructions in varying concentrations. Two days
later, the mice were killed by cervical dislocation and the lungs
were dissected out. 25-30 mg of each tissue was stored in RNAI-
ater (Sigma) for RNA extraction and one-step RT-PCR analysis.
The sense strand sequences of the siRNA (Santa Cruz Biotech)
were as follows: Stat3: 5'-GAGUGCAGGAUCUAGA ACALt-3";5'-
CAGGACGACUUUGAUUUCALtt-3"; 5-GAAGACACUGACU-
GAUGAALtt-3"; Socs3siRNA: 5-CAGCAUCUUUGUCGGAA-
Att-3";5-GUAUGAUGCUCCACUUUAALt-3";5'-CCAAGUGU-
UGAACUUAGAA tt-3'; and the scrambled siRNA 5-UUCUCC-
GAACGUGUCACGUdtdt-3" (Qiagen). The scrambled siRNA
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duplex was used as the negative control. The sham control group
received Exgen 500 diluted in 5% glucose solution.

Statistical Analysis
Data shown represent mean values (£ SD). Student’s t test was
used for comparing activities of different treatments.

Results

Induction of Inflammatory and Allergic Airways in

Mice

We observed low to moderate increases in Mch-in-
duced sRaw in OVA/OVA mice in comparison to SAL/
SAL mice over a dose range of 2.5-40 mg/kg but not in
comparison to Mch administered to normal Balb/c mice
(fig. 1A). Increased sRaw is considered to be a pathogen-
ic state of asthma [31]. The moderate increase in Mch-in-
duced sRaw in OVA/OVA mice suggests that the protocol
adopted by us induced asthma symptoms in mice. Itis not
clear at the moment why SAL administration in SAL/SAL
mice resulted in lower sRaw in comparison to normal
mice. Possibly, saline helps in diluting and dispersing the
mucous in the airways and calls for future study in this
direction.

The HE-stained lung and tracheal sections revealed
histologic changes in OVA/OVA mice that are not seen in
SAL/SAL mice. Migration of inflammatory cells into the
alveolar septum leading to its thickening (indicated by
arrows) was observed in OVA/OVA mice but not in SAL/
SAL mice (fig. 1B). The epithelial cells bordering the tra-
cheal lumen were partially damaged in OVA/OVA mice
but not in SAL/SAL mice. In another group of OVA/OVA
mice (n = 5), 2 h after the last OVA exposure, the presence
of OVA-specific IgE antibodies in BALF and sera and in-
creased levels of IL-4 and IL-5 in BALF were observed,
while SAL/SAL mice were negative for OVA-specific IgE
and IgG antibodies and IL-4 and IL-5 levels were close to
the basal level (table 1). A moderate elevation in the eo-
sinophil counts in BALF was also observed in OVA/OVA
mice. Thus the sensitizing and challenge protocol adopt-
ed in our experiments revealed elevation of Th2 cyto-
kines, eosinophil counts, the presence of OVA-specific
IgE, alteration in the airway architecture and AHR in
OVA/OVA mice and suggests the pathological and phys-
iological states of allergic asthma.

Stat3 Is Low and Socs3 Is High in OVA/OVA Mice

We observed high expression of Stat3 mRNA in lung
of SAL/SAL mice on day 26 at 0.5, 1 and 2 h after OVA
exposure in comparison to 0 h (fig. 2A). One hour after
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Table 1. Comparative data on IL-4, IL-5, eosinophil and total- and
OVA-specific IgG and IgE in OVA/OVA and SAL/SAL mice ~2h
after OVA exposure on day 26

SAL/SAL OVA/OVA
Total serum IgG, mg/ml 2.31%£1.89 8.83+1.22*%
OVA-specific serum IgG, mg/ml ~ 2.86%£1.03 6.86 £2.57%
OVA-specific BALF IgG, pg/ml ~ ND 150.56 £ 12.43
Total serum IgE, pg/ml 6.87£3.41 25.58 £5.73*
OVA-specific serum IgE, wg/ml ~ 1.07 £0.50 29.35+3.18%
OVA-specific BALF IgE, ng/ml ND 8.93+2.86
Eosinophils, per ml 88.6£27 176.5+48.4
IL-4, pg/ml 28.45*x16.7  105.34*30.3*
IL-5, pg/ml 23.86£13.9 70.63 £20.4

Data represent mean * o of values from 6 mice in each

group.
* p < 0.05, statistically significant compared to SAL control.

OVA exposure appeared to be the optimum time for Stat3
expression in SAL/SAL mice; at this time a ~3 fold in-
crease in mRNA level was observed. We then monitored
the Stat3 mRNA levels in OVA/OVA mice on day 26 at 0,
1, 2, 4 and 24 h after OVA exposure and compared with
the Stat3 mRNA level in SAL/SAL mice 1 h after OVA
challenge. Notably, OVA/OVA mice failed to induce Stat3
to the extent seen in SAL/SAL mice at the same time
points, indicating downregulation of Stat3 mRNA ex-
pression in mice sensitized and challenged with an aller-
gen. However, B-actin mRNA expression in the lung and
liver tissues was unaffected after OVA exposure at all the
time points in both OVA/OVA and SAL/SAL mice, indi-
cating that the house-keeping gene in the lung tissue is
not involved in inflammatory and allergic airways. Inter-
estingly, Stat3 expression in liver tissues of both OVA/
OVA and SAL/SAL mice were also unaffected, indicating
that the low expression of Stat3 is confined to the lungs
of OVA/OVA mice and does not affect extra-pulmonary
organs (fig. 2B). The 3-actin gene in liver tissues of OVA/
OVA mice was not affected as seen in lung tissues.
Tyrosine phosphorylated Stat3 is known to dimerize
and subsequently translocate to the nucleus where it ac-
tivates various transcription factors [32]. Therefore, the
presence of active Stat3 protein in the lung nuclear ex-
tracts of OVA/OVA mice was studied and compared with
SAL/SAL mice. We observed a ~5-fold increase in active
Stat3 protein in lung tissues of SAL/SAL mice 1 h after
OVA exposure that returned to basal level at 24 h after
OVA exposure (fig. 2C). In contrast, the Stat3 peptide in
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Fig. 1. sRaw is moderately elevated in OVA/OVA mice. A Varying
concentration of Mch-induced AHR was measured in conscious
OVA/OVA, SAL/SAL and normal mice by injecting Mch through
the caudal vein. Means £ SEM; n = 6 mice for each time point.
*p < 0.05 compared to SAL/SAL control. B Histopathology of
lung (top) and trachea (below) of OVA/OVA and SAL/SAL mice.
Arrows indicate thickening of alveolar septa in the lung and dam-
age to the ciliated cells in the trachea.

lung nuclear extracts of OVA-exposed OVA/OVA mice
was found to be close to the basal level at all the time
points (fig. 2D) and is in line with the mRNA expression
profile in OVA/OVA mice. In liver tissues, the induction
of active Stat3 peptide in OVA/OVA mice is similar to
SAL/SAL mice (fig. 2E), indicating that the extrapulmo-
nary organs, especially the liver, are not affected in mice
with inflammatory and allergic airways.

Both Stat3 and Socs3 genes are located on chromo-
some 11 of the Balb/c mouse and downstream of the Stat-
responsive elements, the 5 upstream region of the Socs3
gene contains a GC-rich element involved in basal and
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Fig. 2. Stat3 and Socs3 expression in OVA/OVA and SAL/SAL
mice on day 26 after OVA challenge. A Stat3, Socs3 and B-actin
mRNA expression profile on day 26 at different time points after
OVA exposure (0, 0.5, 1,2, 4 and 24 h) in SAL/SAL mice and (0, 1,
2,4 and 24 h) in OVA/OVA mice. RT-PCR performed with Stat3,
Socs3 and B-actin primers yield cDNA products of ~185, 112 and
300 bp, respectively. MW represents 100-bp DNA ladder. Stat3
and Socs3 mRNA levels in OVA/OVA mice are compared with the
respective mRNA level in SAL/SAL mice 1 h after OVA challenge.

induced transcriptional activation of the Socs3 promoter
[33]. Furthermore, Stat3 is reported to activate Socs3
mRNA transcription by associating with the 5" promoter
of Socs3 [34]. In SAL/SAL mice, the basal pool of Socs3
mRNA was very low but increased dramatically 24 h after
OVA exposure (fig. 2A). In contrast, Socs3 mRNA pool
in OVA/OVA mice was higher than the basal pool found
in the normal lung. In SAL/SAL mice, Socs3 expression
was delayed compared to the Stat3 gene (fig. 2A). The
basal Socs3 mRNA pool was found to be low in lung tis-
sues of SAL/SAL mice compared to OVA/OVA mice
(fig. 2A). Thus overexpression of Socs3 at all the time
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B Stat3 and -actin mRNA expression in liver and lung of OVA/
OVA mice at different time points (1, 2 and 4 h) after OVA expo-
sure on day 26 and compared with Stat3 and B-actin levels in
liver and lung tissue of SAL/SAL mice 1 h after OVA challenge.
Bar diagram presentation (mean * SD;n = 5) of active Stat3 pep-
tide in lung tissue of SAL/SAL (C), OVA/OVA (D) mice and liver
tissue of OVA/OVA and SAL/SAL mice at different time points
after OVA challenge (E).

points, including 0 h, is an interesting feature observed in
OVA-sensitized and challenged mice in addition to the
low expression of Stat3. Several studies have indicated
that members of the Stat family of transcription factors
are involved in the regulation of Socs3 expression by fac-
tors such as LIF or growth hormone [34-36] and the re-
spective Stat-binding elements of the Socs3 promoter
[34]. On the other hand, the Socs proteins, in addition to
cytokine-induced phosphorylation, tightly regulate acti-
vation of Stat proteins; Socs proteins are direct target
genes of Stats, which inhibit Jak/Stat signaling via a clas-
sic negative feedback loop [37]. To further delineate the
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Fig. 3. siRNA-mediated silencing of Stat3 and Socs3 genes. A In
vivo silencing of the Stat3 gene in SAL/SAL mice and the Socs3
gene in OVA/OVA mice by siRNA. SAL/SAL mice were trans-
fected with varying doses: 0 (transfection reagent control), 1, 2
and 4 pg Stat3 siRNA/mouse or 2 pg/mouse scrambled siRNA
(SS). Similarly, OVA/OVA mice were transfected with varying
doses (0,2,4 and 8 jug) Socs3 siRNA/mouse or 2 pg/mouse scram-

latter pathway in mice with symptoms of asthma, we
blocked Socs3 gene expression by transfecting a pool of 3
synthetic siRNA duplexes and studied the status of Stat3
expression in OVA/OVA mice.

Stat3 and Socs3 Gene Silencing in OVA/OVA Mice

and Modulation of Stat3 Expression

Increasing concentrations of Stat3 siRNA were ad-
ministered through the nasal route in SAL/SAL mice to
derive the in vivo effective dose of siRNA duplexes in si-
lencing Stat3 gene in lung tissue. Initial studies were con-
ducted in SAL/SAL instead of OVA/OVA mice because
the level of the Stat3 mRNA pool is very low in the latter.
Two days after in vivo siRNA transfection, OVA-induced
Stat3 mRNA was monitored and a dose-dependent deple-
tion of Stat3 mRNA expression was observed. Interest-
ingly, 2 and 4 g of Stat3 siRNA blocked more than 75%
Stat3 mRNA expression in the lungs of transfected SAL/
SAL mice (fig. 3A, B). No mortality was observed in mice
treated with Stat3 siRNA during the entire period of ex-
perimentation although ablation of Stat3 has been re-
ported to lead to embryonic lethality [38] cell mortality

Status of Stat3 in OVA-Induced
Asthmatic Mice

bled siRNA (SS). Bar diagram presentation of percent remaining
Stat3 (B) and Socs3 (C) gene expression following varying doses
of siRNA transfection in SAL/SAL mice and OVA/OVA mice, re-
spectively. D RT-PCR product of Stat3 and Socs3 mRNA expres-
sion profile in OVA/OVA mice transfected with Stat3 and Socs3
siRNA.

and apoptosis [39]. Although we did not investigate the
degree of cell mortality and apoptosis in lung tissues, the
possibility of these phenomena occurring in mice treated
with siRNA through the nasal route remains, leading to
airway remodeling without culminating into animal
mortality. Transfection of scrambled sequences (SS) or
transfection reagent control in SAL/SAL mice did not af-
fect Stat3 mRNA expression. The B-actin mRNA level
was unaffected following Stat3 gene silencing (fig. 3A),
indicating that the siRNA used by us is gene specific.
Similarly, OVA-induced Socs3 expression in Socs3
siRNA-transfected mice resulted in more than 80% inhi-
bition of Socs3 expression at doses 4 and 8 pg (fig. 3A, C).
SS transfection and transfection reagent control in OVA/
OVA mice did not affect Socs3 mRNA expression. No
mortality was observed among Socs3-silenced mice.
Based on these studies, the groups of mice silenced with
2 g Stat3 siRNA and 4 pg Socs3 siRNA duplex pools
were used in subsequent studies to check the influence of
these genes on Stat3 expression in OVA/OVA mice. Inter-
estingly, Stat3 mRNA expression was heightened in
Socs3-silenced OVA/OVA mice compared to unsilenced
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Fig. 4. Normal IL-6 mRNA expression in Socs3-silenced OVA/
OVA mice. A RT-PCR product of IL-6 mRNA expression in lung
tissues of SAL/SAL, OVA/OVA, Stat-silenced OVA/OVA and
Socs3-silenced OVA/OVA mice following OVA exposure on day
26. B OVA-induced IL-6 protein (pg/ml) in BALF of Stat3- and
Socs3- silenced OVA/OVA mice (n = 4) in each group. * p < 0.05,
statistically significant compared to Stat3 mRNA expression pro-
file in OVA/OVA mice treated with exogenous rIL-6 through the
nasal route and compared with Socs3 blocked OVA/OVA mice (C).

OVA/OVA mice. In Stat3-silenced OVA/OVA mice, no
effect was seen in the level of Socs3 mRNA (fig. 3D). It
thus appears that the Stat3 gene is under the influence of
Socs3 gene in mice with inflammatory and allergic air-
ways.
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Status of IL-6 in OVA/OVA Mice and Induction of

IL-6 in Socs3-Silenced OVA/OVA Mice

The mechanism by which Socs3 controls Stat3 is not
clear in OVA/OVA mice. As binding of a cytokine to its
receptor leads to activation of Jak family members (recep-
tor-associated kinases), which then activate Stat3 via ty-
rosine phosphorylation, we investigated the status of IL-6
and its role in OVA/OVA mice. On day 26, 2 h after OVA
challenge, heightened expression of IL-6 mRNA was ob-
served in SAL/SAL mice compared to unexposed SAL/
SAL mice. In contrast, low expression of IL-6 mRNA was
observed in lung tissues of OVA/OVA mice (fig. 4A).
Similarly, nasal OVA exposure in SAL/SAL mice induced
significant IL-6 protein in BALF, while OVA/OVA mice
failed to secrete IL-6 to the extent seen in SAL/SAL mice
(fig. 4B). Stat3 siRNA (2 g) transfected in OVA/OVA
mice did not modulate IL-6 mRNA expression, while
4 g Socs3 siRNA upregulated IL-6 expression (fig. 4).
Furthermore, transfection of SS or administration of
transfection reagent in OVA/OVA mice failed to modu-
late IL-6 expression. This suggests that the induction of
IL-6 is under the influence of the Socs3 gene in OVA/
OVA mice and that a low level of Stat3 is associated with
low expression of IL-6. Therefore, we questioned whether
exogenous IL-6 can induce Stat3 in the presence of high
expression of Socs3. Administration of rIL-6 through the
nasal route resulted in a dose-dependent increase in Stat3
expression in OVA/OVA mice (fig. 4C). Administration
of 0.5 ng of rIL-6 in OVA/OVA mice induced the same
increase in Stat3 mRNA as in Socs3-silenced OVA/OVA
mice. At higher doses of rIL-6 (0.75 and 1 ng/mouse)
Stat3 mRNA expression increased over 1.8-fold in OVA/
OVA mice. Our data suggest that IL-6 plays an important
role in modulating Stat3 expression in the presence of
high Socs3 expression as in OVA/OVA mice.

Discussion

In this study we investigated the role of Stat3 in patho-
genesis of asthma and demonstrate low Stat3 mRNA and
protein in the lungs of mice with inflamed and allergic
airways and symptoms of bronchoconstriction. This is in
contrast to the data obtained in the lungs without inflam-
mation and allergy, indicating that repeated sensitization
and challenge with an allergen reduces the elicitation of
Stat3 molecules in the host and reflects the augmentation
of a desensitizing mechanism in airways during the de-
velopment of asthma. Presently, three families of pro-
teins, the SH2-containing phosphatases (SHP), the pro-
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tein inhibitors of activated Stats (PIAS), and the suppres-
sors of cytokine signaling (Socs), inhibit specific and
distinct aspects of cytokine signal transduction [40].
Both Socsl and Socs3 are able to desensitize cells to sig-
naling by cytokines [41]. Heightened expression of Socs3
in OVA/OVA mice may explain the underexpression of
Stat3 mRNA and the low presence of active Stat3 protein
in the nucleoplasm.

Socs3 has been reported to play a regulatory role in the
lung inflammatory response and its induction occurs
during the development of inflammation in the IgG-IC
model of lung injury [42]. Overexpression of Socs3 in the
lung using a recombinant adenovirus encoding murine
Socs3 results in a substantial increase in lung vascular
permeability and lung myeloperoxidase, together with
enhanced levels of TNF-a, MIP-2, and keratinocyte-ac-
tivated cytokine in BALF [42]. In this investigation, we
did not investigate the levels of these molecules, but ob-
served that overexpression of Socs3 is associated with un-
derexpression of IL-6 in the lungs of OVA/OVA mice.
Therefore, we ask whether Socs3 directly downregulates
Stat3 via the classical feed-back loop or whether IL-6 is
implicated in allergic and airway inflammation. In this
context, low expression of IL-6 in OVA/OVA mice and
high expression of IL-6 in Socs3-silenced OVA/OVA mice
is very interesting and relevant as binding between IL-6
and the signal-transducing receptor chain, gp130, cannot
take place and hence the Jak-Stat pathway that is neces-
sary for Stat3 activation cannot be activated. Thus OVA/

OVA mice lack gp-130-mediated signal transduction,
leading to an asthmatic state. Furthermore, normal ex-
pression of Stat3 following exogenous administration of
rIL-6 in OVA/OVA mice validates our hypothesis that
Socs3 specifically prevents activation of Stat3 by IL-6 and
OVA or allergen-induced IL-6 expression is also under
the influence of the Socs3 gene. Thus recovery of Stat3
expression following exogenous rIL-6 administration or
silencing Socs3 gene documents that the IL-6/Stat3 path-
way is defective and regulated by the Socs3 gene at least
in the OVA-induced mouse model of asthma.

This study suggests that the varying expression levels
of Stat3, IL-6 and Socs3 can serve as molecular markers
for diseases such as asthma and provide new avenues for
therapeutic interventions at the molecular level.
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