
RESEARCH ARTICLE

Organic dust induces inflammatory gene expression in lung epithelial cells via
ROS-dependent STAT-3 activation
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Natarajan K, Meganathan V, Mitchell C, Boggaram V. Organic
dust induces inflammatory gene expression in lung epithelial cells via
ROS-dependent STAT-3 activation. Am J Physiol Lung Cell Mol
Physiol 317: L127–L140, 2019. First published May 1, 2019; doi:
10.1152/ajplung.00448.2018.—Exposure to dust in agricultural and
animal environments, known as organic dust, is associated with the
development of respiratory symptoms and respiratory diseases. In-
flammation is a key feature of lung pathologies associated with
organic dust exposure, and exposure to organic dust induces the
expression of several immune and inflammatory mediators. However,
information on transcription factors and cellular and molecular mech-
anisms controlling the production of immune and inflammatory me-
diators induced by organic dust is limited. In this study, we have
identified STAT-3 as an important transcription factor controlling the
induction of expression of immune and inflammatory mediators by
poultry dust extracts in airway epithelial cells and in mouse lungs and
delineated the cellular pathway for STAT-3 activation. Poultry dust
extract activated STAT-3 phosphorylation in Beas2B and normal
human bronchial epithelial cells and in mouse lungs. Chemical inhi-
bition and siRNA knockdown of STAT-3 suppressed induction of
immune and inflammatory mediator expression. Antioxidants sup-
pressed the increase of STAT-3 phosphorylation induced by poultry
dust extract indicating that oxidative stress [elevated reactive oxygen
species (ROS) levels] is important for the activation. Chemical inhi-
bition and siRNA knockdown experiments demonstrated that STAT-3
activation is dependent on the activation of nonreceptor tyrosine-
protein kinase 2 (TYK2) and epidermal growth factor receptor
(EGFR) tyrosine kinases. Our studies show that poultry dust extract
controls the induction of immune and inflammatory mediator expres-
sion via a cellular pathway involving oxidative stress-mediated
STAT-3 activation by TYK2 and EGFR tyrosine kinases.

cytokines; gene regulation; inflammation; occupational lung diseases;
oxidative stress

INTRODUCTION

Occupational exposure to agricultural dust is associated with
increased prevalence of acute and chronic respiratory diseases
(1, 60). Asthma, hypersensitivity pneumonitis, bronchitis,
chronic obstructive pulmonary disease, and organic dust toxic
syndrome are some of the respiratory diseases afflicting animal
and agricultural workers. The practice of concentrated animal
feeding operations (CAFOs; 22) and 8 h-or-longer work shifts
exposes workers to significant amounts of airborne dust. The
poultry production industry, a significant component of the

agricultural economy, is rapidly growing worldwide and em-
ploys several hundreds of thousands of workers in the United
States alone (38a, 58a). Studies have shown that poultry
farmworkers are exposed to higher levels of airborne dusts
compared with other animal farmworkers and experience
higher prevalence and greater severity of respiratory diseases
(44, 54). Poultry CAFO dust is a complex mixture of organic
and inorganic materials derived from microbes, mites, bedding
and feed materials, soil, and other materials found in the
immediate environment (23). Poultry dust has been reported to
contain endotoxin, peptidoglycan, and gases such as ammonia,
methane, and hydrogen sulfide adsorbed on the particles (23).

Workers engaged in agricultural and animal farming opera-
tions experience adverse respiratory health effects due to ex-
posure to dust, microbes, and gases in their work environment
(1). Respiratory symptoms and associated lung inflammatory
responses have been more extensively investigated in human
subjects exposed to swine CAFO dust compared with other
animal CAFO dusts. Acute exposure of naïve human volun-
teers to swine CAFO dust induces airway hyperresponsiveness,
fever, chills, and malaise (27, 30, 62). Exposure was found to
increase nasal and bronchoalveolar lavage (BAL) fluid levels
of IL-6, IL-8, TNF-�, IL-1�, and IL-1� (28, 62). Increases in
IL-8 levels were associated with elevated neutrophil counts in
nasal and BAL fluids; however, a significant correlation be-
tween IL-8 levels and neutrophil numbers was found for nasal
lavage but not for BAL (28). Markers of inflammation were
more pronounced in naïve subjects compared with animal
farmworkers, suggesting adaptive responses to agents present
in the dust (58, 61).

Despite the high prevalence of respiratory symptoms and
respiratory diseases, molecular mechanisms underlying the
pathogenesis of respiratory diseases in agricultural workers are
not well understood. Because inflammation is a key player in
the development of lung diseases (48), we have been interested
in understanding cellular and molecular mechanisms mediating
production of immune and inflammatory mediators induced by
organic dust. The airway epithelium acts as a frontline barrier
against microbial pathogens and particulates and functions to
regulate immune and inflammatory responses (36). In addition
to serving as a physical barrier, airway epithelial cells produce
proinflammatory cytokines and chemokines and other bioac-
tive molecules to modulate host immune and inflammatory
responses (36). Published studies have shown that organic
dusts increase lung levels of inflammatory cytokines in human
subjects (28, 62), experimental animals (13, 37, 43), and lung
cells in vitro (20, 39, 45, 64). Pattern recognition receptors,
which recognize a wide variety of microbial components, such
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as Toll-like receptor 2 (TLR2; 42), TLR4 (12, 57), nucleotide-
binding oligomerization domain-containing protein-2 (NOD2;
41), and scavenger receptor A (SRA)/cluster of differentiation
204 (CD204; 40), have been demonstrated to be involved in the
control of production of chemokines-cytokines and lung in-
flammatory responses in mice exposed to swine CAFO dust.
Our gene expression-profiling studies showed that poultry dust
extract induces the expression of chemokines, cytokines, and
other inflammatory proteins in lung epithelial and THP-1 (a
human monocytic leukemia cell line) monocytic cells (5). IL-8
induction by poultry dust extract is controlled primarily at the
transcriptional level mediated via NF-�B and activator pro-
tein-1 (AP-1) DNA binding (20). Protease activities found in
organic dust extracts (38, 46) and cellular oxidant stress via
activation of protein kinase C and NF-�B (38) were found to
control induction of inflammatory gene expression in airway
epithelial cells.

Molecular mechanisms controlling the induction of immune
and inflammatory mediators by organic dust are not fully
understood. The involvement of transcription factors other than
NF-�B and AP-1 in the induction of inflammatory mediators is
not known. Because poultry dust extract induces several im-
mune and inflammatory genes, it is likely that transcription
factors other than NF-�B and AP-1 might also be involved in
the modulation of immune and inflammatory mediator expres-
sion. We found in preliminary studies that poultry dust extracts
increased signal transducer and activator of transcription 3
(STAT-3) phosphorylation indicating its activation in Beas2B
cells (a human bronchial epithelial cell line). On the basis of
this information, we hypothesized that STAT-3 controls the
production of inflammatory mediators induced by poultry dust
extracts in lung epithelial cells. In this study, we report on the
identification of STAT-3 as an important transcription factor
controlling the induction of inflammatory mediators in airway
epithelial cells by poultry dust extracts. Furthermore, oxidant
stress and activation of nonreceptor tyrosine-protein kinase 2
(TYK2) and epidermal growth factor receptor (EGFR) tyrosine
kinases were found to control STAT-3 activation to modulate
inflammatory mediator levels.

MATERIALS AND METHODS

Chemicals. Stattic (STAT-3 inhibitory compound; Cayman Chem-
ical) and AG490 (Cayman Chemical) were dissolved in dimethyl
sulfoxide (DMSO). N-acetylcysteine (NAC; Sigma-Aldrich) was dis-
solved in serum-free cell culture medium and adjusted to pH 7.4 with
sodium hydroxide. PD 153035 hydrochloride (Apex Biotechnology)
and 1-(2-cyano-3, 12, 28-trioxooleana-1, 9(11)-dien-28yl)-1H-imida-
zole (CDDOIm) obtained from the National Cancer Institute were
dissolved in DMSO. Dimethylthiourea (DMTU; Acros Organics) was

prepared in cell culture medium without serum. Cremophor (Kolli-
phor EL) was from Sigma-Aldrich. siRNAs for human STAT-3
(sc-29493), EGFR (sc-29301), TYK2 (sc-36764), protease-activated
receptor 1 (PAR-1; sc-36663), and PAR-2 (sc-36188) were obtained
from Santa Cruz Biotechnology and dissolved in autoclaved water.

Dust extract preparation. Settled broiler poultry dust collected
from a commercial poultry facility located in Texas in April 2010 had
been stored at �80°C. The poultry houses are constructed of solid-
side walls and equipped with tunnel ventilation. Aqueous poultry dust
extract was prepared by mixing dust with Kaighn’s modification of
Ham’s F-12 medium (F-12K medium) containing penicillin (100
U/ml), streptomycin (100 �g/ml), and amphotericin B (0.25 �g/ml) or
endotoxin-free Dulbecco’s phosphate-buffered saline (Dulbecco’s PBS)
at a ratio of 1:10 (wt/vol) as described previously (20), and the concen-
tration of the extract thus obtained was arbitrarily considered as 100%.

Cell culture. Beas2B bronchial epithelial cells (American Type
Culture Collection CRL-9609) were grown on cell culture dishes
coated with bovine serum albumin, fibronectin, and bovine type I
collagen in LHC-9 medium (Invitrogen). Normal human bronchial
epithelial (NHBE) cells (Lonza or Lifeline Cell Technology) were
maintained in bronchial epithelial growth medium (BEGM; Lonza) or
BronchiaLife Complete Medium (Lifeline Cell Technology). Cells
were grown at 37°C in a humidified atmosphere of 5% CO2 and 95%
room air with media replaced every 2–3 days. They were grown to
~80% confluence and maintained overnight in serum-free RPMI 1640
medium containing penicillin (100 U/ml), streptomycin (100 �g/ml),
and amphotericin B (0.25 �g/ml) before treatment. After treatment,
cells were washed once with cold PBS and lysed in buffer containing
50 mM Tris·HCl pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% Triton
X-100, 15% glycerol, and 1X protease and phosphate inhibitor cock-
tail, and supernatants were obtained by centrifugation at 13,000 rpm
at 4°C for 10 min and stored at �80°C until use.

MTS assay. Cell viability was determined using MTS assay (Cell
Titer 96 Aqueous Non-Radioactive Cell Proliferation Assay; Promega).

Animal experiments. Female C57BL/6 mice (6–8 wk; The Jackson
Laboratory) were maintained at 24 � 1°C (SE) under a 12-h light-
dark cycle and fed a standard diet and water. Animals were acclimated
for 1 wk before the start of the experiment. All animal experiments
were approved by the Institutional Animal Care and Use Committee
of the University of Texas Health Science Center at Tyler. Mice were
intraperitoneally injected with CDDOIm (5 mg/kg, 100 �l) dissolved
in vehicle containing 10% DMSO, 10% Cremophor, and 80% PBS or
vehicle alone once daily for 2 days. Mice were then anesthetized with
ketamine-xylazine and intranasally administered 50 �l of PBS or dust
extract (20% in PBS). After 2 h, mice were euthanized, and their lungs
were homogenized in buffer containing 10 mM Tris·Cl pH 7.5, 4 M
NaCl, 0.5 M EDTA, 1% Triton X-100, and 1X protease and phos-
phatase inhibitor cocktail. Homogenates were cleared by centrifuga-
tion at 13,000 rpm at 4°C for 10 min, and supernatants were stored at
�80°C until use.

Mice were intraperitoneally injected with Stattic (10 mg/kg, 200
�l) dissolved in vehicle containing 10% DMSO, 10% Cremophor, and
80% PBS or vehicle alone (16 h) before administration of dust extract.

Table 1. TaqMan gene expression IDs used in quantitative RT-PCR

Gene Symbol Gene Name Human Assay ID

IL-8 Interleukin-8 Hs00174103_m1
ICAM-1 Intercellular adhesion molecule-1 Hs00164932_m1
IL-1� Interleukin-1� Hs01555410_m1
IL-6 Interleukin-6 Hs00985639_m1
CCL2 Chemokine (C-C motif) ligand 2 Hs00234140_m1
PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase 2/cyclooxygenase-2) Hs00153133_m1
TLR4 Toll-like receptor 4 Hs00152939_m1
18S 18S ribosomal RNA Hs99999901_s1
EGFR Epidermal growth factor receptor Hs05062827_ft
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On the day of the experiment, Stattic or vehicle was injected again,
and after 1 h, mice were anesthetized and intranasally administered 50
�l PBS or 20% dust extract. After 3 h, mice were euthanized, lungs
were perfused with PBS, and homogenates were prepared.

Protein determination. Protein concentrations of cell lysates and
mouse lung homogenates were determined by Bradford assay using
bovine serum albumin as the protein standard.

Enzyme-linked immunosorbent assay. IL-6, IL-8, keratinocyte che-
moattractant (KC), and TNF-� levels in cell medium or mouse lung
homogenates were determined according to the ELISA kit instructions
(R&D Systems).

Western blot analysis. Equal amounts (15–30 �g) of protein were
separated by SDS-PAGE in 10% Bis-Tris gels (Thermo Fisher Sci-
entific) and transferred to PVDF membranes (GE Healthcare Amer-
sham) by electroblotting. Membranes were blocked for 1 h at room
temperature in 5% nonfat dry milk (Fisher Scientific) and then

incubated with primary antibodies against pSTAT-3 (Tyr705) (1:
1,000 dilution, cat. no. 9145; Cell Signaling Technology), STAT-3
(1:1,000 dilution, cat. no. 4904; Cell Signaling Technology), ICAM-1
(1:1,000 dilution, cat. no. sc-8439, Santa Cruz Biotechnology), cyclo-
oxygenase-2 [COX-2, also known as prostaglandin G/H synthase 2
(PTGS2), 1:1,000 dilution, cat. no. A303-600A; Bethyl Laboratories],
pro-IL-1� (1:1,000 dilution, cat. no. 12703; Cell Signaling Technol-
ogy), pTYK2 (1:500 dilution, cat. no. sc-11763; Santa Cruz Biotech-
nology), TYK2 (1:1,000 dilution, cat. no. 14193; Cell Signaling
Technology), pEGFR (Tyr845) (1:1,000, cat. no. 2231; Cell Signaling
Technology), EGFR (1:1,000, cat. no. 2256; Cell Signaling Technol-
ogy), actin (1:1,000 dilution, cat. no. sc-47778; Santa Cruz Biotech-
nology), or tubulin (1:1,000 dilution, cat. no. MS-581-P0; Thermo
Fisher Scientific) overnight at 4°C and then with alkaline phospha-
tase-conjugated secondary antibody for 1 h at room temperature.
Protein bands were detected by the enhanced chemifluorescence

Fig. 1. Effects of dust extract (DE) on the viability of Beas2B
and normal human bronchial epithelial (NHBE) cells. Beas2B
(A) and NHBE (B) cells were treated with medium [control
(Ctrl)] or the indicated concentrations of DE for 3 h. Cell
viability was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay. Absorbance in control cells was arbitrarily
considered as 100, and relative levels in treated cells are
shown. Data shown are means � SE (Beas2B, n � 3–5,
except n � 2 for 0.5% DE; NHBE, n � 4); ns, not significant
by one-way analysis of variance using Tukey’s multiple-
comparison test.

Fig. 2. Dust extract (DE) induces STAT-3
activation in human bronchial epithelial cells
and in mice. Beas2B (A and B) and normal
human bronchial epithelial (NHBE, C and D)
cells were treated with medium [control
(Ctrl)] or 1% DE for the indicated times, and
levels of pSTAT-3 and total STAT-3 were
determined by Western blot analysis. Levels
of pSTAT-3 were normalized to total STAT-3
levels. Normalized pSTAT-3 in control cells
was arbitrarily considered as 1, and relative
levels in treated cells are shown. Data shown
are means � SE (n � 4 for Beas2B, except
n � 3 for 120-min treatment; n � 5 for
NHBE). *P 	 0.05, **P 	 0.01 compared
with cells treated with medium alone, accord-
ing to one-way analysis of variance using
Tukey’s multiple-comparison test. E: mice
were administered 50 �l PBS or 50 �l 20%
DE via intranasal administration, and 2 h later,
pSTAT-3 and STAT-3 levels in lung homog-
enates were determined by Western blot anal-
ysis. Levels of pSTAT-3 were normalized to
total STAT-3 levels, and relative levels in
DE-treated mice are shown. Data shown are
means � SE (n � 4). *P 	 0.05 compared
with mice treated with PBS according to
paired t-test. F: immunohistochemical detec-
tion of pSTAT-3 levels in lung sections of
mice treated with PBS or 20% DE is shown.
Arrow, inflammatory cell; dashed arrow,
bronchiolar epithelial cell; arrowhead, alveo-
lar type II cell. Magnification, 
400.
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detection method (GE HealthCare Life Sciences) after scanning with
Pharos FX Plus Molecular Imager (Bio-Rad) and quantified using
Quantity One software (Bio-Rad).

RNA isolation and real-time quantitative RT-PCR. Total RNA was
isolated using Direct-zol RNA MiniPrep Plus kit (Zymo Research) or
TRI Reagent (Molecular Research Center), and cDNA was synthe-
sized using an iScript Reverse Transcription kit (Bio-Rad). Levels of
mRNAs and 18S rRNA were determined by TaqMan probe-based
assay (Bio-Rad; Table 1) using CFX96 Real-Time PCR Detection
System (Bio-Rad), and mRNA levels were normalized to 18S rRNA
levels.

siRNA transfection. siRNAs were transfected into Beas2B and
NHBE cells by conventional or reverse transfection method using
Lipofectamine 2000/3000 (Invitrogen) or RNAiMax (Invitrogen) ac-
cording to the manufacturer’s instructions. Cells were grown for
48–72 h, at which time they were washed twice with RPMI medium
without serum and subjected to treatments. The levels of mRNAs and
proteins were determined by quantitative RT-PCR and Western blot
analysis or ELISA, respectively.

Immunoprecipitation. Cells were lysed in buffer containing 20 mM
Tris·HCl pH 8, 137 mM NaCl, 1% Nonidet P-40, 10% glycerol, 2 mM
EDTA, and protease and phosphatase inhibitor cocktail, and superna-
tants were obtained by centrifugation at 13,000 rpm at 4°C for 10 min.
Cell lysates (500 �g) were precleared by incubating with 20 �l of
protein A/G agarose beads (Pierce) at 4°C for 60 min and centrifuged
at 12,000 rpm for 10 min. EGFR antibody (1:100 dilution) was added
to the supernatant and incubated overnight on a rotator mixer at 4°C.
Protein A/G agarose beads were added to the mixture and incubated

for 4 h. Samples were centrifuged for 60 s, and the beads were washed
five times with cell lysis buffer. Bound proteins were released by
heating the beads in 3X loading buffer at 95–100°C for 5 min and
separated by SDS-PAGE on 10% Bis-Tris gels. Phosphorylated and
total EGFR levels were determined by Western blot analysis.

Immunohistochemical staining. Lung sections were immuno-
stained using an UltraVision Detection System kit (Thermo Scientific)
according to the manufacturer’s instructions. Monoclonal antibody
against STAT-3 phosphorylated at Tyr705 (cat. no. 9145; Cell Sig-
naling Technology) at 1:200 dilution was used for immunostaining.

Luciferase reporter assay. Beas2B cells were transiently transfected
with pGL3luc vector containing human IL-8 promoter (�133/�44
bp) linked to luciferase reporter gene using Lipofectamine 2000 as
described previously (20). Luciferase activities in cell lysates were
measured by chemiluminescence assays (Promega) and normalized to
protein content of cell lysate.

Statistical analyses. Data shown are means � SE. The statistical
significance between two groups was analyzed by two-tailed paired
t-test, and that between multiple groups was analyzed by one-way
analysis of variance using Tukey’s multiple-comparison test.

RESULTS

Effect of dust extract on cell viability. Adverse effects of treat-
ments on cell viability are a concern that could confound
interpretation of the results obtained. Therefore, we assessed
the effects of treatment with dust extract on Beas2B and NHBE
cell viabilities by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-

Fig. 3. Effects of Stattic, a STAT-3 inhibitor, on the induction of inflammatory mediators in Beas2B cells. Beas2B cells were incubated with medium [control
(Ctrl)] or medium containing 5 �M Stattic for 1 h and then treated with or without dust extract (DE, 0.25%) for 3 h. A: levels of mRNAs were determined by
real-time quantitative RT-PCR and normalized to 18S rRNA levels. Levels of mRNAs in DE-treated cells were arbitrarily considered as 100, and relative levels
in treated cells are shown. Data shown are means � SE (n � 4). **P 	 0.01 compared with cells treated with DE alone according to one-way analysis of variance
using Tukey’s multiple-comparison test. CCL2, chemokine (C-C motif) ligand 2; TLR4, Toll-like receptor 4. B–E: effects of Stattic on the protein levels of
prostaglandin G/H synthase 2 (PTGS2), ICAM-1, and pro-IL-1� were determined by Western blot analysis, and protein levels were normalized to actin. Protein
levels in control cells were arbitrarily considered as 1, and relative levels in treated cells are shown. Data shown are means � SE (n � 4). *P 	 0.05, **P 	
0.01, ***P 	 0.001, ns, not significant, according to one-way analysis of variance using Tukey’s multiple-comparison test. F–H: IL-8, IL-6, and TNF-� protein
levels in cell medium were determined by ELISA. Data shown are means � SE (n � 5 for IL-8 and TNF-�; n � 4 for IL-6). *P 	 0.05 and **P 	 0.01 according
to one-way analysis of variance using Tukey’s multiple-comparison test. I: Beas2B cells were transfected with IL-8 promoter plasmid containing �133/�44 bp
of human IL-8 promoter sequence linked to luciferase reporter gene. Transfected cells were incubated first with medium (Ctrl) or Stattic (5 �M) for 1 h and then
treated with or without DE (0.25%) for 6 h. Luciferase activities in cell extracts were normalized to total cell protein. Luciferase activity in control cells was
arbitrarily considered as 1, and relative levels in treated cells are shown. Data shown are means � SE (n � 3). ****P 	 0.0001 according to one-way analysis
of variance using Tukey’s multiple-comparison test. J: effects of Stattic on cell viability of DE-treated Beas2B cells. Beas2B cells were incubated with medium
or medium containing 5 �M Stattic for 1 h and then treated with 0.25% DE for 3 h. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Absorbance in control cells was arbitrarily considered as 100, and relative levels in
treated cells are shown. Data shown are means � SE (n � 5); ns, not significant according to one-way analysis of variance using Tukey’s multiple-comparison
test.

L130 ORGANIC DUST ACTIVATES STAT-3 TO INDUCE INFLAMMATORY MEDIATORS

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00448.2018 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at CDC Information Center (158.111.236.063) on March 26, 2020.



methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) as-
say. We found that treatment of cells with 0.1–1% dust extract
for up to 3 h had no effect on cell viability (Fig. 1) demon-
strating that the concentrations and incubation times used in
this study do not cause toxicity.

Dust extract induces STAT-3 activation. Cytokines and growth
factors activate receptor and nonreceptor kinases to phosphor-
ylate a specific tyrosine residue within STAT proteins leading
to their dimerization and translocation to the nucleus, where
they bind to their cognate DNA elements to modulate gene
transcription. Activation of STAT proteins plays critical roles
in the control of innate immune and inflammatory responses
(24). Among the various STAT proteins, STAT-3 activation
has been implicated in the development of acute and chronic
lung injury (18, 52). To determine whether poultry CAFO dust
extract (hereinafter termed “dust extract”) activates STAT-3,
we examined the most commonly studied STAT-3 tyrosine
phosphorylation site at Tyr705 at various time points of treat-
ment in Beas2B (Fig. 2, A and B) and NHBE (Fig. 2, C and D)
cells by Western blot analysis. Treatment with 1% dust extract
increased STAT-3 tyrosine phosphorylation in Beas2B (Fig. 2,
A and B) and NHBE (Fig. 2, C and D) cells in a time-dependent
manner. In Beas2B cells, STAT-3 phosphorylation peaked at 1
h and subsided thereafter, whereas in NHBE cells increase in
STAT-3 phosphorylation was not evident until 2 h. Treatment
of Beas2B cells with 0.25% dust extract increased STAT-3

phosphorylation to a lesser degree (~50%) compared with 1%
dust extract (data not shown). Intranasal administration of
50 �l of 20% dust extract increased phosphorylated STAT-3
protein level and immunostaining in mouse lung (Fig. 2, E
and F). Increased phosphorylated STAT-3 staining was
found in bronchial and alveolar epithelial and inflammatory
cells (Fig. 2F).

Inhibition of STAT-3 suppresses dust extract induction of
expression of inflammatory mediators in Beas2B and NHBE
cells. Our studies have shown that poultry dust extracts induce
various immune and inflammatory mediators in lung epithelial
cells in vitro (20) and in mouse lungs in vivo (5, 37). Our
fractionation studies using centrifugal filters with cutoffs of
3,000, 10,000, and 30,000 molecular weight (Amicon) showed
that the inducing activity of dust extracts is confined to the
retentate fraction indicating the macromolecular nature of
the inducing activity (unpublished observations). To deter-
mine the involvement of STAT-3 activation, we first inves-
tigated the effects of Stattic (49), a nonpeptidic inhibitor
that inhibits dimerization and DNA binding of STAT-3, on
dust extract induction of inflammatory mediators in Beas2B
cells. We found that Stattic significantly suppressed the
induction of IL-8, IL-6, ICAM-1, IL-1�, chemokine (C-C
motif) ligand 2 (CCL2), and PTGS2 mRNAs but had no effect
on TLR4 mRNA levels (Fig. 3A). Inhibition of IL-8, IL-6,
IL-1�, and PTGS2 mRNA expression was associated with

Fig. 4. Effects of STAT-3 knockdown on the induction of inflammatory mediators in Beas2B cells. Control siRNA (C siRNA) and STAT-3 siRNA were
transfected into cells, and 72 h later, cells were treated with medium [control (Ctrl)] or 0.25% dust extract (DE) for 3 h. A and B: STAT-3 levels were determined
by Western blot analysis and normalized to tubulin or actin levels. STAT-3 levels in C siRNA-transfected control cells were arbitrarily considered as 1, and
relative levels in STAT-3 siRNA-transfected cells are shown. Data shown are means � SE (n � 4). ***P 	 0.001 according to two-tailed paired t-test. C–F:
prostaglandin G/H synthase 2 (PTGS2), ICAM-1, and pro-IL-1� levels were determined by Western blot analysis and normalized to actin. Levels in control
siRNA-transfected control cells were arbitrarily considered as 1, and relative levels in other treatments are shown. Data shown are means � SE (n � 4); ns, not
significant, *P 	 0.05, **P 	 0.01 according to one-way analysis of variance with Tukey’s multiple-comparison test. G and H: IL-8 and IL-6 protein levels in
cell medium were determined by ELISA. Data shown are means � SE (n � 4 for IL-8 and n � 5 for IL-6). *P 	 0.05, **P 	 0.01 according to one-way analysis
of variance using Tukey’s multiple-comparison test.
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inhibition of expression of the corresponding proteins (Fig. 3,
B, C, and E–G). Induction of ICAM-1 protein expression was
not inhibited by Stattic, as Stattic by itself induced ICAM-1
expression (Fig. 3D). We also found that Stattic suppressed
induction of TNF-� protein levels by dust extract (Fig. 3H).
We could not detect mature IL-1� in control or treated Beas2B
and NHBE cells under these conditions. Stattic did not affect
the viability of Beas2B cells by itself or in combination with
dust extract (Fig. 3J). To further understand mechanisms me-
diating STAT-3 induction of IL-8 gene expression, we studied
the effects of Stattic on IL-8 promoter activity in Beas2B cells.
Our results showed that dust extract induction of IL-8 promoter
activity was inhibited by Stattic, indicating that STAT-3 acti-
vation controls increase of IL-8 gene transcription (Fig. 3I).

To further confirm the involvement of STAT-3 activation,
we determined the effects of siRNA-mediated knockdown of
STAT-3 on dust extract induction of inflammatory mediators in
Beas2B cells. In agreement with the effects of Stattic, knock-
down of STAT-3 (Fig. 4, A and B) caused a significant
decrease in the expression of ICAM-1, pro-IL-1�, IL-6, and
IL-8 proteins induced by dust extract (Fig. 4, C and E–H);
however, effects on PTGS2 levels were not significant (Fig.
4D). In contrast to the lack of effects of Stattic on ICAM-1

protein levels, knockdown of STAT-3 suppressed dust extract
induction of ICAM-1 protein expression (Fig. 4, C and E).
Knockdown of STAT-3 in NHBE cells (Fig. 5A) produced
effects similar to those in Beas2B cells (Fig. 4, A and B).
STAT-3 knockdown suppressed the inductive effects of dust
extract on pro-IL-1� and PTGS2 (Fig. 5, B, C, and E) and IL-8
protein levels (Fig. 5F). Although dust extract did not signif-
icantly induce ICAM-1 protein in NHBE cells, STAT-3 knock-
down suppressed ICAM-1 induction (Fig. 5, B and D). IL-6
and TNF-� levels in control or treated NHBE cell medium
were below the detection limit.

Effects of Stattic on dust extract induction of inflammatory
mediator expression in mice. We found that the STAT-3
inhibitor Stattic and/or the silencing of STAT-3 in Beas2B and
NHBE cells suppressed induction of inflammatory mediators
by dust extract. We also found that dust extract activated
STAT-3 by increasing Tyr705 phosphorylation both in vitro
and in vivo. To determine whether STAT-3 activation is
involved in the induction of inflammatory mediators in vivo,
we determined the effects of Stattic on dust extract induction of
inflammatory mediators in mouse lungs in vivo. We previously
found that intranasal administration of 50 �l of 20% dust
extract reproducibly induced lung expression of KC, TNF-�,

Fig. 5. Effects of STAT-3 knockdown on the induction of inflammatory mediators in normal human bronchial epithelial cells. Control siRNA (C siRNA) and
STAT-3 siRNA were transfected into cells, and 72 h later, cells were treated with medium [control (Ctrl)] or 0.25% dust extract (DE) for 3 h. A: STAT-3 protein
levels were determined by Western blot analysis and normalized to actin levels. STAT-3 protein levels in C siRNA-transfected control cells were arbitrarily
considered as 1, and data shown are means � SE (n � 4). ***P 	 0.001 according to two-tailed paired t-test. B–E: protein levels of prostaglandin G/H synthase
2 (PTGS2), ICAM-1, and pro-IL-1� were determined by Western blot analysis and normalized to actin levels. Protein levels in C siRNA-transfected control cells
were arbitrarily considered as 1, and relative levels in treated cells are shown. Data shown are means � SE (n � 4). *P 	 0.05; ns, not significant according
to one-way analysis of variance with Tukey’s multiple-comparison test. F: IL-8 protein levels in cell medium were determined by ELISA. Data shown are
means � SE (n � 4).
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and IL-6 after 2 h in mice (37). We therefore used this dose to
determine the effects of Stattic on the induction of inflamma-
tory mediators in mice. Assessment of toxicity by lactate
dehydrogenase assay of BAL samples from control mice and
mice treated with 20% dust extract did not show any toxicity
(absorbance at 490-nm wavelength: control, 0.075 � 0.032;
dust extract, 0.062 � 0.017, 2-tailed P � 0.72, n � 6–7). We
found that Stattic reduced dust extract-induced phosphoryla-
tion of STAT-3 by ~50% (Fig. 6, A and B) and reduced dust
extract induction of KC (Fig. 6C) and IL-1� (Fig. 6D) protein
expression; however, IL-6 levels were not affected (Fig. 6E).
Stattic treatment appeared to reduce induction of TNF-� (Fig.
6F) and ICAM-1 expression (Fig. 6G); however, the decreases
were not statistically significant.

Antioxidants suppress STAT-3 activation. Inhibition of
STAT-3 activation using Stattic inhibitor or siRNA-mediated
knockdown reduced dust extract induction of inflammatory
mediators indicating that it serves as an important transcription
factor controlling the induction of expression of inflammatory
genes. Previously, our (20) and other studies (34, 59) showed
that NF-�B and AP-1 are important for the induction of IL-6
and IL-8 expression by different organic dusts. Our studies also
showed that poultry dust extract induction of inflammatory
mediators in lung epithelial cells in vitro is associated with
oxidative stress, and antioxidants suppressed induction of in-
flammatory mediators underscoring the importance of oxida-
tive stress in the induction (38). To determine whether dust
extract-induced oxidative stress is a mediator of STAT-3
activation, we investigated the effects of the antioxidants
CDDOIm, NAC, and DMTU on STAT-3 activation in
Beas2B cells. We found that CDDOIm, NAC, and DMTU
reduced STAT-3 activation (Fig. 7, A and B) indicating that
oxidative stress is an important regulator of STAT-3 acti-

vation by dust extract. Administration of CDDOIm to mice
reduced STAT-3 phosphorylation induced by dust extract
(Fig. 7, C and D) further supporting a role for oxidative
stress for STAT-3 activation.

Dust extract-induced STAT-3 activation is linked to TYK2.
Receptor and nonreceptor tyrosine kinases are known to activate
STAT-3 via phosphorylation (56, 65). Among the nonreceptor
tyrosine kinases, the Janus kinase family of tyrosine kinases,
JAK1, JAK2, and JAK3, TYK2, and Src kinases phosphorylate
the STAT family of proteins (65). Because JAK2 and TYK2 are
activated in lung injury (4, 50), we examined their role in the
control of STAT-3 phosphorylation induced by poultry dust
extract. Western blot analysis of Beas2B and NHBE cells treated
with dust extract for different lengths of time did not detect
phosphorylated JAK2 (data not shown); however, phosphorylated
TYK2 could be readily detected. Treatment of Beas2B cells
increased TYK2 phosphorylation after 5 min, and elevated TYK2
phosphorylation was evident until 60 min (Fig. 8, A and B). To
understand the role of TYK2 in STAT-3 activation, we deter-
mined the effects of siRNA knockdown of TYK2 on STAT-3
phosphorylation. Transfection with siRNA significantly reduced
TYK2 levels (Fig. 8, C and D), and dust extract failed to increase
STAT-3 phosphorylation (Fig. 8, E and F) indicating that TYK2
mediates STAT-3 phosphorylation. The Src kinase inhibitor
4-amino-5-(4-chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4-d]py-
rimidine (PP2) did not suppress dust extract increase of STAT-3
phosphorylation indicating that STAT-3 phosphorylation occurs
independently of Src kinases (data not shown).

EGFR activates STAT-3. Recent studies have shown that
activation of EGFR controls induction of IL-6 and IL-8 by
swine CAFO dust extract in airway epithelial cells (16). Be-
cause EGFR is known to activate STAT-3 and oxidative stress
is a mediator of EGFR activation (3, 17), we investigated the

Fig. 6. Effects of Stattic, a STAT-3 inhibitor, on STAT-3 activation and induction of inflammatory mediators in mouse lungs. Female C57BL/6 mice received
vehicle or Stattic via intraperitoneal injections 16 and 1 h before intranasal administration of 50 �l of PBS or 20% dust extract (DE). After 3 h, mice were
euthanized, and lungs were cleared of blood by perfusing with PBS and homogenized. A and B: levels of pSTAT-3, STAT-3, and actin were determined by
Western blot analysis, and pSTAT-3 level was normalized to STAT-3, which had been normalized to actin. Data shown are means � SE (n � 5 for PBS, n �
6 for DE and Stattic � DE). *P 	 0.05, **P 	 0.01 according to one-way analysis of variance using Tukey’s multiple-comparison test. C–F: levels of
keratinocyte chemoattractant (KC), IL-1�, IL-6, and TNF-� were determined by ELISA and normalized to total protein levels. G: ICAM-1 levels were
determined by Western blot analysis and normalized to actin levels. Data shown are means � SE (n � 6–9). *P 	 0.05, **P 	 0.01, ****P 	 0.0001; ns, not
significant according to one-way analysis of variance using Tukey’s multiple-comparison test.
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involvement of EGFR in STAT-3-mediated induction of im-
mune and inflammatory mediators by poultry dust extract. We
found that treatment with dust extract increased EGFR phos-
phorylation rapidly in Beas2B cells (Fig. 9, A and B) and PD
153035, a highly selective EGFR inhibitor, suppressed dust
extract induction of STAT-3 phosphorylation (Fig. 9, G and H)
and induction of PTGS2, ICAM-1, and pro-IL-1� (Fig. 9,
C–F). Knockdown of EGFR (Fig. 9I) by siRNA transfection
reduced dust extract-induced increase of STAT-3 phosphory-
lation (Fig. 9, J and K) consistent with data obtained with PD
153035.

Because IL-6 is a major activator of STAT-3 (67), we
examined whether dust extract activation of STAT-3 is linked
to IL-6 production by blocking IL-6 activity with anti-IL-6
neutralizing antibodies. We found that anti-IL-6 neutralizing
antibody did not completely suppress STAT-3 phosphorylation
(Fig. 10) indicating that in addition to IL-6, other mechanisms
are involved in dust extract activation of STAT-3.

DISCUSSION

Exposure to organic dust is strongly linked to the develop-
ment of lung diseases such as asthma, bronchitis, organic dust
toxic syndrome, and chronic obstructive pulmonary disease (1,
60). These diseases are characterized by chronic inflammation
and increased production of immune and inflammatory medi-
ators. Although elevated production of immune and inflamma-
tory mediators has been demonstrated in human subjects (28,
62), experimental animals (13, 37, 43), and lung cells in vitro
(20, 39, 45, 64), molecular mechanisms controlling their pro-

duction are not well understood. A limited number of studies
have shown that NF-�B and AP-1 are necessary for organic
dust induction of IL-6 and IL-8 promoter activities with NF-�B
playing a dominant role (20, 34). However, very little is known
about the involvement of other transcription factors controlling
the production of inflammatory mediators induced by organic
dust. Because exposure to organic dust induces the expression
of several immune and inflammatory genes (5), it is likely that
transcription factors other than NF-�B and AP-1 are also
involved in achieving regulated expression.

STATs are a family of transcription factors that mediate
cellular signaling by cytokines and growth factors (14). In their
latent state, STATs are found in the cytosol, and upon activa-
tion by phosphorylation of conserved tyrosine residues they
form homodimers and heterodimers that translocate to the
nucleus, where they bind to their cognate DNA elements to
modulate gene transcription (14). In the present study, we
found that dust extracts increased STAT-3 phosphorylation in
lung epithelial cells and in mouse lungs. In Beas2B cells,
STAT-3 phosphorylation peaked at 60 min after treatment and
dropped to control levels at 120 min, whereas in NHBE cells,
increase of STAT-3 phosphorylation was not evident until 120
min (Fig. 2, A–D). Delayed and prolonged STAT-3 activation
has been previously observed in airway epithelial cells. In
NHBE cells treated with diesel exhaust particles, increased
STAT-3 phosphorylation was detectable at 1 h after treatment
and continued to increase up to 4 h (9). In Beas2B cells treated
with urokinase, increased STAT-3 phosphorylation was not
evident until 12 h after treatment and was sustained up to 24 h

Fig. 7. Antioxidants suppress STAT-3 activation. A and B: Beas2B cells were first incubated with medium [control (Ctrl)] or medium containing 0.5 �M
1-(2-cyano-3, 12, 28-trioxooleana-1, 9(11)-dien-28yl)-1H-imidazole (CDDOIm) or 15 mM N-acetylcysteine (NAC) for 3 h or 30 mM dimethylthiourea (DMTU)
for 1 h and then treated with or without 1% dust extract (DE) for 1 h. Levels of pSTAT-3 and STAT-3 were determined by Western blot analysis, and pSTAT-3
level was normalized to STAT-3. Levels of pSTAT-3 in control cells were arbitrarily considered as 1, and relative levels in treated cells are shown. Data shown
are means � SE (n � 4). *P 	 0.05, **P 	 0.01; ns, not significant, according to one-way analysis of variance with Tukey’s multiple-comparison test. C and
D: female C57BL/6 mice (n � 3) received vehicle or CDDOIm (5 mg/kg) once daily for 2 days via intraperitoneal injections before intranasal administration
of 50 �l of PBS or 20% DE. After 2 h, mice were euthanized, and lung homogenates were prepared. Levels of pSTAT-3 and STAT-3 were determined by Western
blot analysis, and pSTAT-3 level was normalized to STAT-3. Data shown are means � SE. *P 	 0.05, **P 	 0.01 according to one-way analysis of variance
using Tukey’s multiple-comparison test.
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(51). Activation of STATs is controlled by protein tyrosine
phosphatases, which are subject to redox regulation (8). The
differences in STAT-3 activation by dust extract between
Beas2B and NHBE cells could be due to differential control of
protein tyrosine phosphatases responsible for STAT-3 dephos-
phorylation.

Chemical or genetic inhibition of STAT-3 in Beas2B cells
significantly suppressed dust extract induction of pro-IL-1�,
PTGS2, IL-8, IL-6, and TNF-� expression (Fig. 3, B, C, and
E–H) indicating the importance of STAT-3 activation in the
induction of these genes. In Beas2B cells, Stattic suppres-
sion of ICAM-1 mRNA was not associated with inhibition
of ICAM-1 protein expression as Stattic by itself increased
ICAM-1 protein levels (Fig. 3, B and D). At variance with
these results, siRNA knockdown of STAT-3 suppressed
induction of ICAM-1 protein expression (Fig. 4, C and E),
suggesting that the lack of effects of Stattic could be due to
nontarget actions. As in the case of Beas2B cells, knock-
down of STAT-3 in NHBE cells (Fig. 5) also resulted in the
suppression of pro-IL-1�, IL-8, and ICAM-1 protein levels.
Stattic suppressed STAT-3 activation and induction of KC
and IL-1� expression (Fig. 6, C and D) by dust extract in
mice but had no effect on IL-6 levels (Fig. 6E). Stattic
appeared to decrease induction of TNF-� and ICAM-1
expression (Fig. 6, F and G), but the changes were not
statistically significant. Although dust extracts significantly
induced KC, IL-1�, IL-6, and TNF-� expression at 3 h after

dust extract administration in mice, the inductive effect on
ICAM-1 levels was weak. The lack of effect on ICAM-1
levels could be due to the relatively short time period of
exposure to dust extract, and longer exposure times may be
required to achieve higher ICAM-1 levels. The reasons for
the differential inhibitory effects of Stattic are not clear, but
they could be due to species-specific differences between
humans and mice in regard to STAT-3-dependent regulation
of IL-6 and IL-1� gene expression. Although humans and
mice share many similarities with regard to immune and
inflammatory responses to pathogenic agents, significant
differences between the species exist (68).

STAT-3 target genes include transcription factors, metallo-
proteinases, cytokines, and apoptotic proteins (11). STAT-3
directly binds to the promoters of COX-2, ICAM-1, IL-6, IL-8,
TNF-�, transforming growth factor-�, and regulated on acti-
vation, normal T cell expressed, and secreted (RANTES) to
increase gene transcription (11). Our and other studies have
shown that NF-�B and AP-1 control organic dust induction of
IL-8 and IL-6 promoter activities (20, 34). TLR2 and TLR4
signaling pathways mediate airway inflammatory mediator
production and airway inflammatory responses in mice ex-
posed to swine CAFO dust (12, 42, 57). The activation of the
TLR signaling pathway results in the phosphorylation and
subsequent degradation of inhibitory �B proteins culminating
in the activation of NF-�B (26). In our study, identification of
STAT-3 as playing a positive role suggests potential interac-

Fig. 8. Dust extract (DE) activates STAT-3 via nonreceptor
tyrosine-protein kinase 2 (TYK2). A and B: Beas2B cells
were treated with medium [control (Ctrl)] or 1% DE for the
indicated times. Levels of phospho-TYK2 (pTYK2) and
total TYK2 were determined by Western blot analysis, and
pTYK2 levels were normalized to total TYK2 levels. Lev-
els of pTYK2 in control cells were arbitrarily considered as
1, and relative levels in treated cells are shown. Data are
means � SE (n � 4 for all treatments, except n � 3 for 10
min). *P 	 0.05, **P 	 0.01 according to one-way analysis
of variance using Tukey’s multiple-comparison test. C–F:
control siRNA (C siRNA) or TYK2 siRNA was transfected
into Beas2B cells, and after 72 h, cells were treated with
medium (Ctrl) or 1% DE for 1 h. Levels of TYK2,
pSTAT-3, total STAT-3, and actin were determined by
Western blot analysis. Levels of TYK2 and pSTAT-3 were
normalized to actin and total STAT-3, respectively. TYK2
and pSTAT-3 levels in C siRNA-transfected control cells
were arbitrarily considered as 1, and relative levels in other
treatments are shown. Data shown are means � SE (n � 5).
*P 	 0.05, **P 	 0.01 according to one-way analysis of
variance using Tukey’s multiple-comparison test.

L135ORGANIC DUST ACTIVATES STAT-3 TO INDUCE INFLAMMATORY MEDIATORS

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00448.2018 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at CDC Information Center (158.111.236.063) on March 26, 2020.



tions between STAT-3 and NF-�B in the modulation of ex-
pression of immune and inflammatory mediator genes by
organic dust. Indeed, cooperation between STAT-3 and NF-�B
has been reported to be responsible for the induction of a subset
of genes by TNF-� (21). Genes encoding chemokines, anti-
apoptotic proteins, and cell cycle control proteins are modu-
lated by the collaborative actions of NF-�B and STAT-3. Apart
from interactions between STAT-3 and NF-�B on the pro-
moter, direct interactions between them in the modulation of
gene expression have also been reported. For example, activa-
tion of NF-�B by displacement of I�B from the NF-�B
complex after binding of STAT-3 (31) and I�B binding to
STAT-3 to prevent STAT-3 binding to its DNA element have

been reported (63). Although STATs can be phosphorylated by
nonreceptor kinases such as JAK or Src family kinases or
receptor kinases such as EGFR or platelet-derived growth
factor receptor, cytokine receptors preferentially use JAKs as
signaling effectors (2). Among STAT family members,
STAT-3 has been implicated in the development of acute and
chronic lung inflammation. Administration of LPS rapidly
activated lung STAT-1 and STAT-3 in mice (50). Airway
epithelial STAT-3 was found to mediate house dust mite
extract-induced lung inflammation in mice and regulate the
levels of IL-4, IL-5, IL-13, TNF-�, and KC, but not IFN-� or
eotaxin levels (52). Diesel exhaust particle activation of
STAT-3 in airway epithelial cells is dependent on EGFR and

Fig. 9. Dust extract (DE) activates STAT-3 via epidermal growth factor receptor (EGFR), and chemical inhibition or siRNA knockdown of EGFR suppresses
inflammatory mediators and STAT-3 phosphorylation. A and B: Beas2B cells were treated with medium [control (Ctrl)] or 1% DE for the indicated times, and
the levels of phospho-EGFR (pEGFR) and total EGFR were determined by immunoprecipitation (IP) followed by Western blot analysis. Data shown are
means � SE (n � 4); *P 	 0.05 according to one-way analysis of variance using Tukey’s multiple-comparison test. IB, immunoblot. C–F: Beas2B cells were
treated with medium (Ctrl) or PD 153035 (10 �M) for 1 h and then treated with or without 0.25% DE for 3 h. Levels of prostaglandin G/H synthase 2 (PTGS2),
ICAM-1, and pro-IL-1� were determined by Western blot analysis and normalized to actin. Their levels in control cells were arbitrarily considered as 1, and
relative levels in treated cells are shown. Data shown are means � SE (n � 4). *P 	 0.05, **P 	 0.01, ***P 	 0.001 according to one-way analysis of variance
using Tukey’s multiple-comparison test. G and H: Beas2B cells were treated with medium (Ctrl) or PD 153035 (10 �M) for 1 h and then treated with or without
1% DE for 1 h. Levels of pSTAT-3 and total STAT-3 were determined by Western blot analysis, and pSTAT-3 level was normalized to total STAT-3. Levels
of pSTAT-3 in control cells were arbitrarily considered as 1, and relative levels in treated cells are shown. Data shown are means � SE (n � 4). ****P 	 0.0001
according to one-way analysis of variance with Tukey’s multiple-comparison test. I–K: control siRNA (C siRNA) and EGFR siRNA were transfected into
Beas2B cells, and after 72 h, cells were treated with medium (Ctrl) or 1% DE for 1 h. I: EGFR mRNA levels were determined by real-time quantitative RT-PCR
and normalized to 18S rRNA levels. EGFR mRNA levels in C siRNA-transfected control cells were arbitrarily considered as 1, and relative level in EGFR
siRNA-transfected cells is shown. Data shown are means � SE (n � 4). *P 	 0.05 according to paired t-test. J and K: levels of pSTAT-3 and total STAT-3
were determined by Western blot analysis, and pSTAT-3 levels were normalized to STAT-3. pSTAT-3 level in C siRNA-transfected control cells was arbitrarily
considered as 1, and relative levels in other samples are shown. Data shown are means � SE (n � 5). *P 	 0.05, **P 	 0.01 according to one-way analysis
of variance using Tukey’s multiple-comparison test.
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Src kinase suggesting that STAT-3 might be involved in the
control of lung inflammation (9). STAT-3 activation was
demonstrated to mediate streptococcal M1 protein-induced
lung neutrophilia via increase in C-X-C motif chemokine
levels (66).

We previously reported that oxidative stress and protein
kinase and NF-�B signaling control induction of inflammatory
mediator expression by poultry dust extracts (38). In the
present study, antioxidants such as CDDOIm, DMTU, and
NAC suppressed dust extract-induced phosphorylation of
STAT-3 (Fig. 7) indicating that oxidative stress is involved in
STAT-3 activation. Changes in the cellular redox state are
known to control STAT-3 activation. Cellular oxidative stress
caused by hydrogen peroxide (10, 53), respiratory syncytial
virus infection (35), diesel exhaust particles (9), and oxidized
phospholipids (19) has been demonstrated to activate STAT-3.

In our study, STAT-3 phosphorylation induced by poultry
dust extract was found to be dependent on the activation of
TYK2 and EGFR (Figs. 8 and 9), but not JAK2. It is not yet
known whether dust extract-induced oxidative stress controls
activation of TYK2 and EGFR to increase STAT-3 phosphor-
ylation. Oxidative stress is known to differentially control the
activation of tyrosine kinases responsible for STAT-3 phos-
phorylation. In the case of respiratory syncytial virus infection,
reactive oxygen species (ROS)-dependent STAT-3 activation
was not ascribed to JAK or Src kinases, whereas EGFR
activation of STAT-3 was found to be dependent on ROS
inhibition of tyrosine phosphatase activity (35). Induction of
IL-8 transcription by oxidized phospholipids was demonstrated
to be due to JAK2-mediated activation of STAT-3 (19). Ty-
rosine phosphatases have been reported to be highly sensitive
to inactivation by oxidation because of the presence of a
critical thiol group in the active site of the enzyme (47).
Although oxidative stress has been found to activate the JAK-
STAT pathway, it is also known to inhibit the cytokine-
induced JAK-STAT pathway (15, 25). The mechanisms un-
derlying the inhibition of activation of the JAK-STAT pathway
by oxidative stress are not known; however, direct oxidation of
JAK and STAT proteins leading to their inactivation is a

possibility. The kinase activity of JAK2 has been reported to be
sensitive to oxidation of cysteine residues in the catalytic
domain (55), and STAT-3 DNA binding and transcriptional
activity can be inhibited via oxidation of conserved cysteine
residues directly inactivated by oxidants (32, 33). IL-6 is a
well-known activator of STAT-3 phosphorylation (67). We
found that neutralization of IL-6 activity with anti-IL-6 neu-
tralizing antibody did not completely abolish STAT-3 phos-
phorylation induced by dust extract indicating that mechanisms
independent of IL-6 are also involved.

Poultry dust extracts prepared in our laboratory contain
endotoxin and low amounts of muramic acid (20), a marker of

Fig. 11. Mechanism for dust extract induction of inflammatory gene expres-
sion. Treatment of lung epithelial cells with dust extracts increases intracellular
reactive oxygen species (ROS) levels causing oxidative stress and leading to
STAT-3 activation mediated by nonreceptor tyrosine-protein kinase 2 (TYK2)
and epidermal growth factor receptor (EGFR) tyrosine kinases. Activated
STAT-3 is translocated to the nucleus, where it binds to cognate promoter
DNA elements to increase transcription of immune and inflammatory genes.
The effects of ROS induced by dust extract on activation of TYK2 and EGFR
are not known. The “P” inside an oval represents phosphorylation.

Fig. 10. IL-6 is not solely responsible for
STAT-3 activation. A and B: Beas2B cells
were treated with 1 �g/ml of anti-IL-6 neu-
tralizing antibody or matching control anti-
body for 1 h and then treated with 1% dust
extract (DE) for 1 h. Levels of pSTAT-3 and
total STAT-3 were determined by Western blot
analysis, and pSTAT-3 level was normalized to
total STAT-3. Dashed lines show reassembly of
noncontiguous lanes. pSTAT-3 level in control
(C/Ctrl) cells was arbitrarily considered as 1, and
relative levels in other samples are shown. Data
shown are means � SE (n � 5); ns, not signifi-
cant, *P 	 0.05 according to one-way analysis of
variance using Tukey’s multiple-comparison test.
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peptidoglycan and serine protease-like activity (38). Endotoxin
in poultry dust extracts does not appear to be a primary driver
of induction of IL-8 as polymyxin B failed to suppress induc-
tion of IL-8 mRNA in lung epithelial and THP-1 cells in vitro
(20). Similar results showing a lack of inductive effects of
endotoxin on the release of IL-6 and IL-8 were reported for
swine CAFO dust extracts cleared of endotoxin using a poly-
myxin B column (45). These data, combined with data of the
weaker stimulatory effects of LPS (20, 45) and peptidoglycan
(45) on IL-6 and IL-8 levels, indicate that endotoxin and
peptidoglycan are not primarily responsible for the induction of
IL-6 and IL-8 expression. However, it remains to be deter-
mined whether endotoxin in poultry dust extracts has any role
in the induction of IL-1�, PTGS2, ICAM-1, and TNF-�
expression. We (38) and others (46) recently found that pro-
tease activity in organic dust extracts is involved in the induc-
tion of inflammatory mediators. We previously found that
poultry dust extracts increase oxidant stress to induce inflam-
matory mediator expression in lung epithelial cells (38). An
agent(s) in poultry dust extracts that increases oxidant stress
and the underlying mechanisms are not known. Considering
that endotoxin and peptidoglycan in organic dust extracts are
weak stimulators of IL-6 and IL-8 levels and that protease
activity is a major inducer of inflammatory mediator expres-
sion, the link between protease activity and oxidant stress
would be interesting to study in the future.

In summary, our studies have revealed that STAT-3 is an
important transcription factor controlling the induction of lung
immune and inflammatory genes by organic dust extract.
Interactions between STAT-3, NF-�B, and AP-1 likely deter-
mine the regulated expression of various immune and inflam-
matory mediators. Furthermore, our studies delineated a cellu-
lar signaling pathway involving oxidative stress-dependent
activation of STAT-3 mediated by TYK2 and EGFR tyrosine
kinases (Fig. 11).
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