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Organic dust exposure in agricultural environments results in signif-
icant airway inflammatory diseases. Gram-positive cell wall compo-
nents are presentin high concentrations in animal farming dusts, but
their role in mediating dust-induced airway inflammation is not
clear. This study investigated the role of Toll-like receptor (TLR) 2,
a pattern recognition receptor for gram-positive cell wall products,
in regulating swine facility organic dust extract (DE)-induced airway
inflammation in mice. Isolated lung macrophages from TLR2 knock-
out mice demonstrated reduced TNF-¢, IL-6, keratinocyte chemo-
attractant/CXCL1, but not macrophage inflammatory protein-2/
CXCL2 expression, after DE stimulation ex vivo. Next, using an
established mouse model of intranasal inhalation challenge, we
analyzed bronchoalveolar lavage fluid and lung tissue in TLR2-
deficient and wild-type (WT) mice after single and repetitive DE
challenge. Neutrophil influx and select cytokines/chemokines were
significantly lower in TLR2-deficient mice at 5 and 24 hours after
single DE challenge. After daily exposure to DE for 2 weeks, there
were significant reductions in total cellularity, neutrophil influx, and
TNF-a, IL-6, CXCL1, but not CXCL2 expression, in TLR2-deficient
mice as compared with WT animals. Lung pathology revealed that
bronchiolar inflammation, but not alveolar inflammation, was re-
duced in TLR2-deficient mice after repetitive exposure. Airway
hyperresponsiveness to methacholine after dust exposure was
similar in both groups. Finally, airway inflammatory responses in
WT mice after challenge with a TLR2 agonist, peptidoglycan, re-
sembled DE-induced responses. Collectively, these results demon-
strate that the TLR2 pathway is important in regulating swine facility
organic dust-induced airway inflammation, which suggests the
importance of TLR2 agonists in mediating large animal farming-
induced airway inflammatory responses.
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Agricultural workers, particularly swine farmers, exhibit a high
prevalence of airway diseases, including chronic bronchitis,
exacerbation of asthma, and obstructive lung disease, which is
thought to be due to repeated exposure to inhaled organic dusts
or bioaerosols (1). A challenge in defining mechanisms of or-

(Received in original form October 18, 2010 and in final form December 17, 2010)

This work was supported by National Institute of Environmental Health Sciences
grants KO8 ES015522-01 and ES015522-03S1[ARRA], and RO1 ES019325 (J.A.P.),
National Institute of Occupational Safety Health grant RO1T OH008539-01
(D.J.R.), National Institute on Alcohol Abuse and Alcoholism grant RO1
AA017993 (T.A.W.), and Kuhl Testamentary Fund University of Nebraska Medical
Center Intramural grant (G.G.).

Correspondence and requests for reprints should be addressed to Jill A. Poole,
M.D., Pulmonary, Critical Care, Sleep & Allergy Division; Department of Internal
Medicine; University of Nebraska Medical Center; 985300 The Nebraska Medical
Center Omaha, NE 68198-5300. E-mail: japoole@unmc.edu

This article has an online supplement, which is accessible from this issue’s table of
contents at www.atsjournals.org

Am ] Respir Cell Mol Biol Vol 45. pp 711-719, 2011

Originally Published in Press as DOI: 10.1165/rcmb.2010-04270C on January 28, 2011
Internet address: www.atsjournals.org

CLINICAL RELEVANCE

This work demonstrates that the Toll-like receptor (TLR)
2 pathway plays an important role in regulating swine
facility organic dust-induced airway inflammation in vivo.
These findings have important implications for future envi-
ronmental sampling strategies to focus on, and to reduce
exposure of, TLR2 agonists present in agricultural environ-
ments. Targeting the TLR2 pathway might also be an
important adjunctive therapy when investigating prevention
and therapeutic interventions in humans.

ganic dust-induced inflammatory responses lies in the inherent
complexity of the dust. One established inflammatory compo-
nent present in organic dust is endotoxin; however, epidemio-
logic and multiple laboratory-based studies have failed to
definitively link endotoxin exposure to disease manifestation
(2-8). Consistent with these observations, we and others have
found a strong predominance of gram-positive (rather than gram-
negative) bacteria in modern swine confinement facility organic
dust samples (6, 9). Furthermore, mass spectrometry analysis
has demonstrated high concentrations of muramic acid, a com-
ponent of peptidoglycan (PGN), which originates from the
bacterial cell wall of gram-positive bacteria (i.e., 85% of total
cell wall) and, to a lesser degree, gram-negative bacteria (i.e.,
5% of cell wall) in large animal farming environments (e.g.,
swine and dairy barns) (6, 10). In addition, prior reports have
suggested that nonendotoxin components, such as PGN, are
responsible for driving the innate immune inflammatory re-
sponses to swine facility animal farming dusts in vitro (6, 10, 11).
However, it is not known if targeting innate immune pattern
recognition receptors of gram-positive cell wall products will
affect complex organic dust-induced airway inflammation,
which was the objective of the current study.

One family of innate immune receptors responsible for rec-
ognizing highly conserved microbial motifs are the Toll-like
receptors (TLRs) (12). Of the 10 TLRs, TLR2 has been
implicated as a critical receptor of gram-positive bacteria,
because TLR2 recognizes PGNs, lipoteichoic acid, and lipopro-
teins that are associated with the cell wall of gram-positive
bacteria (12, 13). TLR2 is highly expressed on antigen-presenting
cells, such as macrophages, cells important in mediating the
innate immune response to inhaled organic dust (14, 15). On
airway epithelial cells, TLR2 expression is up-regulated after
swine facility organic dust exposure, and blocking epithelial cell
TLR2 results in a dampening of proinflammatory cytokine
release after organic dust exposure in vitro (16, 17). In general,
the role of TLR2 in mediating airways disease is controversial.
In various lung infection models, deficiencies in TLR2 have
been associated with increased proinflammatory mediator re-
lease and resistance to infection (18), decreased proinflammatory
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mediator release and failure to control infection (19-21), or no
significant effect with lung inflammation indices (22). In com-
parison, airway inflammatory consequences after inhalation
challenge with pure selective TLR2 agonists are reduced in
TLR2-deficient mice (23). It is not known if there is a role for
TLR2 in modulating airway inflammatory responses to a com-
plex microbial exposure, such as large animal farming dusts.
However, these previous observations suggested to us that
TLR2 might play an important role in mediating airway in-
flammatory responses after large animal farming dust expo-
sures, an environment rich in gram-positive cell wall products.

In this study, we hypothesized that TLR2 loss would sig-
nificantly reduce airway inflammatory responses to swine facil-
ity organic dust extract (DE) exposure. To test this hypothesis,
we first determined whether there would be a reduction in
cytokine/chemokine release from primary lung macrophages
isolated from TLR2-deficient mice compared with wild-type
(WT) animals. Next, we investigated, in an established in vivo
murine model (14), if airway inflammatory responses to in-
tranasal inhalation of organic DE in TLR2-deficient mice would
differ as compared with WT animals at various time points and
concentrations of DE. Finally, we determined if a TLR2 ago-
nist, PGN, would induce similar airway inflammatory responses
as DE. Collectively, we found an important role for TLR2 in
mediating airway inflammatory responses to swine facility
organic dust in vivo. Namely, the absence of TLR2 signaling
resulted in an attenuation of dust-dependent airway inflamma-
tion and lung pathology, but not acute airway hyperresponsive-
ness (AHR) and alveolar inflammation.

MATERIALS AND METHODS
DE

Swine confinement animal feeding operation facility organic dust was
collected and prepared as DE as previously described (7, 8) and as
described in the online supplement.

Mice

C57BL/6 WT mice were purchased from the Jackson Laboratory (Bar
Harbor, ME) and TLR2 knockout (KO; same C57BL/6 background)
mice were provided by S. Akira (Osaka, Japan). Animal studies were
approved by the Institutional Animal Care and Use Committee of
the Omaha Veterans Affairs Medical Center and the University of
Nebraska Medical Center, according to National Institutes of Health
guidelines for the use of rodents.

Lung Macrophages

Lung macrophages were isolated as described in the METHODS section in
the online supplement. After isolation, lung macrophages were stim-
ulated with 1% DE. After 24 hours, cell-free supernatants were
collected and stored at —80°C.

Animal Model

Mice received saline or DE by an intranasal exposure method, as
previously established (14). A concentration of 12.5% DE is an optimal
concentration for eliciting lung inflammation (14). In some experi-
ments, a suboptimal 2.5% DE concentration was also used to de-
termine the importance of TLR2 at a relatively high and low organic
dust concentration exposure. Animals also received PGN, LPS, and
heat-inactivated DE, which is described in the METHODS in the online
supplement.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) fluid was collected as previously de-
scribed (14). Total cell number was enumerated and differential cell
counts were determined on cytospin-prepared slides (Cytopro Cyto-
centrifuge, Wescor Inc., Logan, UT) stained with DiffQuick (Dade
Behring, Newark, DE).

Cytokine/Chemokine Assays

Murine TNF-a, IL-6, keratinocyte chemoattractant (KC; CXCL1), and
macrophage inflammatory protein (MIP)-2 (CXCL2) concentrations
were determined in BAL fluid according to manufacturer’s instructions
using commercially available ELISA kits (R&D Systems, Minneapolis,
MN).

Nitric Oxide Analysis

Nitric oxide (NO) production in BAL fluid was assessed via the
detection of NO by a gas-phase chemiluminescent reaction between
NO and ozone (Sievers Instruments Model 280i; GE Analytical
Instruments, Boulder, CO) according to previous published proce-
dures, because this is a highly sensitive assay, detecting NO at low
levels (24).

Lung Collection

After lung lavage, whole lungs were excised and inflated to 10 cm H,O
pressure with 10% formalin (Sigma, St. Louis, MO) solution to pre-
serve pulmonary architecture. Lungs were embedded in paraffin, and
sections (4-5 M) were cut and stained with hematoxylin and eosin.
Lung slides were reviewed and semiquantitatively assessed for the
degree of inflammation as well as the distribution of the inflammation
by a reviewer (pathologist [W.W.W.]) blinded to the treatment con-
ditions using a previously published scoring system (14).

Pulmonary Function Measurement

At 3 hours after a single intranasal instillation of 12.5% DE or PGN
(14), mice were anesthetized, tracheostomized, and mechanically
ventilated at a rate of 160 breaths/min and a tidal volume of 0.15 ml,
using a computerized small animal ventilator (Finepoint; Buxco
Electronic, Wilmington, NC) (14, 25). Dose responsiveness to aero-
solized methacholine (1.5-48.0 mg/ml) was obtained and results
reported as total lung resistance.

Statistical Analysis

Data are presented as the mean (=SEM). Statistical significance was
assessed by one-way ANOVA and two-tailed unpaired and paired
t test, where appropriate, to determine significant changes among
treatment groups using GraphPad Prism version 5.0 (GraphPad Inc.,
La Jolla, CA) software.

RESULTS

Organic Dust-Induced Inflammatory Mediator Production
in Primary Lung Macrophages Is Predominately
TLR2 Dependent

To define if there were functional roles of TLR2 in mediating
lung macrophage response to organic DE, lung macrophages
were isolated from TLR2-deficient and WT mice (C57BL/6
background) and ex vivo stimulated with 1% DE for 24 hours.
There were significant reductions in TNF-a (=55%), IL-6
(—64%), and CXCL1 (—87%) production in TLR2-deficient
lung macrophages; however, there was no significant change
in CXCL2 expression (Figure 1; n = 4 mice per group). Trypan
blue exclusion analysis demonstrated that the effects of
TLR2 loss were not due to differences in cell viability or
number (data not shown). Collectively, these results suggest
that TLR2 signaling is important for regulating the expression
of select cytokines/chemokines in lung macrophages after DE
challenge.

Acute Dust-Induced Airway Cellular Inflammation and
Cytokine/Chemokine Release Is Reduced in TLR2-Deficient Mice

We have previously established that a one-time (single/acute)
intranasal inhalation challenge with 12.5% DE resulted in
significant increases in cellular influx and lavage fluid cytokine/
chemokine release at 5 hours after exposure (14). In the current
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study, we sought to determine if TLR2 deficiency would dampen
airway inflammatory responses after a one-time DE challenge
in mice. The increase in total leukocyte counts in the lavage
fluid after DE challenge was significantly reduced in TLR2-
deficient mice as compared with WT mice at both low (—48%)
and high (—55%) DE concentrations (Figure 2A). Consistent
with our previous work, DE induced the rapid influx of air-
way neutrophils (Figure 2B); however, airway neutrophils
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Figure 1. lsolated lung mac-
rophages from Toll-like recep-
tor (TLR) 2 knockout (KO) mice
demonstrate dampened TNF-
a, IL-6, keratinocyte chemoat-
tractant (KC)/CXCL1, but not
macrophage inflammatory
protein (MIP)-2/CXCL2, pro-
duction after ex vivo stimula-
tion with 1% swine facility dust
extract (DE) stimulation for
24 hours as compared with
lung macrophages from DE-
stimulated  wild-type (WT)
mice. Mean results are pre-
sented per 200,000 cells
(=SEM); n 4 mice per
group. Statistically significance:
*P < 0.05, **P < 0.01.
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were significantly reduced (—55%) in TLR2-deficient mice re-
ceiving 12.5% DE as compared with WT animals (Figure 2B).
Organic dust-induced airway disease has also been associ-
ated with increases in TNF-a, IL-6, and neutrophil chemo-
attractants (human IL-8, murine KC/CXCL1, and MIP-2/
CXCL2), which are particularly important after an acute
(single) exposure in naive humans and mice (14, 26, 27). At 5
hours after a 2.5% DE exposure, there was a significant re-
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Figure 2. (A-C). Lung lavage cellularity and cytokine/chemokine release is acutely reduced in TLR2-deficient mice after a one-time challenge with
low- and high-concentration DE. Lung lavage fluid mean concentration of total cells (A) and cell differential (B) 5 hours after single intranasal
inhalation exposure of DE (0% [saline], 2.5%, and 12.5%) in WT and TLR2 KO mice. (C) Cell-free mean levels of lung lavage fluid supernatant
cytokines/chemokines collected 5 hours after exposure to DE. Error bars represent SE (n = 4-6 mice per group). *Statistically significant between
respective DE-treated and saline-treated group. *P < 0.05 and **P < 0.01 indicate statistical significance between WT and KO DE-treated mice.
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duction in TNF-a, CXCL2, and CXCL1, but not IL-6, in TLR2-
deficient mice (Figure 2C). In comparison, 5 hours after a 12.5%
DE exposure, there was a significant reduction in IL-6 and
CXCL1, but not TNF-a and CXCL2 (Figure 2C). Collectively,
these data demonstrate that TLR2-dependent pathways are
involved in rapidly responding to swine facility organic dust
exposure in the airway.

Airway Cellular Influx and Cytokine/Chemokine Release
Remains Dampened over Time after a Single DE Challenge
in TLR2-Deficient Mice

Because the cytokine/chemokine response to DE was impaired
acutely (at 5 h) in the TLR2-deficient mice, we hypothesized
that there could be a delayed, compensatory increase in airway
cellularity influx and cytokine/chemokine release in the TLR2-
deficient mice after DE challenge. However, we found no
delayed compensatory increase in these proinflammatory out-
comes. Using a high concentration of DE (12.5%), TLR2-
deficient and WT mice were killed at 24 and 48 hours after
single intranasal inhalation DE challenge. There was no signif-
icant delayed increase of inflammatory cellular influx in TLR2-
deficient mice at 24 hours after DE exposure. Total lavage
cellularity (Figure 3A) and airway neutrophils (Figure 3B)
remained significantly reduced in TLR2 KO mice as compared
with WT mice. At 48 hours after DE exposure, there was no
significant difference between groups, which may be explained
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by a clearing of the cells from the airway in the WT mice. At all
times and dose concentrations, the percentage of lymphocytes
and/or eosinophils ranged from 0 to 1% in all animals (data not
shown).

Cytokine/chemokine levels in BAL fluid were also measured
at 24 and 48 hours after a single DE (12.5%) challenge, with
results depicted in Figure 3C. Overall, levels of mediators were
less at 24 and 48 hours as compared with 5 hours after DE
challenge in WT and TLR2 KO mice, which is consistent with
the kinetics of these mediators (28, 29). Compared with WT
mice, TNF-a and IL-6, but not neutrophil chemoattractants
(CXCL1, CXCL2), were significantly reduced in TLR2 KO
mice after 12.5% DE at 24 hours after challenge. At 48 hours
after DE (12.5%) inhalation challenge, all mediators were
either undetected or at the lower limit of assay sensitivity/
detection. Together, these studies demonstrate that TLR2-
deficient mice have reduced inflammatory cellular influx and
select cytokine/chemokine release in the lavage fluid after
a one-time challenge with organic dust, and that there is no
delayed or compensatory recovery in these inflammatory indices.

TLR2 Impacts Dust-Induced NO Production
in a Time-Dependent Manner

In these experiments, NO levels in lavage fluid were investi-
gated because NO is known to modify airway inflammation
(30), and there are subtle, but statistically significant, increases
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Figure 3. (A-C). Lung lavage cellular influx and selective cytokine/chemokine release remains dampened over time after a single DE challenge in
TLR2-deficient mice. Lung lavage fluid mean total cells (A) and cell differential (B) after 12.5% DE at 5, 24, and 48 hours after intranasal inhalation
challenge. (C) Cell-free mean levels of lung lavage fluid supernatant cytokines/chemokines collected at 5, 24, and 48 hours after exposure to 12.5%
DE. Error bars are SE (n = 6-8 mice per group). *P < 0.05 and **P < 0.01 indicate statistical significance between WT and KO DE-treated mice.
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(NO) is dependent on the TLR2 pathway. Lung lavage fluid mean NO
concentrations 5, 24, and 48 hours after saline and 12.5% DE in WT
and TLR2 KO mice (n = 4-8 mice per group). Error bars represent SE.
*P < 0.05 and **P < 0.01 are statistically significant between WT and
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in exhaled NO in normal subjects and workers exposed to swine
confinement facility dusts (26, 27). There was an elevation in
lavage fluid NO in WT mice after single DE exposure as
compared with saline, which was only significant at the 24
and 48 hours after exposure time point (Figure 4). Although
there was a statistically significant decrease (P = 0.041) at
5 hours after DE challenge in the TLR2-deficient mice as
compared with WT mice, our main observation was that, at 48
hours, but not 24 hours, after exposure there was a signifi-
cant increase (P = 0.003) in NO production in the TLR2-
deficient mice as compared with WT mice (Figure 4). These

A

findings suggest a time-dependent and potential compensatory
role for the TLR2 pathway in mediating ODE-induced NO
production.

Repetitive Dust-Induced Inflammatory Cell and Mediator
Release Is Dependent on the TLR2 Pathway

Because the overall acute airway inflammatory response to DE
was diminished in TLR2 KO mice, we next hypothesized that
the airway inflammation would be reduced after daily, repeti-
tive exposure to DE in the TLR2-deficient animals. To test this
hypothesis, TLR2 KO and WT mice received an intranasal
inhalation of 12.5% DE daily for 2 weeks, and, at 24 hours after
final exposure, mice were killed and BAL fluid was collected for
inflammatory cell and mediator analysis. There was a significant
reduction in total cellularity in the lavage fluid of TLR2-
deficient mice as compared with WT mice (Figure 5A).
Whereas the influx of macrophages trended to be lower in
TLR2-deficient mice, there was a significant reduction in the
influx of neutrophils in TLR2 KO as compared with WT
animals (Figure 5B). The percentage of lymphocytes or eosin-
ophils ranged from 0 to 1% in all animals (data not shown).
There was also significant reduction in TNF-a, IL-6, MIP-2/
CXCL2, but not KC/CXCLI1, in TLR2-deficient mice as com-
pared with WT animals (Figure 5C).

Dust-Induced Bronchiolar Inflammation Is Reduced
in TLR2-Deficient Mice after Repetitive Exposure

To determine if TLR2 loss would affect DE-induced lung pa-
renchymal inflammation, we examined formalin-fixed, paraffin-
embedded whole lungs of WT and TLR2-deficient mice
(Figures 6A—-6H). In microscopic review of the lung tissue, there
were lung parenchymal differences between TLR2-deficient
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Figure 6. Reduced lung inflammation in TLR2-deficient mice after intranasal inhalation of DE. Saline-treated WT mice (A) and saline-treated TLR2
KO mice (B) are compared, with mice exposed once ([C] WT and [D] TLR2 KO) and mice exposed repeatedly for 2 weeks ([E and G] WT; [F and H]
TLR2 KO) to DE (12.5%). A representative 4- to 5-um-thick section of one of four to six mice per treatment group is shown at 20X magnification. (E
and F) Alveolar compartment inflammation; (G and H) Bronchiolar compartment inflammation after repetitive (2-wk) DE challenge in WT and TLR2
KO mice, respectively. (/) Semiquantitative inflammatory score of lungs after intranasal inhalation of saline and DE (12.5%) after single exposure or
repetitive (2-wk) exposure of DE. Semiquantitative distribution of lung alveolar inflammation, bronchiolar inflammation, and mononuclear cellular
aggregates in mice (n = 4-6 mice per group). Error bars represent SE. #P < 0.05, significant differences between saline and DE treated; (*P < 0.05,

differences between TLR2 KO and WT.

and WT mice after repetitive challenge with DE. To assess and
compare semiquantitatively the ranges of DE-induced histo-
pathologic changes, pathology inflammatory scores were de-
termined (14). There was a significant decrease in the
bronchiolar compartment inflammatory score, but not alveolar
inflammatory compartment and mononuclear cellular aggre-
gates in TLR2 KO mice as compared with WT mice after
repetitive inhalation challenge to DE daily for 2 weeks (Figure
61).

Dust-Induced AHR Is TLR2 Independent

AHR to swine facility organic dust occurs in humans, and is
modeled in mice after a single exposure with an adaptation
response marked by resolution of AHR occurring with re-
petitive exposures (14, 31, 32). For this reason, we examined
AHR in the DE mice after a one-time exposure to 12.5% DE.
There was no reduction in AHR in TLR2 KO mice challenged
with DE as compared with the WT animals after DE (mean =
SEM total lung resistance at 48 mg/ml methacholine [maximum
concentration] was: WT, 9.0 = 0.4 versus TLR2 KO, 8.2 = 0.5;
n = 8 mice per group; P > 0.05). Therefore, although TLR2 KO
animals demonstrate an overall impairment in inflammatory

parameters after DE challenge, this does not significantly
dampen AHR.

A TLR2 Agonist, PGN, Induces Airway Inflammatory
Responses Similar to DE

To determine if a TLR2-agonist would induce similar airway
inflammatory responses as that of DE, and to remain consistent
with our previous published in vitro studies (6, 7, 11), WT mice
were intranasally challenged with PGN (100 pg) or saline once
(single exposure) and once daily for 2 weeks (repetitive
exposure) and subsequently killed at 5 hours after final expo-
sure, as described in the online supplement. As compared with
saline, PGN induced a significant increase in total leukocyte
counts, predominately due to an expansion of neutrophils, after
single and repetitive exposure (Figure 7A). There were also
significant increases in TNF-a, IL-6, CXCL1, and CXCL2 after
PGN challenge after single and repetitive exposures as com-
pared with saline (Figure 7B). AHR to PGN occurred after
single exposure (Figure 7C), with an adaptation response
(resolution of AHR) after repetitive exposure (data not shown),
as determined by invasive pulmonary function measurements.
Finally, microscopic review of lung tissue revealed increased
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cytokine/chemokine release (B) 5 hours after single and repetitive (daily instillation for 2 wk) intranasal inhalation of PGN (100 ng) or saline in WT
mice (n = 3-4 mice per group). (C) Methacholine (MCh)-induced airway hyperresponsiveness (AHR) after single intranasal inhalation of PGN as
compared with saline in mice. Total lung resistance (R,) was directly measured using a mechanically ventilated mouse system. Data are expressed as
total R_ with SE bars (n = 6-7 mice per group). (D) A representative 4- to -5-wm-thick section after 2-week repetitive exposure to PGN at 10X
magnification. *P < 0.05 and **P < 0.01 indicate statistical significance between saline- and PGN-treated mice.

bronchiolar and alveolar compartment inflammation and pres-
ence of mononuclear cellular aggregates in WT mice after daily
PGN exposure for 2 weeks (Figure 7D). Collectively, these
findings demonstrate that PGN, a TLR2 agonist, at high
concentration, elicits airway inflammatory responses similar to
high-concentration DE.

DISCUSSION

Because recent studies of environmental dusts from animal
farming environments reveal a diverse population of gram-
positive bacteria and high concentrations of PGN (6, 10), we
focused on TLR2 as a likely key receptor in regulating dust-
induced airway inflammation, because TLR2 recognizes cell
wall components of gram-positive bacteria (12, 13). We found
that organic dust-induced airway inflammation was highly
dependent on the TLR2 pathway in mice after single and re-
petitive challenge(s) to DE. This dependence was demonstrated
by a reduction in cellular influx, airway cytokine/chemokine,
and bronchiolar inflammation in TLR2-deficient mice as com-
pared with control mice. However, AHR and alveolar inflam-
mation was not altered in the TLR2-deficient animals,
suggesting different mechanisms for airway contractility and
lung parenchymal inflammation, respectively. To the best of our
knowledge, this is the first report to demonstrate an in vivo

functional role for the TLR2 pathway in mediating airway
inflammatory responses to complex organic dust exposures.
Dusts from large animal confinement facilities, such as
modern swine barns, are recognized to be complex mixtures
of microbial products from gram-negative and gram-positive
bacteria, molds, particulate matter from grain particles, and
fecal material. Although endotoxin is the major driver of corn
(grain) dust-induced airway inflammation due to its predomi-
nance in these environments, and mice genetically hyporespon-
sive to endotoxin are protected from airway inflammatory
outcomes after respective exposures (33, 34), endotoxin is likely
not the principal component of animal facility dusts. Several
studies disagree about the association of endotoxin and disease
outcomes in exposed workers (2—4). Furthermore, others found
only a significant decrease in lavage cellularity and neutrophils
after single (not repetitive) exposure to swine barn air in
endotoxin-hyporesponsive mice (C3H/HeJ), but no difference
in AHR and cytokine levels after single and repetitive expo-
sures (35). In our earlier studies, we found no difference in
lavage cellularity or cytokine/chemokine production after a sin-
gle intranasal swine facility DE (12.5%) challenge in endotoxin-
nonresponsive mice (C3H/HeJ) (data not shown). Another
potential component in the DE is particulate matter as coarse
particulate matter (>2.5 wm) has been shown to be a potent
stimulus (15). However, it is not likely to be a major contributor
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to explain our results, because coarse particulate matter was
removed in our sterile filtering process. In addition, when dust
was heat inactivated (heating DE to 120°C for 24 h), which is
a process that inactivates the biologics and leaves the metals
and particles intact, the heat-inactivated DE failed to elicit an
airway inflammatory response (data not shown).

Due to recent advances in this field, there is an emerging
shift to understand the potential role of gram-positive bacteria
components in mediating animal farming—induced disease. As
there is no way to remove or scrub only PGNs from the DEs,
targeting key receptors/pathways that recognize and activate
innate immune responses to PGNs can be used. To this end, we
first found that TNF-«, IL-6, CXCL1, but not CXCL2, were
significantly reduced in isolated, dust-exposed, TLR2-deficient
lung macrophages. Other studies reported diminished mediator
release after swine facility DE in airway epithelial cells in vitro
when TLR2 is blocked (17). We next found that a TLR2-
dependent mechanism was involved at both relatively low and
high concentrations of the DE, suggesting specific and sensitive
activation pathway(s) for these DE-triggered responses. Specif-
ically, cellular influx was significantly reduced in the absence of
TLR2, and release of some cytokines/chemokines in the airway
was also reduced after a one-time challenge with DE. Further-
more, there was no rebound in inflammatory cells or cytokines/
chemokines at later time points (24 and 48 h after exposure) in
the absence of TLR2. Thus, these findings support a central
role, not a temporal role, of the TLR2 pathway in regulating
acute organic dust-induced airway inflammation indices. Of
note, our findings were not explained by a “general hypores-
ponsiveness” in the TLR2-deficient mice, because these TLR2-
deficient mice respond appropriately to LPS challenge (see
online supplement), which is also consistent with prior reports
(13). However, although there was a reduction in some cytokine/
chemokine release in TLR2-deficient compared with WT mice,
significant differences in all mediators were not globally ob-
served. Thus, acute swine confinement facility organic dust
exposure-induced airway inflammation is largely, but not com-
pletely, dependent on the TLR2 pathway. Potential alternative
receptors that may cooperate with TLR2 to mediate pathology
after complex organic dust exposure include extracellular TLR1,
-4, and -6, and/or intracellular TLRY and the family of nucleotide-
binding domain, leucine rich containing (NLR) protein family,
which includes nucleotide oligomerization domains 1 and 2 (36).

In contrast to the inflammatory cellular influx and cytokine/
chemokine production findings, there appears to be an oppo-
site, time-dependent role for the TLR2 pathway in mediating
DE-induced NO production. NO is important in airway in-
flammatory responses and host defense against infection (30),
and, in humans, there are subtle, but statistically significant,
increases in exhaled NO in normal subjects and workers
exposed to swine confinement facility dusts (26, 27). We found
an increase in NO after an acute challenge with DE, which was
significant at 24 and 48 hours, but not 5 hours after exposure as
compared with saline control. Although there was a significant
decrease of NO at 5 hours after exposure in the TLR2-
deficient mice as compared with WT mice, this effect was
subtle. More importantly, the TLR2-deficient mice demon-
strated significant increases in DE-induced NO production as
compared with WT animals at 48 hours after exposure.
Although the explanation for this finding is not clear, it might
suggest the lack of a negative regulatory signal normally
delivered by TLR2 at later time points. Alternatively, others
have described defects in impaired clearance of microorgan-
isms in states of TLR2 deficiency (21), and it is possible that
this later increase in NO might be a compensatory effect to
clear toxins from the airway.

There was also an overall protection against repetitive organic
dust-induced airway inflammation in the TLR2-deficient mouse.
Specifically, total BAL cellular and neutrophil influx and TNF-«,
IL-6, and CXCL2, but not CXCL1, were reduced in TLR2-
deficient mice after repetitive challenge. Importantly, lung pa-
renchymal changes differed and were marked by a reduction in
bronchiolar compartment inflammation indices, but not alveolar
compartment inflammation indices and mononuclear cellular
aggregates. This finding, that the alveolar compartment inflam-
mation was not altered, is important. We speculate that the TLR2
pathway is important for controlling inhalation challenges to
toxins/microbial cell wall component(s) at or before the terminal
bronchioles. Another potential explanation is that deficiencies in
the TLR2 pathway can be associated with impaired pulmonary
clearance. In agreement with this hypothesis, several other
investigators have demonstrated that a deficiency in TLR2 is
associated with a higher bacterial burden in the lower respiratory
tract after infection due to impaired pulmonary clearance (21, 37,
38). Thus, our data suggest that there are also deleterious effects
in the lower respiratory tract after repetitive, complex organic
DE inhalation challenges in states of TLR2 deficiency.

In contrast to the striking TLR2-dependent changes that we
observed in DE-triggered airway inflammation, we did not
observe changes in airway AHR after a one-time challenge
with DE in TLR2-deficient mice. As stated above, others have
also demonstrated that the TLR4 pathway does not mediate
swine barn air-induced AHR (35). Thus, the mechanism(s)
responsible for mediating complex organic dust-induced AHR
remain unresolved, but these mechanism(s) appear to be TLR2
and TLR4 independent. Future studies should investigate
targeting signaling proteins downstream of TLRs, such as
myeloid differentiation factor (MyD) 88, MyD88 adapter-like/
Toll IL-1 receptor—associated protein, TLR-associated activator
of IFN, and TLR-associated molecule.

Although the TLR2 pathway was chosen here because
recent analysis found a potential strong role for gram-positive
cell wall products in mediating large animal farming dust(s)-
induced inflammatory outcomes (6, 9, 10), we recognize that
TLR2 can bind to lipoarabinomannan from mycobacteria, and
zymosan from fungi, and other lipoproteins from gram-negative
bacteria (39). It is possible that these other microbial products,
which may be present in the dust, are mediating inflammatory
outcomes after exposure challenges, and that the binding of
these agents are reduced in the absence of TLR2. However, in
support of the role of PGN, we found that, when we intranasally
challenged mice with a high concentration of a TLR2-agonist,
PGN (100 pg, a concentration approximating half the protein
concentration in the DE [see online supplement]), the airway
inflammatory results were similar to those observed with the
DE. Namely, there was a robust increase in airway inflamma-
tory cell influx, cytokine/chemokine production, and AHR after
a single challenge, and, after repetitive exposures, there was
a chronic adaptation response marked by reduction in cytokine/
chemokine production and AHR, but increased lung parenchy-
mal cellular inflammation.

In summary, this study demonstrates several new aspects
related to organic dust-induced airway inflammation. Namely,
TLR2 appears to be a positive regulator of organic dust-induced
proinflammatory cytokine/chemokine production in lung macro-
phages, and that organic dust-induced airway inflammation
in vivo is dependent, in part, on the TLR2 pathway. Together,
these studies highlight a significant role for TLR2 agonists pres-
ent in the organic dust, which underscores the importance of fu-
ture environmental sampling strategies that could ultimately lead
to reduction of these critical exposure agents in agricultural
environments. Finally, modulating the TLR2 pathway might be
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an important adjunctive therapy when investigating potential
prevention and therapeutic interventions in humans.
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