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Poole JA, Kielian T, Wyatt TA, Gleason AM, Stone J, Palm K,
West WW, Romberger DJ. Organic dust augments nucleotide-
binding oligomerization domain expression via an NF-kB pathway to
negatively regulate inflammatory responses. Am J Physiol Lung Cell
Mol Physiol 301: L296-L306, 2011. First published June 10, 2011;
doi:10.1152/ajplung.00086.2011.—Nucleotide-binding oligomeriza-
tion domain 2 (NOD?2) is involved in innate immune responses to
peptidoglycan degradation products. Peptidoglycans are important
mediators of organic dust-induced airway diseases in exposed agri-
culture workers; however, the role of NOD2 in response to complex
organic dust is unknown. Monocytes/macrophages were exposed to
swine facility organic dust extract (ODE), whereupon NOD2 expres-
sion was evaluated by real-time PCR and Western blot. ODE induced
significant NOD2 mRNA and protein expression at 24 and 48 h,
respectively, which was mediated via a NF-kB signaling pathway as
opposed to a TNF-a autocrine/paracrine mechanism. Specifically,
NF-kB translocation increased rapidly following ODE stimulation as
demonstrated by EMSA, and inhibition of the NF-kB pathway sig-
nificantly reduced ODE-induced NOD2 expression. However, there
was no significant reduction in ODE-induced NOD2 gene expression
when TNF-a was inhibited or absent. Next, it was determined whether
NOD2 regulated ODE-induced inflammatory cytokine production.
Knockdown of NOD2 expression by small interfering RNA resulted
in increased CXCL8 and IL-6, but not TNF-a production in response
to ODE. Similarly, primary lung macrophages from NOD2 knockout
mice demonstrated increased IL-6, CXCLI1, and CXCLI, but not
TNF-a, expression. Lastly, a higher degree of airway inflammation
occurred in the absence of NOD2 following acute (single) and
repetitive (3 wk) ODE exposure in an established in vivo murine
model. In summary, ODE-induced NOD2 expression is directly de-
pendent on NF-kB signaling, and NOD2 is a negative regulator of
complex, organic dust-induced inflammatory cytokine/chemokine
production in mononuclear phagocytes.

cytokines; chemokines; monocyte/macrophage; swine/hog/pig; gram-
positive components; inflammation; pattern recognition receptor;
pathogen-associated molecular patterns; siRNA; airway; organic dust
extract

CHRONIC INHALATION of organic dust in agricultural environ-
ments, particularly from animal farming facilities, results in
significant airway diseases including chronic bronchitis, occu-
pational asthma, and obstructive lung disease (9). Organic dust
is recognized to be a complex mixture containing microbial-
rich components, also referred to as pathogen-associated mo-
lecular patterns (PAMPs), that can activate host defense re-
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sponses via recognition by pattern recognition receptors
(PRRs). Lipopolysaccharide (LPS), a major component of the
outer cell wall of gram-negative bacteria, is a PAMP recog-
nized by the PRR Toll-like receptor 4 (TLR4). Although
important, LPS levels are not consistently associated with
inflammatory outcomes in swine confinement workers (6, 35,
43), and mice deficient in TLR4 signaling are not completely
protected against swine barn air-induced airway inflammation
(5). Recent molecular biology techniques show that bioaero-
sols in animal environments are dominated by an incredibly
diverse population of gram-positive bacteria (10, 25, 26, 28).
Moreover, levels of muramic acid, a marker of peptidoglycan
(PGN) derived predominately from gram-positive bacteria
(i.e., ~85% of cell wall), but also gram-negative bacteria (i.e.,
~5% of cell wall), are associated with airway inflammatory
outcomes in humans following swine barn exposure (48). We
have also shown that large-animal farming confinement envi-
ronments (e.g., swine and dairy) contain high levels of mu-
ramic acid, and, furthermore, depletion of LPS from these
dusts results in significant retention of innate immune inflam-
matory responses in vitro (30, 31, 34). Thus targeting PRRs
recognized by bacterial PGN breakdown products might reveal
potential novel therapeutic pathways that could ultimately be
modulated to reduce airway inflammatory outcomes in exposed
workers.

Nucleotide oligomerization domain 2 (NOD2), a member of
the NACHT-LRR protein family, is a potential novel target
because it senses muramyl dipeptide, a component of virtually
all types of bacterial-derived PGN (39). NOD2 is constitutively
expressed intracellularly by mononuclear phagocytes, which
are key innate immune cells that are rapidly activated by
exposure to inhaled toxins such as organic dust to induce
pyrexia, neutrophil recruitment, cytokine/chemokine release,
and activation of airway epithelial cells (1, 21, 33, 39). Interest
in NOD2 has also risen because mutations in the receptor are
associated with several inflammatory diseases such as Crohn’s
disease, sarcoidosis, Blau syndrome, graft-vs.-host disease, and
tuberculosis (2, 4, 22, 38, 42). NOD2 activation results in
production of proinflammatory mediators through activation of
NF-kB and mitogen-activated protein kinase (MAPK) path-
ways (39). However, the role of NOD2 in mediating disease is
complicated in that, depending on the type and/or route of
insult, NOD2 can act as either a positive or negative regulator
of innate immune responses (12, 15, 46).

In this study, we hypothesized that NOD?2 is important in the
innate immune response to a complex, PGN-enriched, swine
confinement facility organic dust extract (ODE) in mononu-
clear phagocytes. Using a combinational approach, we first
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show that ODE exposure increases mononuclear phagocyte
NOD2 expression via NF-kB activation. In contrast to previous
studies demonstrating that TNF-a is responsible for NOD2
expression in intestinal and bronchial epithelial cells (11, 20,
37), autocrine/paracrine TNF-«a elicited following ODE expo-
sure was not responsible for augmenting NOD2 expression in
mononuclear phagocytes. Next, we demonstrate a functional
role for NOD2 in mediating ODE-induced proinflammatory
parameters. These studies found that NOD2 loss augments the
expression of select inflammatory mediators following ODE
stimulation in vitro and in vivo. Overall, these findings suggest
that the NOD2 pathway could be manipulated to attenuate the
excessive inflammation that is characteristic of individuals
repeatedly exposed to organic dust in swine confinement fa-
cilities.

METHODS

Organic dust extract. Organic dust extract (ODE) was prepared as
previously described (30, 31, 36). Briefly, settled surface dust samples
were obtained from local swine confinement animal feeding operation
facilities, placed into solution, and centrifuged, and final supernatant
was filter (0.22 pwm) sterilized (a process that also removes coarse
particles) and frozen in aliquots at —20°C. The aqueous extract (ODE)
was diluted to a final concentration of 1% (vol/vol) in growth medium
for in vitro experiments. The diluted 1% ODE, which has previously
been determined to elicit optimal proinflammatory mediator release
from mononuclear phagocytes, contains 20—40 pg/ml of total protein
and is not cytotoxic for the time periods tested (1-72 h; Ref. 30).
Endotoxin levels in the 1% ODE utilized in these experimental studies
ranged from 1.8 to 3.9 EU/ml as assayed by using the limulus
amebocyte lysate assay according to manufacturer’s instruction
(Sigma, St. Louis, MO), and these levels have consistently been
shown not to be solely responsible for ODE-induced proinflammatory
responses (30, 31, 34, 36). Previously published gas chromatography-
tandem mass spectrometry analysis revealed high muramic acid
[mean: 203.5 ng/mg (ODE) vs. 25 ng/mg (domestic home compari-
son); muramic acid is a marker of PGN] (30). These findings of high
PGN/muramic acid in swine confinement facility dust extracts were
confirmed in a subsequent independent study (31).

Mouse strains. C57BL/6 wild-type (WT), NOD2 knockout (KO;
C57BL/6 background; strain: B6.129S1-Nod2™/*™[J]), and TNF-a
KO (C57BL/6 background; strain: B6.129S-Tnf"/*/J) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Animals
were used for studies 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 (NIH) guidelines for the use of rodents.

Cell populations and cell culture assays. The human promonocytic
THP-1 and the murine alveolar macrophage (MH-S) cell line (Amer-
ican Type Culture Collection, Manassas, VA) were utilized. Cells
were maintained in complete L-glutamine-RPMI 1640 (Life Technol-
ogies, Grand Island, NY) supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen, Carlsbad, CA), 2-mercaptoethanol
(5 X 1075 M), and 50 pg/ml of penicillin/streptomycin (Invitrogen).
For small interfering RNA (siRNA)-mediated knockdown experi-
ments, antibiotic-free and/or serum-free medium was used. Mononu-
clear phagocyte cell lines were utilized since large numbers of cells
were required for several of the experimental assays that could not be
adequately obtained from animal or human species. Importantly, key
experiments were performed with primary macrophages to confirm
findings obtained with these cell lines.

Mouse primary lung macrophages were obtained after animals
were euthanized and the right ventricle was perfused with sterile PBS
(pH 7.4) to remove circulating blood cells from the pulmonary
vasculature. Whole lungs were isolated, minced, and digested in a
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solution containing collagenase type I (324 U/ml; Fisher, Pittsburgh,
PA), bovine DNase (75 U/ml), porcine heparin (25 U/ml), and PBS
with Ca®>* and Mg>* and rocked for 30 min. Lung tissues were
dissociated in an automated fashion by using the gentleMAC Disso-
ciator instrument according to manufacturer’s instructions (Miltenyi
Biotec, Auburn, CA). After passing lung solution through nylon mesh
(40 pm; Fisher) to remove any large fragments and lysing red blood
cells, single cell suspensions were underlaid with lymphocyte sepa-
ration solution (Fisher) and centrifuged at 400 g for 20 min to collect
mononuclear cells. The mononuclear cells were incubated for 2 h in
culture medium and enriched for lung macrophages by removal of
nonadherent cells. Lung macrophage yield was >92% as determined
by Giemsa staining. Lung macrophages were then immediately uti-
lized in experimental assays.

At the completion of all cell culture incubation intervals, cell-free
supernatants were collected and frozen at —20°C for later cytokine/
chemokine analysis, and an aliquot of cells was counted by hemato-
cytometer and assessed for viability by the Trypan blue exclusion
method. Cell pellets were either stored in RNAlater buffer (Applied
Biosystems) at 4°C for 24 h before being stored at —20°C until RNA
extraction or immediately lysed and utilized for Western blot studies.

Real-time quantitative RT-PCR. RNA was extracted from cell
pellets by using the Magmax 96 kit (Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions. RNA concentration
and purity was determined by NanoDrop spectrophotometer and
samples had Azo-to-Azso ratio of 1.9-2.0. cDNA was synthesized by
using 100 ng of template RNA and a TagMan reverse transcription kit
(Applied Biosystems) as previously described (3). Real-time PCR
reactions were prepared in triplicate using 1 X TagMan Master Mix
(Applied Biosystems) and primers and probes for NOD2 (App-
lied Biosystems; human NOD2: Hs00223394_ml; murine NOD2:
Mm00467543_m1). Ribosomal (18s) RNA was used as an endog-
enous control. PCR was performed by using an ABI PRISM 7700
Sequence Detection System (Applied Biosystems). Threshold val-
ues were normalized to the expression of ribosomal RNA. Real-
time PCR results are expressed either as the percent fold increase
in induction (normalized copy number of stimulated cells divided
by normalized copy number of unstimulated cells X 100) or as
values normalized to expression of ribosomal RNA. For siRNA-
mediated knockdown studies, the percentage of relative gene
expression was calculated as the amount of NOD2 mRNA in
cultures transfected with NOD2 and stimulated for 24 h with 1%
ODE compared with that of cells transfected with the nontargeting
control siRNA and stimulated with 1% ODE, which was set to
100%.

Western blot analysis. As previously described (3), THP-1 mono-
cytes (5 X 10%well) were lysed and protein concentrations were
determined by a NanoDrop spectrophotometer (NanoDrop Technol-
ogies, Wilmington, DE). Each well was loaded with 30 pg of total
protein before PAGE and electroblotting to nitrocellulose. A mouse
anti-human NOD2 (CARDI15) monoclonal antibody (2D9; Abcam,
Cambridge, MA: ab31488) was used at a 2 pg/ml dilution and was
detected with a hamster anti-mouse horseradish peroxidase-conju-
gated secondary antibody (Cell Signaling Technology, Boston, MA)
at a 1:1,000 dilution. Blots were imaged by use of SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific Pierce, Rock-
ford, IL) and exposed to X-ray film. 3-Actin loading controls were
performed to ensure loading of equal amounts of protein. The blots
were scanned and densitometry was performed by use of NIH ImagelJ
software (http://rsb.info.nih.gov/ij/).

NF-kB EMSA. THP-1 monocytes (1 X 107) were incubated for 0,
15, 30, 60, and 90 min with 1% ODE, whereupon nuclear lysates were
harvested according to Panomics (Fremont, CA) nuclear extraction
protocol to detect NF-kB nuclear translocation. Protein concentrations
were quantified by spectrophotometry. Next, 5 g of nuclear extract
was utilized to determine NF-kB p65 binding by EMSA (Panomics,
EMSA kit), according to manufacturer’s instructions.
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RNA interference. The HiPerfect transfection reagent kit (Qiagen,
Valencia, CA) for transfection of nontargeting and targeting siRNAs
was used. ON-TARGETplus SMARTpool siRNAs targeting human
NOD?2 transcripts were obtained from Dharmacon (Chicago, IL). To
induce adherent cells required for transfection, THP-1 cells (2 X 10*
cells/well) were pretreated in 24-well plates with 0.05 pM la,25-
dihydroxyvitamin D3 (Calbiochem-Nova Biochem International, La
Jolla, CA) for 48 h prior to transfection (7). Although vitamin D has
been reported to increase NOD2 expression (45), prior studies with an
alternative agent to induce adherence for optimal transfection condi-
tions, phorbol myristic acid, resulted in unacceptable cellular activa-
tion and cellular toxicity (data not shown). On the day of transfection,
media and 25-dihydroxyvitamin D3 were removed and replaced with
100 pl of antibiotic-free, serum-free medium. Single transfection
complexes (100 wl) were generated by vortexing and incubating 100
nM siRNA with 3 wl of HiPerfect transfection reagent at room
temperature for 10 min in serum-free, antibiotic-free medium. A
volume of 100 pl of the transfection complex was added to each well
containing 100 .l of cells. The plates were incubated at 37°C for 6 h,
after which 400 pl of fresh antibiotic-free medium with serum was
added to each well. Cells were incubated for an additional 18 h,
whereupon conditioned medium was removed and replaced with fresh
antibiotic-free medium containing serum immediately prior to ODE
stimulation. Next, NOD2 and nontargeting siRNA-transfected cells
were stimulated for 24 h with 1% ODE or vehicle control media. As
assessed by Trypan blue exclusion at all time points, transfection
complexes were not cytotoxic to THP-1 cells (>96% viability after
transfection).

Cytokine/chemokine assays. Human TNF-a, IL-6, and CXCLS8/
IL-8 proteins were assayed by sandwich ELISA as previously pub-
lished with lower limit of detection at 15.6 pg/ml, 15.6 pg/ml, and
156.3 pg/ml, respectively (30, 36). Murine TNF-«, IL-6, keratinocyte
chemoattractant (CXCL1), and macrophage inflammatory protein-2
(CXCL2) concentrations were determined according to manufacturer’s
instructions by using commercially available ELISA kits with lower
limit of detection at 15.6, 7.8, 7.8, and 7.8 pg/ml, respectively (R&D
Systems, Minneapolis, MN). Cytokine secretion was reported as
concentration (pg/ml).

Mouse model of ODE-induced airway inflammation. Mice received
saline or 12.5% ODE (optimal concentration for eliciting lung inflam-
mation) by an intranasal exposure method as previously established
(33). Bronchoalveolar lavage fluid was collected as previously de-
scribed (33). Total cell number of pooled lavages (3 X 1 ml lavages)
was enumerated, and differential cell counts were determined on
cytospin-prepared slides (Cytopro Cytocentrifuge, Wescor, Logan,
UT) stained with DiffQuick (Dade Behring, Newark, DE). Cell-free
supernatant from the first lavage was collected and frozen at —20°C
until later cytokine/chemokine analysis. Whole lungs were excised
after lavage and inflated to 10 cmH>O pressure with 10% formalin
(Sigma) solution to preserve pulmonary architecture. Lungs were
embedded in paraffin, and sections (4—5 wM) were cut, stained with
hematoxylin and eosin, microscopically reviewed, and semiquantita-
tively assessed for the degree of inflammation as well as the distri-
bution of the inflammation by a reviewer (pathologist, W. W. West)
blinded to the treatment conditions utilizing a previously published
scoring system (33).

Reagents. Staphylococcus aureus PGN (10 pg/ml is comparable to
the protein concentration in 1% ODE [~2-fold less]) and Escherichia
coli LPS O55:B5 (1 pg/ml is ~20-fold more than the LPS concen-
tration detected in 1% ODE) were purchased from Sigma. For LPS-
independent ODE assays, polymyxin B (50 mg/ml; Sigma) plus ODE
was utilized. Anti-human TNF-a neutralizing and isotype control
antibodies were purchased from R&D Systems. The pharmaceutical
fusion protein TNF-a inhibitor etanercept was obtained from Amgen/
Pfizer (Thousand Oaks, CA). To inhibit the NF-kB pathway, caffeic
acid phenethyl ester (CAPE; Ref. 27) and BAY 11-7082 (29) were
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purchased from Calbiochem (San Diego, CA). All other reagents not
specified were purchased from Sigma.

Statistical analysis. All data are presented as means = SE. One-
way ANOVA with Tukey multiple-comparison posttest was em-
ployed to compare NOD2 expression or NF-kB activation to different
concentrations of cytokines and inhibitors + ODE across all time
points examined. To detect significant changes between two groups,
statistics were performed by two-tailed, nonpaired, or paired z-tests as
appropriate by use of GraphPad Prism (version 5.0) software. In all
analyses, P values less than 0.05 were considered statistically signif-
icant.

RESULTS

Organic dust exposure increases mononuclear phagocyte
NOD?2 expression. To determine whether organic dust would
augment expression of cytosolic NOD2, mononuclear phago-
cytes were stimulated with 1% ODE, whereupon NOD?2
mRNA and protein levels were assessed by quantitative RT-
PCR (qRT-PCR) and Western blotting, respectively. NOD2
mRNA expression was significantly increased in human THP-1
monocytes at 24 h in response to ODE treatment (Fig. 1A; n =
4 independent studies; P = 0.003). NOD2 mRNA expression
was also significantly increased at 24 h in MH-S alveolar
macrophages following 1% ODE stimulation (Fig. 1B; n = 4
independent studies; P = 0.004). At 48 h, NOD?2 protein levels
were significantly increased following ODE stimulation com-
pared with media control in THP-1 monocytes (representative
blot in Fig. 1C; Fig. 1D depicts densitometry of n = 6
independent experiments; P = 0.009). In addition, ODE up-
regulation of NOD2 was independent of endotoxin given that
there was a significant increase in NOD2 gene expression
following stimulation of cells with 1% ODE pretreated with
polymyxin B (Fig. 1E), a process that removes endotoxin (34).
The PAMPs PGN (10 pg/ml) and LPS (1 wg/ml) also signif-
icantly increased NOD2 mRNA expression compared with
media control (Fig. 1E). Collectively, these studies demon-
strate that ODE and its respective microbial wall components
increase mononuclear phagocyte NOD2 expression.

Organic dust-induced NOD2 expression is not explained by
autocrine/paracrine action of TNF-a. Because others have
demonstrated that TNF-«a is responsible for NOD2 expression
in intestinal and bronchial epithelial cells (11, 20, 37), and
ODE is well recognized to induce TNF-a in human airway
diseases and mononuclear phagocytes (34, 44), we next inves-
tigated the role of TNF-a in mediating ODE-induced NOD2
expression by an autocrine/paracrine mechanism. Although
human recombinant TNF-« alone induced a significant increase in
NOD?2 expression in THP-1 monocytes at 24 h (Fig. 2A; n = 3;
P = 0.005), neutralization or deletion of TNF-«a activity did
not dramatically reduce ODE-induced NOD2 expression. Pre-
treatment with a neutralizing antibody to human TNF-a (1
pg/ml) resulted in a modest, nonsignificant reduction in ODE-
induced NOD2 gene expression (Fig. 2B; n = 3; P > 0.05).
Likewise, inhibition of TNF-a by the fusion protein etanercept
had no significant effect on NOD2 expression (Fig. 2C; n = 3;
P > 0.05). There was also no difference in NOD2 mRNA
levels in primary lung macrophages from TNF-a KO (TNF-
o /7) mice stimulated with ODE ex vivo compared with lung
macrophages from WT (TNF-a™/*) mice stimulated with
ODE in side-by-side experiments (Fig. 2D; n = 4 mice/group;
P > 0.05). NOD2 expression following PGN or LPS stimula-
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Fig. 1. Organic dust extract (ODE) stimulated nucleotide-binding oligomerization domain 2 (NOD2) expression. ODE (1%) increased NOD2 mRNA at 24 h in human
THP-1 monocytes (A) and MH-S murine alveolar macrophages (B). Data are expressed as percent fold change in NOD2 compared with media control *+ SE (n = 4
independent experiments). NOD2 protein levels are increased following 1% ODE stimulation at 48 h by Western blotting in THP-1 monocytes. Results are
presented as the raw gel data (C) and quantitative analysis of NOD2 expression normalized against $-actin loading control by densitometry (band intensity of
NOD2/B-actin; mean = SE of 6 independent experiments) (D). Peptidoglycan (PGN, 10 wg/ml), lipopolysaccharide (LPS, 1 pwg/ml), and LPS-depleted 1% ODE
also significantly increased NOD2 mRNA in THP monocytes (E; n = 4 independent experiments). Statistical significance: *P < 0.05 and **P < 0.01 compared

with media alone.

tion in TNF-a KO lung macrophages was also comparable to
WT lung macrophages (data not shown). Of note, we did not
find a role for IL-6 or CXCLS8/IL-8 in regulating NOD2 mRNA
expression alone or in negating ODE-induced NOD2 expres-
sion (data not shown). Collectively, these studies demonstrate
that upregulation of mononuclear phagocyte NOD2 expression
by organic dust is not entirely dependent on a TNF-a auto-
crine/paracrine mechanism and highlight key differences in
NOD?2 regulation between phagocytes and epithelial cells.
NF-kB-dependent signaling is pivotal for ODE-induced
NOD?2 expression. The finding that ODE-induced NOD2 ex-
pression was not prevented by TNF-a neutralization suggested
that alternative mediator(s) participate in the ODE-dependent
increase in NOD2 expression. Because the NOD2 promoter
contains a putative NF-kB binding site (14), we next investi-
gated whether NF-kB could be activated in cells following
ODE treatment. Indeed, NF-kB p65 translocation was in-
creased at 30-90 min following 1% ODE stimulation as
analyzed by EMSA (representative blot in Fig. 3A; Fig. 3B
depicts arbitrary density optical units of n = 6 independent
experiments; P = 0.0016). Next, THP-1 monocytes were
pretreated with various concentrations of the NF-«kB inhibitor
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CAPE (24) for 1 h and subsequently stimulated with 1% ODE
for 24 h to determine effects on NOD2 expression. Inhibition
of NF-kB signaling led to a dose-dependent inhibition of
NOD?2 gene expression as determined by qRT-PCR (Fig. 3C;
n = 4 independent experiments). This finding was confirmed at
the protein level at 48 h following ODE stimulation by Western
blotting (Fig. 3D depicts a representative blot of 1 of 4
independent experiments and Fig. 3E depicts densitometry of
n = 4 independent experiments). Inhibition of NF-kB signal-
ing by use of another inhibitor, BAY 11-7082, which blocks
IkBa phosphorylation (29), also led to a significant inhibition
of ODE-induced NOD2 mRNA (10 uM BAY 11-7082 reduced
1% ODE-induced NOD2 expression by 63% and 7.5 uM BAY
11-7082 reduced ODE-induced NOD2 expression by 45%
compared with ODE-induced NOD2 expression without the
inhibitor, n = 4 independent experiments, P < 0.05). Cell
viability by Trypan blue staining revealed that CAPE and BAY
11-7082 were not cytotoxic (>98% viability) at any of the
concentrations examined, which indicates that the effects ob-
served were not due to cell death. Furthermore, inhibition of
NF-kB by CAPE also inhibited PGN-induced NOD2 gene
expression (data not shown). Together, these data demonstrate
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Fig. 2. ODE-induced NOD2 gene expression in mononuclear phagocytes is not exclusively mediated by TNF-a. Although various concentrations of human
recombinant TNF-a (thTNF-o) resulted in increased NOD2 gene expression at 24 h (A), blocking TNF-a by an anti-TNF-a (1 pg/ml) monoclonal antibody (B)
or by etanercept (fusion protein) did not significantly reduce NOD2 expression (C). Data are expressed as percent fold change in NOD2 compared with media
control (mean = SE; n = 3 independent experiments). There was also no difference in ODE-induced NOD2 mRNA as normalized to ribosomal 18s in isolated

[+

TNF-a ~/~ lung macrophages compared with wild-type (TNF-a
media control (no ODE).

that ODE rapidly activates NF-kB and that NF-kB-dependent
signaling is central to ODE-induced NOD2 expression in
mononuclear phagocytes.

siRNA-mediated knockdown of NOD?2 in mononuclear
phagocytes enhances select inflammatory mediator responses
to ODE stimulation. To assess the direct involvement of NOD2
in mediating the production of inflammatory cytokines/chemo-
kines induced by ODE, we used RNA interference (RNAi) to
attenuate the expression of NOD2 in human THP-1 monocytes.
Transfection of adherent THP-1 cells with NOD2-specific
siRNA, but not by a control scrambled siRNA, significantly
reduced the expression of the NOD2 gene transcript that was
induced in these cells by ODE (Fig. 4A; n = 4 independent
experiments, P = 0.003). The functional consequence of
siRNA-mediated knockdown of NOD2 was a significant en-
hancement of CXCLS/IL-8 and IL-6 production following
ODE stimulation (Fig. 4B; n = 4 independent experiments).
The apparent negative regulatory role for NOD2 in ODE-
dependent monocyte activation was not universal since TNF-«
production induced by ODE remained unaffected by siRNA-
mediated knockdown of NOD2 (Fig. 4B).
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) lung macrophages (D). Statistical significance: *P < 0.05 and **P < 0.01 compared with

Organic dust selectively increases inflammatory mediator pro-
duction in macrophages via a NOD2-dependent mechanism. To
confirm our observations with siRNA-mediated knockdown of
NOD?2 in THP-1 monocytes, responses of primary lung mac-
rophages isolated from NOD2 KO (NOD2 /7)) and WT
(NOD2*/") mice to ODE were examined. NOD2 KO and WT
lung macrophages were stimulated ex vivo with 1% ODE for
24 h, whereupon cell-free culture supernatants were quantified
for CXCL1 and CXCL2 (murine neutrophil chemoattractants;
functional homologs of human IL-8/CXCL8), TNF-«, and IL-6
by ELISA. Similar to what was observed following siRNA-
mediated knockdown of NOD2, CXCL1, CXCL2, and IL-6
production were increased in NOD2 KO lung macrophages
following ODE treatment, whereas TNF-a was not affected
(Fig. 5; n = 4 mice per group). There were no differences in
cell number or viability between NOD2 KO and WT macro-
phages, thus allowing these changes to be directly attributable
to NOD2 loss. These data confirm our siRNA NOD?2 transfec-
tion results and highlight a role for NOD2 as a negative
regulator of select ODE-induced proinflammatory mediators in
lung macrophages.
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Fig. 3. ODE-induced NOD2 expression is mediated via NF-kB activation. NF-kB translocation is increased at 30-90 min following 1% ODE stimulation in
THP-1 monocytes. Representative EMSA blot of NF-«kB p65 binding activity (A) and arbitrary density optical units of n = 6 independent experiments are shown
(B). The NF-kB inhibitor caffeic acid phenethyl ester (CAPE) reduced NOD2 expression by ODE stimulated monocytes. Cells were pretreated for 1 h with
indicated concentrations of CAPE (5-50 pM) followed by stimulation with 1% ODE for 24 h. There is a dose-dependent decrease in the percent relative
expression of NOD2 mRNA in CAPE + ODE-treated cells compared with ODE-alone-stimulated cells (C, n = 4 independent experiments). NOD2 protein levels
are also decreased in CAPE + ODE-treated cells after 48 h of 1% ODE stimulation by Western blotting (D, representative raw gel of 1 of 4 independent
experiments; E, quantitative densitometry analysis of NOD2 expression normalized against 3-acting loading control, n = 4 with mean = SE depicted). Statistical
significance: *P < 0.05 from media control (no ODE) compared with ODE stimulation; #P < 0.05 ODE-stimulated NOD2 expression in the absence of inhibitor

compared with ODE-stimulated NOD2 expression with inhibitor.

NOD2 is a negative regulator of ODE-induced airway
inflammatory responses in vivo. To determine whether there
were any functional consequences of NOD2 in mediating
ODE-induced airway inflammatory responses in vivo, NOD2
KO and WT mice were intranasally challenged with saline or
ODE (12.5%) once (single exposure) or once daily for 3 wk
(repetitive exposure) according to an established protocol (33).
Interestingly, only airway neutrophils (Fig. 6A4) and lavage
fluid CXCL1 levels (Fig. 6B) were significantly increased in
NOD2 KO mice following a one-time exposure to ODE
compared with WT mice (n = 10-12 mice per ODE-
treatment groups and n = 3—4 mice per saline treatment
groups; P < 0.05). In contrast, there were no significant
differences in TNF-«, IL-6, and CXCL2 levels between the
two groups (Fig. 6B).

After 3 wk of repetitive, daily exposure to ODE, there was
no difference in total cells, macrophages, neutrophils, or eo-
sinophils in the lavage fluid between the NOD2 KO mice
compared with WT mice (Fig. 6C; n = 6 mice/group). In
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addition, no differences in lavage fluid TNF-a, IL-6, CXCL1,
and CXCL2 levels were observed between NOD2 KO and WT
groups (data not shown). However, there was a subtle, but
statistically significant increase in lymphocyte influx observed
in the NOD2 KO mice compared with WT animals [lympho-
cyte percent (NOD2 KO): 2.23% vs. (WT): 0.99%; P =
0.041]. Interestingly, there were also modest lung parenchymal
differences between NOD2 KO and WT mice following repet-
itive challenge with ODE (representative lung section of one of
five mice demonstrated in Fig. 6D). Utilizing an established
lung pathology inflammatory scoring system (inflammatory
score range of O to 3) (33), the ranges of ODE-induced
histopathological changes were semiquantitatively assessed by
a pathologist (W. W. West) blinded to treatment conditions.
There was a significant increase in alveolar compartment
inflammation (mean inflammatory score * SE, WT: 1.00 *
0.12 vs. NOD2 KO: 1.61 = 0.13, P = 0.01, n = 5 mice/group)
and bronchiolar compartment inflammation (mean inflamma-
tory score = SE, WT: 1.20 = 0.16 vs. NOD2 KO: 1.75 = 0.14,
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Fig. 4. Small interfering RNA (siRNA)-mediated knockdown of NOD2 selectively enhances ODE-induced proinflammatory cytokine/chemokine production in
mononuclear phagocytes. THP-1 monocytes were transfected with nontargeting (scrambled) control or NOD2 specific siRNA and subsequently stimulated with
1% ODE or vehicle control media for 24 h. There is a decrease in percent relative expression of NOD2 mRNA in NOD2 siRNA-transfected cells stimulated with
ODE compared with nontargeting siRNA-transfected cells + ODE (A). CXCL8 and IL-6, but not TNF-a, production is significantly augmented in NOD2
siRNA-transfected cells + ODE compared with nontargeting control siRNA-transfected cells + ODE. Means = SE of 5 independent studies are shown. **P <
0.01, statistically significant between appropriate control media alone stimulation vs. ODE stimulation. #P < 0.05, statistically significant between control

siRNA + ODE and NOD2 siRNA + ODE.

P = 0.01, n = 5 mice/group) in NOD2 KO compared with WT
mice. Previously, we have demonstrated that ODE-induces
mononuclear cellular aggregates (33), and in this present study,
no differences in distribution or scoring of ODE-induced
mononuclear cellular aggregates between WT and NOD2 KO
mice were observed. These studies support a temporal role for
NOD?2 as a negative regulator of ODE-induced inflammation in
vivo.

DISCUSSION

In this study, we found that swine confinement facility
organic dust enhances NOD2 gene and protein expression in
mononuclear phagocytes and that this response is dependent on
ODE-induced NF-kB activity and not by a TNF-a autocrine/
paracrine mechanism. Importantly, the latter observation high-
lights a distinction between NOD?2 regulatory pathways oper-
ative in phagocytes vs. epithelial cells, which may be able to be
exploited for future cell-specific therapeutic targeting. In vitro
studies also revealed a functional consequence for NOD2 in
mononuclear phagocytes as demonstrated by the augmentation
of select cytokines/chemokines with NOD?2 inhibition or dele-
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tion following organic dust stimulation. Furthermore, consis-
tent with the cell culture experiments, studies demonstrated a
higher degree of airway inflammation in the absence of NOD2
following organic dust exposure in a time-dependent manner in
vivo. Our results are in accordance with previous studies that
suggest a potential negative (as opposed to positive) regulatory
role for NOD2 (41, 46). To our knowledge, this is the first
report to demonstrate the functional importance of NOD2 in
mediating mononuclear phagocyte and airway responses to a
complex, environmental organic dust exposure.

We initially showed a time-dependent increase in NOD2
expression in mononuclear phagocytes following organic dust
exposure using human THP-1 monocytes as well as murine
MH-S alveolar macrophages. To date, previous studies with
various myelomonocytic cells have focused on expressional
changes of NOD2 mRNAs demonstrating biphasic responses
occurring early at ~2 h and later at 824 h following either
LPS or TNF-« stimulation (13, 40, 41). Although we found
that NOD2 mRNA increases were detected as early as 4 h
post-ODE exposure, marked upregulation of NOD2 mRNA
occurred at 24 h, consistent with reports by Gutierrez et al.
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Fig. 5. Lung macrophages from NOD2 knockout (KO, NOD27/~) mice demonstrated increased IL-6, CXCL2, CXCL1, but not TNF-a production following 1%
ODE ex vivo stimulation at 24 h compared with lung macrophages from ODE-stimulated lung macrophages from wild-type (WT, NOD2*/") mice. Mean results
are presented as pg/ml per 200,000 cells = SE; n = 4 mice per 1% ODE group and n = 3 per media control group. **P < 0.01, ***P < 0.001, statistically
significant between saline and ODE-stimulated lung macrophages. #P << 0.05 and ##P < 0.01, statistically significant between WT and NOD2 KO lung

macrophages stimulated with ODE.

(13). We also confirmed that LPS, PGN, and TNF-« alone
increased mononuclear phagocyte NOD2 mRNA expression
and that in the case of complex ODE, ODE-induced NOD2
expression was not dependent on LPS. Currently, there is no
means to specifically negate PGN activity from the dust ex-
tract; therefore, the impact of PGN on NOD?2 activation is
implied but cannot be directly demonstrated. Other studies
have demonstrated that an early rise (—~2 h) in NOD2 mRNA
expression is dependent on NF-kB activation via a TLR4-
mediated pathway (13, 40) and suggested that the second rise
(~8-24 h) in NOD2 mRNA expression is secondary to TNF-a
production through an amplification of NF-kB signaling since
LPS induces TNF-a production and in turn, TNF-a activates
NF-kB (40). However, there is relatively little information
regarding regulation of NOD2 protein expression in mononu-
clear phagocytes. Although ODE is well recognized to rapidly
increase mononuclear phagocyte TNF-a production (30, 32,
34), we did not find here convincing evidence that a TNF-a
autocrine/paracrine mechanism was responsible for organic
dust-induced NOD?2 expression since inhibitors of TNF-a at
best only slightly reduced NOD2 mRNA expression and there
was no effect on ODE-induced NOD2 mRNA expression when
TNF-a was absent.

Our studies demonstrated that NF-«kB activation is instru-
mental in mediating ODE-induced NOD2 expression in mono-
nuclear phagocytes. NF-kB resides in the cytoplasm in an
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inactive form; in response to bacterial products or cytokines,
IkBa degradation occurs, leading to liberation of the NF-«kB
complex and its nuclear translocation where it initiates the
transcriptional activation of target genes (47). Importantly, a
putative NF-«B binding site is located in the promoter region
of NOD2 (14). The present study found that NF-kB transloca-
tion occurs rapidly following ODE stimulation in mononuclear
phagocytes and that inhibition of NF-kB signaling reduced
ODE-induced NOD2 gene and protein expression. However, a
potential limitation of our data is that chemical NF-kB inhib-
itors can have off-target effects, and further studies with
p507/~ and p65*/~ animals and dominant-negative constructs
could be considered to further address the role of NF-«kB
regulation of NOD2 expression. Nonetheless, our findings
support a direct role for ODE-induced NF-kB transcriptional
activation to augment NOD2 as opposed to ODE inducing
TNF-a, which, in turn, activates NF-kB. Our data would also
support the notion that NOD2 can upregulate itself because it
is known that NOD2 activates NF-kB following ligand stim-
ulation (39).

We found that NOD2 negatively regulates the expression of
select organic dust-induced proinflammatory cytokines/chemo-
kines in mononuclear phagocytes and found evidence to sup-
port its role as a potential negative regulator of airway inflam-
mation in vivo. With both RNAi and murine KO strategies, a
reduction or loss in NOD2 resulted in increased expression of
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0.005, statistically significant between WT and NOD2 KO-treated mice.

neutrophil chemoattractants (human CXCLS, murine CXCL1
and CXCL2) and IL-6 following dust extract stimulation.
However, TNF-a levels were not affected, indicating that the
inhibitory effects of NOD2-dependent signaling in response to
ODE are not a global phenomenon. This observation was
extended to an established murine model where, in the absence
of NOD?2, organic dust-induced airway inflammatory indexes
were modestly increased following a one-time exposure, and
following repetitive dust extract exposure there was an en-
hancement of lung parenchymal pathology changes. However,
compared with the in vitro mononuclear phagocytic studies,
the enhancement of inflammatory parameters in the context of
NOD?2 deficiency was less pronounced in vivo, suggesting that
the effect of NOD2 loss differs or may be less important in
nonmyelomonocytic lung cells. Thus this observation suggests
a specific, rather than a generalized, cellular effect. However,
our studies also suggest a temporal role for NOD2 in that the
negative regulatory role for NOD2 appears more important
following acute ODE exposure as opposed to repetitive ODE
exposures. This may be explained by the induction of a
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compensatory response over time that negates the increases in
several inflammatory parameters that is seen following a single
ODE exposure.

Whereas our initial expectation was that targeting NOD2
would result in a dampening of organic dust-induced inflam-
mation, our findings are consistent with other studies that
demonstrate a paradoxical role for NOD2. For example, mice
deficient in NOD2 are more susceptible to oral, but not intra-
peritoneal, administration of Listeria monocytogenes and are
more sensitive to intraperitoneal infection with Staphylococcus
aureus (8, 19). It was first proposed by Watanabe et al. (46)
that NOD2 is a negative regulator of TLR2 signaling by
reporting that NOD2-deficient splenic macrophages produced
markedly more IL-12, but not TNF-a, when stimulated with
PGN. Moreover, a recent report found evidence to suggest that
NOD2 might also play a negative regulatory role in TLR4
signaling because production of several proinflammatory me-
diators were significantly enhanced following LPS exposure
following NOD2 knockdown (41). In contrast, several other
studies have not found increased production of cytokines in
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NOD2-deficient bone marrow-derived macrophages after stim-
ulation with TLR agonists (17, 18). Organic dust from large
animal farming confinement environments represents a com-
plex, “real-life” biological exposure to an admixture of gram-
positive-enriched but also gram-negative-enriched PAMPs,
and this present study supports that NOD2 appears to be a
negative regulator of select proinflammatory responses in vitro
and in vivo following ODE exposure.

The mechanism by which NOD2 loss results in selective
exaggerated inflammatory responses is not entirely clear. One
possibility as proposed by Strober et al. (39) focuses on the
effect of NOD2 on the nuclear translocation of the NF-«xB
subunit RelA in that increased RelA activation occurs in the
absence of NOD2 following PGN stimulation. Tsai et al. (41)
recently described that many signaling cascades including
IKK, MAPK, STATI, and NF-«kB are all increased following
LPS stimulation under conditions in which NOD2 expression
is reduced or absent. We also found that inhibition of MAPK
and NF-kB pathways reduced ODE-induced proinflammatory
cytokine expression in lung macrophages in the absence or
presence of NOD2 (data not shown). However, since these are
not direct inhibitors for NOD2 signaling pathway, it could
represent the expected attenuated direct response to ODE
rather than a specific response.

It is also possible that an upregulation of NOD2 via PAMPs
may be one potential cellular mechanism utilized to control or
inhibit further inflammatory responses. Consistent with this
speculative role for NOD2 in a tolerance response, mononu-
clear phagocytes overexpressing NOD2 have been shown by
others to suppress LPS-induced NF-kB activity and MAPK
phosphorylation (41). Since the exact mechanisms to explain
these collective findings still remain unclear, future studies
should determine whether NOD2-interacting proteins such as
RIP2 (CARD3, RICK) or the mitogen-activated protein kinase
kinase kinase family member TAK1 play an important role in
organic dust-induced responses (16, 27). Whereas we have not
found significant differences in TLR2 and TLR4 gene expres-
sion between WT and NOD2 KO lung macrophages with or
without ODE (data not shown), and cell surface TLR2 and
TLR4 expression is unchanged in ODE-treated monocyte-
derived macrophages (30), it remains possible that NOD2
could impact the biological response to ODE by regulating
internalization of TLR2. Muller et al. (23) recently suggested
that both TLR4 and NOD2 regulate internalization of TLR2 in
keratinocytes, and thus it is possible to speculate that attenua-
tion of TLR2 surface expression through a NOD2 pathway
could be important in regulating organic dust-induced airway
inflammatory responses.

In summary, the present study demonstrates that an impor-
tant, complex biological agonist from the workplace, namely
swine confinement facility ODE, augmented NOD2 mRNA
and protein expression in mononuclear phagocytes, which was
found to be dependent on NF-kB activity as opposed to an
autocrine/paracrine TNF-a. In addition, a functional role for
NOD?2 in organic dust-induced proinflammatory responses was
demonstrated. NOD2 appears to be a negative regulator of
organic dust-induced proinflammatory cytokine/chemokine
production in a selective manner in cultured macrophages. A
functional role for NOD2 can be extended to potential in vivo
consequence because in the absence of NOD2 there was
evidence of increased airway inflammatory parameters follow-
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ing organic dust exposure in mice. Overall, these studies
suggest that the NOD2 pathway could play an important
immunomodulating role in inflammatory outcomes in individ-
uals exposed to organic dust in swine confinement facilities.
Finally, it may also be warranted in future studies to examine
whether known polymorphisms of NOD2 gene contribute to
airway responses in exposed workers.
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