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ABSTRACT

Organic dust samples from swine confinement facilities elicit pro-inflammatory cytokine/chemokine release from
bronchial epithelial cells and monocytes, dependent, in part, upon dust-induced activation of the protein kinase
C (PKC) isoform, PKCε. PKCε is also rapidly activated in murine tracheal epithelial cells following in vivo organic
dust challenges, yet the functional role of PKCε in modulating dust-induced airway inflammatory outcomes is not
defined. Utilizing an established intranasal inhalation animal model, experiments investigated the biologic and
physiologic responses following organic dust extract (ODE) treatments in wild-type (WT) and PKCε knock-out
(KO) mice. We found that neutrophil influx increased more than twofold in PKCε KO mice following both a one-
time challenge and 3 weeks of daily challenges with ODE as compared with WT mice. Lung pathology revealed
increased bronchiolar and alveolar inflammation, lymphoid aggregates, and T cell influx in ODE-treated PKCε

KO mice. Airway hyperresponsiveness to methacholine increased in PKCε KO + ODE to a greater magnitude
than WT + ODE animals. There were no significant differences in cytokine/chemokine release elicited by ODE
treatment between groups. However, ODE-induced nitric oxide (NO) production differed in that ODE exposure
increased nitrate levels in WT mice but not in PKCε KO mice. Moreover, ODE failed to upregulate NO from ex vivo
stimulated PKCε KO lung macrophages. Collectively, these studies demonstrate that PKCε-deficient mice were
hypersensitive to organic dust exposure and suggest that PKCε is important in the normative lung inflammatory
response to ODE. Dampening of ODE-induced NO may contribute to these enhanced inflammatory findings.
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INTRODUCTION

Chronic inhalation of organic dusts or bioaerosols
from agriculture environmental settings, partic-
ularly industrial animal farms, can result in the
development of adverse respiratory diseases includ-
ing rhinosinusitis, workplace exacerbated asthma,
chronic bronchitis, and obstructive pulmonary
disease [1]. Organic dust is inherently complex,
containing a wide diversity of microbial components
and particulate matter that activate innate immune
responses that subsequently lead to significant airway
diseases. Neutrophil influx and increased IL-6
and CXCL8/IL-8 levels in bronchoalveolar lavage
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fluid (BALF) have been observed in previously
nonexposed persons following a one-time swine
confinement facility exposure [1, 2]. In addition, a
first-time response to an organic dust environmental
challenge is associated with an increase in airway
hyperresponsiveness (AHR) to methacholine, cross-
shift changes in pulmonary function, and increased
exhaled nitric oxide (NO) [3–5]. Although this
intense acute inflammatory response dampens with
repeated exposures, persons repetitively exposed to
organic dust environments are at an increased risk of
developing chronic lung disease [5, 6]. Animal mod-
els have now been developed that resemble this acute
and repetitive organic-dust-induced airway inflam-
matory response and lung injury [7, 8]. However, the
mechanistic regulation of the in vivo airway response
following organic dust exposures is not well defined.

Given the complexity of organic dust, understand-
ing key intracellular signaling pathways activated by
organic dust exposure could be important in dis-
ease modification strategies. Our previous work has
implicated protein kinase C (PKC) isoforms, par-
ticularly PKCε, as important signal transducers in
mediating swine confinement facility and cattle feed-
lot organic-dust-extract-induced pro-inflammatory
mediator production in vitro [9–12]. Namely, or-
ganic dust extracts (ODEs) rapidly activate PKCε

in bronchial epithelial cells, and moreover, reduction
in PKCε activity resulted in significant inhibition of
organic-dust-induced IL-8/CXCL8 release [9, 11].
In addition, PKCε is rapidly activated following or-
ganic dust exposure in human phagocytes, whilst in-
hibition of PKCε resulted in a modest but significant
reduction in dust-induced monocyte TNF-α (tumor
necrosis factor-alpha) production [12]. Although we
have also shown that PKCε is activated in tracheal
epithelial cells following an in vivo organic dust chal-
lenge [7], it is not known what functional role PKCε

plays in modulating organic-dust-induced airway in-
flammatory responses. There is evidence to suggest
that PKCε might be a critical signaling pathway in
vivo because PKCε-deficient mice demonstrated an
increase in sensitivity and mortality following Gram-
negative and Gram-positive bacterial challenges [13].
Moreover, PKCε may play a role in organic-dust-
induced NO production because PKCε has been
shown to regulate NO synthase in murine studies of
chronic hypoxic pulmonary hypertension [14].

We initially hypothesized that in the absence of
PKCε, organic-dust-induced airway inflammatory
consequences would be reduced because our prior in
vitro studies demonstrated that inhibition of PKCε

resulted in a reduction in organic-dust-induced
cytokine/chemokine release [9–12]. To test this hy-
pothesis, we investigated organic-dust-induced air-

way disease with mice deficient in PKCε utilizing an
established animal model. Wild-type control (WT,
Prkce+/+) and deficient (Prkce−/−, PKCε knock-out,
KO) mice were intranasally treated with ODEs or
saline once (single exposure model) or daily for 3
weeks (repetitive exposure model). Quantitative and
qualitative measures in airway and lung inflammation
and were assessed. In contrast to our initial hypothe-
sis that mice would be protected from organic-dust-
induced airway inflammation, we found that PKCε-
deficient mice displayed a striking and significant
increase in neutrophil influx, AHR, and lung pathol-
ogy. These findings were not associated with a dysreg-
ulated TNF-α, IL-6, or neutrophil chemoattractant
response, but a derangement in NO response. Col-
lectively, these data implicate PKCε as a functional
component in the normative response to organic-
dust-induced airway inflammation and lung injury.

METHODS

Animals

C57BL/6 WT and PKCε heterozygote (Prkce+/−)
mice on C57BL/6 background were purchased from
The Jackson Laboratory (Bar Harbor, ME). Prkce+/−

mice were pair bred to generate PKCε KO (Prkce−/−)
animals for experiments. Mice were genotyped by
PCR analysis of tail DNA (data not shown). PKCε-
deficient mice were free of any noticeable abnormal-
ity. Mice were a minimum of 6 weeks old and a
maximum of 12 weeks old for all studies. Although we
found no significant differences in the endpoints for
individual animals of younger age versus slightly older
aged animals, ages and sex of mice were matched with
purchased WT (Prkce+/+) mice in all studies. Food
and water were provided ad libitum. All animal pro-
cedures were approved by the Institutional Animal
Care and Use Committee of the University of Ne-
braska Medical Center according to National Insti-
tute of Health (NIH) guidelines for the use of rodents.

Organic Dust Extract

ODE was prepared as previously described [15].
Briefly, settled surface dust samples were collected
3 feet above floor level from local confinement swine
feeding operation facilities, which house approxi-
mately 500–700 animals. Dust (10 g) was placed
into HBSS (Hank’s Balanced Salt Solution, 10 mL),
centrifuged for 20 minutes at 2000 × g, and the final
supernatant was filter sterilized (0.22 µm), a process
that also removes coarse particles. The aqueous
ODE was diluted to a final concentration of 12.5%
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(vol/vol) in sterile phosphate-buffered saline (PBS)
for in vivo experiments. The final diluted 12.5%
ODE, which has been previously shown to elicit
optimal lung inflammation in mice [7], contained
2.91–3.88 mg/mL of total protein as measured by
nanodrop spectrophotometry (NanoDrop Technolo-
gies, Wilmington, DE). Endotoxin levels in ODE
were assayed using the limulus amebocyte lysate
assay commercially available (Sigma, St. Louis, MO)
and shown to not be responsible for detectable levels
of PKC activation or cytokine release [11].

Preparation of Murine Lung Slices and
Protein Kinase C Activity

Precision-cut murine lung slices from WT (Prkce+/+)
and KO (Prkce−/−) mice were prepared in cultures
as previously described [16] using the method of
Sanderson et al. [17]. WT and KO lung slices
were stimulated with the PKC activator, phorbol 12-
myristate 13-acetate (PMA, 200 ng/mL, positive con-
trol), ODE or media alone for 1–24 hours. Determi-
nation of PKCε catalytic activity was accomplished
in fractionates from tissues by direct specific sub-
strate peptide phosphorylation assays as previously
described [16] with data expressed as picomoles of
phosphate incorporated per minutes per milligram.

Murine Model of ODE Exposure and Tissue
Collection

Utilizing an established intranasal inhalation murine
model of ODE-induced lung inflammation [7], mice
were treated with 50 µL of 12.5% ODE or sterile PBS
(pH 7.4, diluent) once (single exposure) or daily for
3 weeks (repetitive exposure).

BALF was collected as previously described [7].
Briefly, the total cell number recovered from pooled
lavages (3 × 1 mL lavages) was enumerated and
differential cell counts determined using cytospin-
prepared slides (Cytopro Cytocentrifuge, Wescor
Inc., Logan, UT) stained with DiffQuick (Dade
Behring, Newark, DE). Cell-free supernatant for cy-
tokine/chemokine and NO from the first lavage was
collected and frozen at −80◦C for later analysis.

For histology studies, whole lungs were excised af-
ter lavage and inflated to 15 cm H2O pressure with
10% formalin for 24 hours (Sigma, St. Louis, MO)
to preserve pulmonary architecture as previously de-
scribed [7]. Briefly, lungs were processed, embed-
ded in paraffin, and sections (4–5 µm) were cut and
stained with hematoxylin and eosin (H&E) by the in-
stitution’s Tissue Science Core facility whereby stan-
dard lung slice sections are initiated at tissue branch-
ing (approximately 500 µM deep). Two H&E stained

slides of the lung from each animal were microscop-
ically reviewed and semiquantitatively assessed for
the degree and distribution of the lung inflammation
(i.e., intrapulmonary cellular aggregates and alveolar
and bronchiolar compartment inflammation) by the
pathologist (William W. West) who was blinded to
the treatment conditions utilizing a previously pub-
lished scoring system [7]. Each slide was entirely re-
viewed at scanning magnifications (×2, ×4, and ×10
objectives; Nikon Eclipse model E600 microscope,
Brighton, MI) and the semiquantitative evaluation in-
cluded assessment of all lung tissue present on each
slide. Each inflammatory parameter was indepen-
dently assigned a value from 0 to 3 with the greater
the score, the greater the inflammatory changes in the
lung.

Murine primary lung macrophages were obtained
as previously described [18]. Briefly, after perfusion
of the right ventricle with sterile PBS to remove cir-
culating blood cells from the pulmonary vasculature,
lung tissues were dissociated in an automated fashion
using the gentleMAC Dissociator instrument accord-
ing to manufacturer’s instructions (Miltenyi Biotec,
Auburn, CA). Mononuclear cells were collected by
lymphocyte separation technique (Fisher Scientific,
Pittsburgh, PA), incubated for 2 hours in culture
medium and enriched for lung macrophages by re-
moval of nonadherent cells. Lung macrophage yield
was >92% as determined by Giemsa staining.

Immunohistochemistry

Formalin-fixed, paraffin-embedded lung section
slides were analyzed for CD3 (pan-T-cell marker),
CD45R/B220 (pan-B-cell murine marker), and
Mac-3 (phagocytes) by immunohistochemistry
methods as previously described [7]. Briefly, after
deparaffinization, antigen unmasking was performed
using the heat-induced epitope retrieval method
(DIVA Decloaker solution; Biocare Medical, Con-
cord, CA) [19]. Next, endogenous peroxidase
activity was quenched with 3% hydrogen peroxide.
Slides were blocked before application of primary
antibodies: rabbit anti-CD3 (dilution 1:300; Dako,
Carpinteria, CA), rat anti-CD45R/B220 (clone
RA3-6B2, dilution 1:200; BD Pharmingen, San
Jose, CA), and anti-Mac-3 (clone M3/84, dilution
1:200; BD Pharmingen). Slides were then incubated
with appropriate biotinylated IgG, and primary
antibody binding was detected using the avidin-
biotin-immunoperoxidase method (Vectastain Elite
ABC, ready-to-use kit, Vector, Burlingame, CA).
Chromogen substrate (IMMPACT DAB, Vector)
developer was used, and slides were counterstained
with 1% Mayer’s hematoxylin. Slides were scanned
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(Ventana Roche Coreo Scanner AU, Tucson, AZ)
and images were taken by Ventana Roche Image
viewer computer software. Positive staining areas
for CD3, B220, and Mac3 cells were analyzed
using Image Pro image analysis software version 7.0
(Media Cybernetics, Bethesda, MD) for Windows.
An average of 20 representative photos to capture
peri-bronchiolar infiltrates and cellular aggregates
(avoiding areas with large blood vessels) were taken,
and the total percentage of positive cell staining per
image was calculated and averaged. Color segmenta-
tion was used to identify total positive stained cells
per airway area.

Cytokine/Chemokine Assays

Cell-free supernatants from BALF were harvested
for quantitation of TNF-α, IL-1β, IL-6, keratinocyte
chemoattractant (KC; CXCL1), and macrophage in-
flammatory protein-2 (MIP-2; CXCL2) using com-
mercially available ELISA kits (R&D Systems, Min-
neapolis, MN) with a sensitivity of 10.9, 15.625, 7.8,
15.6, and 7.8 pg/mL, respectively.

Invasive Pulmonary Function Measurement

AHR was invasively assessed by direct airway resis-
tance and compliance using a computerized small
animal ventilator (Finepointe, Buxco Electronics,
Wilmington, NC) as previously described [7]. Briefly,
3 hours following intranasal treatment with ODE
(12.5%) or saline (PBS), mice were anesthetized,
tracheostomized, and mechanically ventilated at a
rate of 160 breaths/minute and tidal volume of
0.15 mL. Once animals stabilized, dose responsive-
ness to aerosolized methacholine (0–96 mg/mL) was
obtained and reported as total lung resistance (RL).

Nitric Oxide Analysis

NO production in BALF was assessed via the total
NO and nitrate/nitrite parameter assay kit (R&D Sys-
tems) according to manufacturer’s instructions.

Real-Time Quantitative RT-PCR (qRT-PCR)

Inducible NO synthase (iNOS, NOS2) and en-
dogenous NOS (eNOS, NOS3) mRNA expression
was determined from lung tissues by qRT-PCR at
24 hours following treatment with saline or ODE.
RNA was extracted from lung tissue using the Mag-
max 96 kit according to the manufacturer’s instruc-
tions. Concentration and purity of the RNA were
determined using the NanoDrop spectrophotometer

(Thermo Fisher, Wilmington, DE). All RNA sam-
ples had A260/A280 ratio of 1.8–2.0. For qRT-PCR,
cDNA was synthesized using 100 ng of template RNA
and a TaqMan reverse transcription kit as previously
described [18]. Real-time PCR reactions were pre-
pared in triplicate using 1× TaqMan Master Mix and
primers and probes for NOS2 (Mm01309902 m1)
and NOS3 (Mm00435217 m1) and ribosomal (18s)
RNA was used as an endogenous control. All qRT-
PCR regents were purchased from Applied Biosys-
tems (Foster City, CA). PCR was performed using
ABI PRISM 7700 Sequence Detection System (Ap-
plied Biosystems). Threshold values were normalized
to the expression of ribosomal RNA; qRT-PCR re-
sults are expressed as fold increase in induction (nor-
malized copy number of ODE treated divided by nor-
malized copy of number of PBS treated).

Statistical Methods

Data are presented as the mean ± standard error of
mean (SEM). Statistics were performed using a two-
tailed, nonpaired t-test to determine significant dif-
ferences between treatment groups. To analyze the
methacholine dose response curves, we used a two-
way ANOVA (because there are two independent
variables: treatment group and dose of methacholine)
followed by Bonferonni post hoc tests when group
differences were significant, P < .05). In all analy-
ses, GraphPad (version 5.01) software was used, and
P values less than .05 were considered statistically
significant.

RESULTS

Absence of PKCε Activity Confirmed in
PKCε-Deficient Mice

Whereas all mice were genotyped by PCR analysis of
tail DNA (data not shown), the absence of functional
PKCε activity in PKCε KO mice was confirmed in
ex vivo stimulated precision-cut lung slices (see Fig-
ure 1). Lung slices were chosen because they pro-
vide insight into tissue-structured multicellular lung
responses. Consistent with our previous work in iso-
lated epithelial cells [9] and monocytes [12], ODE
rapidly activated PKCε in a time-dependent manner
in lung slices from WT mice. However, activatable
PKCε was not detected upon treatment with ODE
or PMA (general PKC activator) in PKCε KO mouse
lung slices, confirming the absence of PKCε activity
in the PKCε-deficient mice.
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FIGURE 1. Absence of PKCε activity confirmed in lung slices
from PKCε-deficient mice. Precision-cut lung slices from
wild-type (WT, Prkce+/+) and knock-out (KO, Prkce−/−) mice
were ex vivo treated with phorbol 12-myristate 13-acetate
(PMA, 200 ng/mL, positive control), ODE (5%), or media
alone in submerged in vitro culture. PKCε activity was assayed
from 1 to 24 hours. Results represent mean ± SEM (N = 5–6
per condition) with statistical significance denoted by asterisks
(∗∗P < .01, ∗∗∗P < .001) versus media alone, and hatch marks
(###P < .001) denotes difference between matched WT and
KO conditions.

Acute Dust-Induced Neutrophil Influx, but not
Cytokine/Chemokine Production, Is
Increased in PKCε-Deficient Mice

To determine whether there were any functional con-
sequences of PKCε in mediating ODE-induced air-
way inflammatory responses in vivo, PKCε KO and
WT mice were treated with saline or ODE once (sin-
gle exposure model) using an established intranasal
inhalation protocol [6]. Consistent with our previ-
ous work, ODE induced a rapid influx of airway neu-
trophils by 5 hours that peaks at 24 hours postexpo-
sure (see Figure 2A). Interestingly, airway neutrophils
were significantly increased (twofold), as opposed to
decreased, in PKCε KO mice at both 5 and 24 hours
following a one-time exposure to ODE as compared
with WT mice (see Figure 2A, N = 5–6 mice per
treatment groups, P < .05).

Organic-dust-induced human and murine airway
disease has also been associated with increased TNF-

α, IL-1β, IL-6, and neutrophil chemoattractants (hu-
man IL-8 and murine homologs KC/CXCL1 and
MIP-2/CXCL2) [6]. ODE increased TNF-α, IL-1β,
IL-6, CXCL1, and CXCL2 production at 5 and
24 hours postexposure in WT and PKCε KO mice
as compared with saline alone (see Figure 2B, N
= 5–6 mice per treatment groups). However, there
was no significant difference in the magnitude of
ODE-induced cytokine/chemokine production be-
tween WT and PKCε KO mice (see Figure 2B).
TNF-α, IL-6, CXCL1, and CXCL2 levels, but not
IL-1β, were overall less at 24 hours as compared
with 5 hours following ODE treatment, which is con-
sistent with the kinetics of these mediators. These
studies demonstrate that PKCε KO mice have en-
hanced inflammatory cellular influx, but not spe-
cific cytokine/chemokine release, following a one-
time challenge with organic dust.

Repetitive Dust-Induced Inflammatory
Cellular Influx Is Dependent on PKCε

Because singular and repetitive ODE treatment can
affect cellular influx differently, we next investigated
if airway inflammatory outcomes would be modu-
lated following repetitive ODE treatment in PKCε

KO mice. PKCε KO and WT mice were treated with
ODE (12.5%) daily for 3 weeks whereupon BALF
and lung tissues were collected 24 hours following
final treatment. As compared with baseline control,
repetitive ODE treatment induced an increase in air-
way inflammatory cell influx in WT and PKCε KO
mice (P < .01 WT and P < .001 KO animals).
Repetitive ODE treatment resulted in a significant in-
creased influx of neutrophils (approximately twofold
increase) and also macrophages in the PKCε KO
mice as compared with WT mice (see Figure 3A,
N = 6 mice/group). BALF inflammatory cell influx
is lower after repeated ODE exposures as compared
with single ODE exposure, consistent with the de-
scribed adaptation-like response [7, 8]. Consistent
with the adaptation response, cytokine/chemokine re-
lease in BALF following repetitive exposures returns
to baseline [7, 8], and in this current study, there was
no increase in cytokine/chemokine release following
repetitive ODE exposures as compared with control
and there was no difference between KO and WT
treatment groups (data not shown).

It has been established that repetitive ODE
treatment induces inflammatory cell influx within
the bronchiolar and alveolar compartment and that
perivascular and peribronchiolar mixed mononuclear
cellular aggregates develop [7]. Consistent findings
were demonstrated in this current study in that
repetitive ODE treatment significantly induced

C© 2012 Informa Healthcare USA, Inc.
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FIGURE 2. PKCε-deficient mice demonstrate enhanced influx of neutrophils, but not cytokine/chemokine release, following a
one-time challenge with ODE. Wild-type (WT, Prkce+/+) and PKCε knock-out (KO, Prkce−/−) mice were intranasally treated with saline
(PBS) or ODE (12.5%) once and BALF was collected at 5 and 24 hours following exposure. Results represent (A) the mean ± SEM
(N = 5–8 mice/group) of the total cells and cell differential and (B) cell-free levels of lung lavage fluid supernatant cytokines/chemokines.
Statistical significance is denoted by asterisks (∗P < 0.05, ∗∗P < 0.01, ∗∗P < 0.001) versus respective saline-treated groups, and hatch
mark denotes statistical significance (#P < 0.05, ##P < 0.01) between WT and KO treated mice.

inflammatory cell influx into the lung parenchyma
and that cell aggregates developed, and these findings
were not observed with saline treatment (see Figure
3). Importantly, histological examination of lung
tissues demonstrated striking differences in lung
parenchymal inflammation between PKCε KO +
ODE and WT + ODE treatment groups (see Figure
3B and C). Specifically, PKCε KO mice treated
repetitively with ODE demonstrated increased size
and distribution of cellular aggregates throughout
the lung sections by microscopic review. Semiquan-
titative analysis of ODE-induced histopathologic
changes was assessed using an established lung
pathology scoring system. There were significant
increases in the inflammatory scores in all parameters
assessed (i.e., cellular aggregates, alveolar compart-
ment, and bronchiolar compartment) in PKCε

KO + ODE as compared with WT + ODE mice

(see Figure 3B). Collectively, these studies suggest
that PKCε is important in regulating inflammatory
cellular influx and lung pathologic injury following
repetitive ODE exposure.

Composition of Dust-Induced Cellular
Aggregates Is Similar Between WT and
PKCε-Deficient Mice Following Repetitive
ODE Treatment

It has been demonstrated that repetitive ODE treat-
ment results in the formation of mononuclear ag-
gregates representing a mixture of T lymphocytes,
B lymphocytes, and phagocytes with the majority of
aggregates containing T lymphocytes and a smaller
proportion containing B lymphocytes [7]. Although
present in the aggregates, phagocytes are mainly ob-
served in the alveolar compartment. Since there was
no evidence of cellular aggregates and alveolar and
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FIGURE 3. PKCε is important in mediating repetitive ODE-induced lung inflammation. Wild-type (WT, Prkce+/+) and PKCε

knock-out (KO, Prkce−/−) mice were intranasally treated with saline or ODE (12.5%) daily (repetitive exposure) for 3 weeks whereupon
BALF and lung tissue were collected 24 hours following final exposure. (A) Results represent the mean ± SEM (N = 6 mice/group) of
the total cells and cell differential recovered from the BALF of mice. (B) Semiquantitative inflammatory score (mean ± SEM, N = 6
mice/group) of the degree and distribution of cellular aggregates, alveolar compartment, and bronchiolar compartment lung
inflammation is shown. (C) A representative 4- to 5-µm-thick section, H&E stained, of one of six mice per treatment group is shown at
20× magnification and 40× magnification where noted. All lung specimens were inflated to 15 cm H2O pressure during fixation to avoid
atelectasis artifact. Representative lung sections from saline control treated for comparison are also shown. Scale bar line represents
30 µm. Statistical significance is denoted by asterisks (∗P < .05, ∗∗P < .001, ∗∗∗P < .001) between WT- and KO-treated groups and hash
marks denote statistical significance between saline- and ODE-treated groups (##P < .01, ###P < .001).

bronchiolar compartment inflammation in saline-
treated WT or KO mice (see Figure 3), lung sec-
tions from saline-treated mice were not further in-
vestigated. Because there was a striking enhancement
in the distribution, number, and size of cellular ag-
gregates in the lung parenchyma in the PKCε KO +
ODE as compared with WT + ODE, we sought to de-
termine whether the composition of the dust-induced
mixed cellular aggregates differed between groups.
However, no difference was observed in the compo-
sition of T lymphocytes, B lymphocytes, and phago-
cytes between the PKCε KO + ODE as compared
with WT + ODE. Namely, the majority of cellular ag-
gregates induced by ODE contained T lymphocytes
with a smaller proportion containing B lymphocytes

in both PKCε KO and WT animals following repet-
itive challenges (see Figure 4). However, increased
T lymphocyte influx was observed in the PKCε KO
mice following ODE treatment as compared with the
WT + ODE mice (see Figure 4B).

Dust-Induced Airway Hyperresponsiveness Is
Increased in PKCε KO Mice

It is established that an acute exposure to organic
dust elicits an increase in AHR in mice [7, 8] and
humans [5]. However, the mechanisms underlying
this response are not known. In this current study,
we confirmed that ODE treatment increases AHR as
determined by invasive lung function measurements

C© 2012 Informa Healthcare USA, Inc.
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FIGURE 4. Repetitive organic dust exposure induces the influx of phagocytes, T, and B cells in PKCε-deficient mice. Wild-type (WT,
Prkce+/+) and PKCε knock-out (KO, Prkce−/−) mice were intranasally treated with ODE (12.5%) daily for 3 weeks. (A) Lung sections
(4- to 5-µm-thick) were stained with anti-Mac-3 antibody for phagocytes, anti-CD3 antibody for T cells, and anti-murine CD45R/B220
antibody for B cells. Representative lung sections shown depict phagocyte influx into alveolar compartment and predominately T and B
cell influx within cellular aggregates in both WT and KO animals repetitively treated with ODE at 40× magnification with scale bar line
representing 30 µm. Isotype control antibody staining (negative) control is also shown. (B) Quantification of positive staining of mouse
lung tissue representing mean ± SEM of 20 fields of representative mouse per group. Statistical significance is denoted by asterisks
(∗P < .05) between WT- and KO-treated groups.

of lung resistance (RL; see Figure 5). Importantly,
there was a significant increase in AHR in PKCε

KO mice following ODE treatment as compared
to WT + ODE mice at methacholine doses of
48 mg/mL (P < .05) and 96 mg/mL (P < .001; see
Figure 5). Interestingly, PKCε KO mice treated with
saline control demonstrated a significant increase in
AHR to methacholine as compared with WT mice
treated with saline (see Figure 5). Together, these
findings suggest that not only does PKCε play an
important role in ODE-induced AHR to metha-
choline, but there may also be a role for PKCε in
modulating AHR independent of the inflammatory
stimulus.

The NO Pathway Is Dysregulated in
PKCε-Deficient Mice Following ODE
Challenge

Because exhaled NO (humans) and BALF nitrates
(mice) are increased following swine confinement fa-
cility organic dust exposures [15, 20–22], we investi-
gated whether differences occurred between WT and
PKCε KO mice following ODE exposure. There was
a significant increase in BALF NO levels at 24 hours
following ODE exposure in WT animals as com-
pared with saline exposure (see Figure 6A). However,
this normative response was not observed with the
PKCε KO mice as there was no difference in BALF
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FIGURE 5. PKCε-deficient mice demonstrate increased
airway hyperresponsiveness (AHR). Wild-type (WT, Prkce+/+)
and PKCε knock-out (KO, Prkce−/−) mice were intranasally
treated (Tx) with ODE or saline (PBS) and total lung resistance
(RL) was directly measured using a mechanically ventilated
mouse system 3 hours following exposure. Data are expressed as
means with standard error bars (N = 3–4 mice/group). Letters
denote statistical significance difference between groups. (A)
AHR is increased in KO + ODE (closed square, dotted line) as
compared with WT + ODE (closed circle, solid line) at MCh
48 (P < .05) and 96 mg/mL (P < .0001). (B) AHR is increased
in KO + ODE as compared with KO + PBS (open square,
dotted line) at MCh 24 (P < .01) and 96 mg/mL (P < .001)
mg/mL. (C) AHR is increased in WT + ODE as compared with
WT + PBS (open circle, solid line) at MCh 48 (P < .001) and
96 (P < .001) mg/mL. (D) AHR is increased in KO + PBS as
compared with WT + PBS at methacholine (MCh) 48 (P <

.01) and 96 (P < .01) mg/mL.

NO levels between saline- and ODE-treated PKCε

KO mice (see Figure 6A). Next, we isolated primary
murine lung macrophages and ex vivo stimulated
the macrophages with 1% ODE to determine NO
release. Consistent with the BALF findings, ODE
elicited a significant increase in NO release from
WT lung macrophages, which was not observed with
PKCε KO lung macrophages (see Figure 6B). Be-
cause others have linked derangements in NOS isoen-
zymes in the lung (i.e., NOS2 and NOS3) with PKCε

activity [13, 14], we investigated lung tissue NOS2
and NOS3 gene expression following ODE exposure
(24 hours postexposure). There was a significant in-
crease in lung NOS2 (inducible [iNOS]) mRNA fol-
lowing ODE exposure in both WT and PKCε KO
animals as compared with saline, but the magnitude
of ODE-induced NOS2 expression increase was sig-
nificantly lower in the PKCε KO mice as compared
with the WT mice (see Figure 6B). Significant in-
creases in lung NOS3 (endothelial [eNOS]) were also
observed in both WT and KO animals, but no signifi-
cant difference was observed between the groups (see
Figure 6C). These studies suggest that NO dysregu-
lation might be important in the enhanced airway in-
flammatory response following ODE treatment in the
PKCε-deficient mice.

DISCUSSION

These studies indicate that PKCε plays an important
functional role in regulating organic-dust-induced
airway inflammation and lung injury. Although we
hypothesized that inflammatory consequences would
be less in PKCε-deficient animals following organic
dust exposures based upon our prior in vitro work [9,
11, 12], we instead found that the absence of PKCε

resulted in increased ODE-stimulated neutrophil in-
flux, AHR, and lung injury. We interpret these find-
ings to mean that PKCε is instrumental in regulat-
ing a normative response to organic dust exposure.
Interestingly, we found no differences in the mag-
nitude of ODE-induced cytokine/chemokine release
between WT and KO mice, but there was evidence
for dysregulation in the nitric oxide pathway. Our
findings of heightened inflammatory consequences
are consistent with other in vivo studies whereby
PKCε-deficient mice demonstrated enhanced sensi-
tivity and mortality to bacterial lung infection [13].
Moreover, a potential protective role for PKCε has
also been proposed by others for differing disease
states. Namely, loss of PKCε was associated with in-
creased pulmonary vascular tone and subtle cardio-
vascular defects following hypoxic injury [14], and
in kidney disease, increased renal hypertrophy and
fibrosis was directly linked to deficiencies in PKCε

activity [23].
Neutrophil influx is a hallmark of organic-

dust-induced airway disease [1]. The control and
regulation of neutrophil recruitment following lung
injury can be induced and regulated by a number of
complex factors and networks including (but not lim-
ited to) chemokines, cytokines, integrins, selectins,
proteases, elastase, and reactive oxygen species [24].
Although neutrophil influx in the context of organic
dust exposure remains to be fully elucidated, there are
several known important contributing factors. The
most relevant chemokines for neutrophil recruitment
in the rodent lung are CXCL1 and CXCL2, and it
has been repeatedly demonstrated that these organic
dusts induce CXCL1 and CXCL2 release in BALF
and also in isolated epithelial and phagocytic cells
[7, 9, 11]. In the current studies, neutrophils were
strikingly increased in the BALF of ODE-challenged
PKCε-deficient mice as compared with WT mice.
However, there was no significant difference in the
magnitude of CXCL1 and CXCL2 induced by ODE
between WT and KO animals to explain why loss
of PKCε would result in an enhancement of ODE-
induced neutrophilia. These observations underscore
that although important, CXCL1 and CXCL2 do
not completely explain ODE-induced neutrophil
recruitment. Future lines of study should investigate

C© 2012 Informa Healthcare USA, Inc.
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FIGURE 6. Nitric oxide pathway is dysregulated in PKCε-deficient mice following ODE challenge. Wild-type (WT, Prkce+/+) and
PKCε knock-out (KO, Prkce−/−) mice were treated (Tx) with ODE (12.5%) or saline (PBS) once, and bronchoalveolar lavage fluid
(BALF) and lung tissue were collected 24 hours following exposure. Primary lung macrophages from WT and KO mice were ex vivo
stimulated with 1% ODE or saline for 24 hours. (A) Results represent the mean ± SEM (N = 5 mice/group) of cell-free levels of lung
lavage fluid supernatant total nitrate. (B) Results represent the mean ± SEM (N = 7/group) of total nitrate level in lung macrophage
cell-free supernatants. The mean (± SEM) fold change in inducible nitric oxide synthase, NOS2 (B), and exogenous nitric oxide
synthase, NOS3 (C), following ODE treatment as compared with PBS treatment from lung tissue are shown (N = 5 mice/group,
independent, matched experiments). Statistical significance is denoted by asterisks (∗P < .05, ∗∗P < .001, ∗∗∗P < .001) between
respective saline- versus ODE-treated groups, and hash mark denotes statistical significance (#P < .05) between WT- and KO +
ODE-treated groups.

mediator signals within the lung parenchyma, as it
is also possible that lung cytokine/chemokine release
following an ODE may be compartmentalized.

Organic dusts are recognized as complex, contain-
ing a wide diversity of microbial cell wall components
enriched in peptidoglycans and endotoxins from
Gram-positive and Gram-negative bacteria, respec-
tively [4, 25, 26]. Both endotoxin and peptidoglycan
are directly chemotactic for neutrophils [24, 27,
28]. Moreover, extracts of organic dusts from a
variety of agricultural environments exhibit direct

chemotactic activity in vitro, and this response has
been shown to be independent of endotoxin [29–31].
Interestingly, porcine IL-8 and a leukotriene B-like
component (both neutrophil chemoattractants) have
been directly measured in organic dusts, albeit in low
concentrations [22, 29]. Because the enhancement
and difference in neutrophil influx was observed
rapidly (i.e., 5 hours postexposure), it is possible that
PKCε might be involved in a direct ODE-induced
chemotactic process as opposed to an ODE-induced
CXCL1 and CXCL2 production to explain the
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neutrophil recruitment. T and B cells were also
recruited to the lung parenchyma following repetitive
ODE exposures, consistent with previous reports
[7]. In this study, there was an increased T cell influx
in PKCε KO mice treated with ODE as compared
with WT, and therefore, further studies should focus
on the phenotype and potential contribution of T
cells in mediating the organic-dust-induced lung
inflammatory response.

Others have reported that PKCε-deficient mice
demonstrate a dysregulated NOS pathway, which
might explain findings of a compromised immune re-
sponse [13, 14]. Consistent with these reports, we
found that the normative increased NO response
to ODE did not occur in PKCε-deficient mice.
NO is recognized as important in airway responses
and lung injury with both anti-inflammatory and
pro-inflammatory properties described. However, its
role in regulating organic dust airway disease is not
well defined. Previously, we have detected ODE-
stimulated increases in NO from airway epithelial
cells [22]. In addition, exhaled NO is slightly, but
significantly, increased in healthy subjects and agri-
cultural workers following exposure to swine con-
finement facility organic dusts [3, 21]. In rodents,
significant, but small increases in BALF nitrates are
found following acute ODE exposure [15]. In this
study, ODE did not induce significant increases in
nitrate release in BALF or from ex vivo stimulated
lung macrophages from PKCε-deficient mice. Thus,
the lack of an appropriate NO response to ODE
challenge suggests an impairment in a host defense
function. This observation may explain why loss of
PKCε was associated with a hypersensitive airway
inflammatory response. The regulation of NO gen-
eration is thought to be dependent on NOS2, and
to a lesser extent NOS3, in the lung [32]. There
is evidence by others that loss of PKCε is associ-
ated with derangements in the NOS pathway that
were postulated to explain a heightened immune
response to bacterial infection and hypoxic injury
[13, 14]. It is also recognized that future lines of
study should characterize NOS2 and NOS3 expres-
sion in the lung tissue. Nonetheless, our findings
would also support a role for NOS2 dysregulation
in lung-associated responses in the PKCε-deficient
animal.

Acute organic dust exposures evoke an increase in
AHR to methacholine and marked decline in postex-
posure peak flows and lung function [1]. The mech-
anisms to explain ODE-induced increases in AHR
are not clear. Interestingly, swine confinement facil-
ity organic-dust-induced AHR is not dependent on
the Toll-like receptor 4 (TLR4) [33] or TLR2 [15]
signaling pathway. Namely, these previous studies

have demonstrated no difference with AHR to metha-
choline in mice deficient in TLR4 or TLR2 follow-
ing challenge with organic dust despite other indica-
tors of a reduced airway inflammatory response. In
other pro-inflammatory models, neutrophil recruit-
ment and TNF-α have been implicated in the etiol-
ogy of AHR, but conversely, AHR can occur indepen-
dently of neutrophil recruitment or TNF [34–36]. In
this study, PKCε was noted to play an important role
in organic-dust-induced AHR since AHR to metha-
choline was enhanced in PKCε-deficient mice treated
with ODE, which corresponded to increases in air-
way neutrophil influx, but not significant changes
in TNF-α, IL-1β, IL-6, CXCL1, or CXCL2 levels.
Moreover, AHR to methacholine was also enhanced
in saline-treated PKCε-deficient mice as compared
with saline-treated WT mice. This observation sug-
gests that PKCε-deficient mice are primed for a hy-
persensitive response. Because airway smooth mus-
cle relaxation and thus decreased AHR would be a
product of NO production, it is possible that PKCε-
deficient mice with a dampened NO response have
an enhanced ODE-induced AHR following challenge
[37]. Finally, we investigated whether other PKC iso-
forms (i.e., PKCα, PKCδ, and PKCζ ) were alterna-
tively activated (or repressed) in a potential compen-
sation for the loss of PKCε, but we did not observe
any abnormal responses in these other PKC isoforms
(data not shown).

In conclusion, PKCε-deficient animals demon-
strated a hypersensitive response to acute and
repetitive ODE treatment marked by increased
neutrophil influx, lung pathology, and AHR to
methacholine. These findings are not explained by
modulation in ODE-induced pro-inflammatory cy-
tokines/chemokines, but may be due to derangements
in the NO pathway. Because emerging studies suggest
that PKCε communicates with various intracellular
TLR signaling proteins including the common adap-
tor protein MyD88 [38, 39], future studies might be
warranted to explore the relationship of PKCε with
the classic TLR signaling proteins (i.e., Mal, MyD88,
IRAK4, IRAK1, and TRAF) in the context of or-
ganic dust exposures. Finally, it may also be impor-
tant to investigate PKCε gene polymorphisms in ex-
posed agriculture workers.
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