
CD11c1/CD11b1 Cells Are Critical for Organic
Dust–Elicited Murine Lung Inflammation

Jill A. Poole1, Angela M. Gleason1, Christopher Bauer1, William W. West2, Neil Alexis3,
Nico van Rooijen4, Stephen J. Reynolds5, Debra J. Romberger1,6, and Tammy L. Kielian2

1Pulmonary, Critical Care, Sleep, and Allergy Division, Department of Medicine, and 2Department of Pathology and Microbiology, University of

Nebraska Medical Center, Omaha, Nebraska; 3Center for Environmental Medicine, Asthma, and Lung Biology, University of North Carolina School

of Medicine, Chapel Hill, North Carolina; 4Department of Molecular Cell Biology, Vrije University, Amsterdam, The Netherlands; 5High Plains
Intermountain Center for Agricultural Health and Safety, Department of Environmental and Radiological Health Sciences, Colorado State University,

Fort Collins, Colorado; and 6Veterans Administration–Nebraska Western Iowa Healthcare System, Omaha, Nebraska

Organic dust exposure in the agricultural industry results in signif-
icant lung disease.Macrophage infiltrates are increased in the lungs
after organic dust exposures, yet the phenotype and functional
importance of these cells remain unclear. Using an established
intranasal inhalation murine model of dust-induced lung inflamma-
tion, animals were treated once or daily for 3 weeks with swine
confinement organic dust extract (DE). Repetitive DE treatment
for 3weeks resulted in significant increases inCD11c1/CD11b1mac-
rophages in whole lung–associated tissue. These cells displayed in-
creased costimulatory molecule (CD80 and CD86) expression,
enhanced phagocytic ability, and an increased production of IL-6,
CXCL1, and CXCL2. Similar findings were observed with the
CD11c1/CD11b1 macrophage infiltrate after repetitive exposure
to peptidoglycan, a major DE component. To determine the func-
tional importance of macrophages in mediating DE-induced airway
inflammation, lung macrophages were selectively depleted using
a well-established intranasal clodronate liposome depletion/suicide
strategy. First, macrophage depletion by clodronate liposomes
resulted in significant reductions in airway neutrophil influx and
TNF-a and IL-6 production after a single exposure to DE. In contrast,
after repetitive 3-week exposure to DE, airway lavage fluid and
lung tissue neutrophils were significantly increased in clodronate
liposome–treatedmice comparedwith controlmice. A histological
examination of lung tissue demonstrated striking increases in alveolar
andbronchiolar inflammation, aswell as in the size anddistribution
of cellular aggregates in clodronate–liposome versus saline–liposome
groups repetitively exposed toDE. These studies demonstrate that
DE elicits activated CD11c1/CD11b1 macrophages in the lung,
which play a critical role in regulating the outcome of DE-induced
airway inflammation.
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The chronic inhalation of organic dusts or bioaerosols can result
in several respiratory diseases including chronic bronchitis,
asthma, and obstructive lung disease (1, 2). Agricultural workers

are routinely exposed to organic dust environments, with the
highest prevalence of airway disease associated with animal
farming exposures, particularly swine confinement operations
(2). Initial exposure to organic dust induces an intense proin-
flammatory response marked by fevers, bronchial hyperrespon-
siveness, and increases in bronchoalveolar lavage fluid (BALF)
inflammatory cells and cytokines/chemokines that wane over
time. However, persons chronically exposed to these environ-
ments are at increased risk of lung function decline, airway
inflammation, and progressive respiratory impairment (1, 3–5).
Although this paradigm, termed “chronic adaptation inflamma-
tory response” (1), has been replicated and described in animal
models by our group (6) and others (7), the critical cellular
mechanisms underlying this response remain unclear.

Lung mononuclear phagocytes and macrophages are impor-
tant innate immune lung effectors that serve a critical role in host
defense against inhaled environmental insults and toxins (8–10).
These cells can orchestrate inflammatory responses through the
release of mediators that promote inflammation, activate epi-
thelial cells, and elicit neutrophil recruitment (11, 12). Macro-
phages produce several mediators after in vitro exposure to
organic dust extract (DE) that are associated with agriculturally
induced disease, such as TNF-a, IL-6, and CXCL8 (1, 13). In the
lung, alveolar macrophages are well recognized to represent the
largest mononuclear phagocyte population (14). These cells dif-
fer from other tissue macrophages based on their high expres-
sion levels of CD11c, which is a molecule typically not present
on other tissue macrophages, and is generally considered a den-
dritic cell marker (15–20). Furthermore, CD11b expression,
which is high in other tissue macrophage populations, is quite
low in alveolar macrophages, unless these cells are activated
(16, 17). Lifetime nonsmoking swine farmers demonstrate signs
of bronchial inflammation with neutrophils, alveolar macro-
phages, and lymphocytes present in lavage fluid (21). Further-
more, evidence suggests that the alveolar macrophages in these
farmers may be activated, based on observations of increased

(Received in original form March 7, 2012 and in final form July 10, 2012)

This work was supported by grants R01 ES019325, K08 ES015522-01, and the

American Recovery & Reinvestment Act (ARRA) ES015522-03S1 from the National

Institute of Environmental Health Sciences (J.A.P.), grants 1R01OH008539-01

(D.J.R.) and 5U50 OH0080856 (S.J.R.) from the National Institute of Occupational

Safety Health, and grant 2R01NS055385 from the National Institute of Neurolog-

ical Disorders and Stroke (T.L.K.).

Correspondence and requests for reprints should be addressed to Jill A. Poole,

M.D., Pulmonary, Critical Care, Sleep, and Allergy Division, Department of Med-

icine, 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 J Respir Cell Mol Biol Vol 47, Iss. 5, pp 652–659, Nov 2012

Copyright ª 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2012-0095OC on July 19, 2012

Internet address: www.atsjournals.org

CLINICAL RELEVANCE

Inhalation exposure to organic dust extract from swine
confinement facilities induces an influx of activated CD11c1/
CD11b1 macrophages in the lung. Our findings established
lung macrophages as key to the acute response to dust ex-
tract, and furthermore, lung macrophages are critical in
down-regulating inflammatory responses after prolonged,
repetitive dust extract exposures. This information may be
important because potential therapies such as macrolides
and vitamin D were shown to enhance macrophage phago-
cytic ability or autophagy.
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macrophage chemotactic activity and ex vivo oxygen radical
formation (21). Airway and lung parenchymal macrophage infil-
trates are also increased in mice after organic dust exposure (6,
7). However, the phenotype and functional importance of these
cells have not been well described. Therefore, to address the
functional role of alveolar macrophages in the context of repet-
itive DE-induced lung inflammation, we analyzed CD11c1 lung
macrophages to determine their activation phenotype. In addi-
tion, we compared these responses with those of peptidoglycan
(PGN), a major component of organic DE previously shown to
drive DE-elicited inflammatory responses in macrophages (13).
Finally, we selectively depleted lung macrophages using a well-
established intranasal clodronate liposomemacrophage depletion/
suicide strategy to determine the functional importance of these
cells in the context of both single and repetitive DE exposures
(17, 22, 23).

Our studies demonstrate that both DE and PGN exposure
elicited increased numbers of activated CD11c1/CD11b1 lung
macrophages that were critical for regulating the extent of in-
flammation. Namely, airway inflammatory responses were at-
tenuated after a one-time exposure to DE. However, after
repetitive DE exposures, lung inflammatory and pathologic out-
comes, primarily marked by neutrophil influx, were significantly
worse when macrophages were depleted. Collectively, these
studies demonstrate a critical role for lung macrophages in con-
trolling DE-induced lung inflammation.

MATERIALS AND METHODS

Organic DE

DE was prepared as previously described (24, 25), with details provided
in the online supplement.

Animal Model

Using an established intranasal instillation murine model of organic
dust–induced and PGN-induced airway inflammation (6), C57BL/6
mice (6–8 wk old; Jackson Laboratory, Bar Harbor, ME) were treated
once (acute/single exposure) or daily for 3 weeks (repetitive exposure)
with 12.5% DE, PGN (100 mg), or sterile PBS (diluent). The Staphy-
lococcus aureus PGN (Sigma, St. Louis, MO) concentration comprises
approximately half the protein in 12.5% DE, and elicits airway inflam-
matory responses similar to those of DE (26). Whole lung cells were
isolated, as described previously (27) and in the online supplement. All
animal experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of Nebraska Med-
ical Center, according to National Institutes of Health guidelines for
the use of rodents.

Macrophage Depletion

The intranasal delivery of encapsulated clodronate liposomes is a well-
established method to deplete lung macrophages selectively (17, 18, 28).
Liposomes (30 ml) were administered 48 hours before the first DE
treatment, and every 3–4 days throughout the 3-week repetitive DE
period to maintain macrophage depletion.

BALF

BALF was collected as previously described (6). The total cell number
of pooled lavages (3 3 1 ml lavages) was enumerated, and differential
cell counts were determined on cytospin-prepared slides (Cytopro
Cytocentrifuge; Wescor, Inc., Logan, UT) stained with Diff-Quik
(Dade Behring, Newark, DE). Cell-free supernatants for cytokine anal-
ysis from the first lavage were collected and stored at 2208C.

Lung Histology

Whole lungs were inflated to 10 cm H2O pressure with 10% formalin
(Sigma) to preserve pulmonary architecture. Lungs were processed and

embedded in paraffin, and sections (4–5 mm) were cut and stained with
hematoxylin and eosin. Slides were semiquantitatively assessed, using
a previously described lung inflammatory scoring system (6, 26) by
a pathologist (W.W.W.) blinded to the treatment conditions.

Flow Cytometry

Whole lung cells from each animal were incubated with anti-CD16/32
(Fc Block; BD Biosciences, San Jose, CA), and then stained with
monoclonal antibodies directed against CD11c, CD11b, IA-b,
CD80, CD86, Ly-6G, and appropriate isotype control samples (BD
Biosciences). The CD11c1 macrophage gating strategy is depicted
in Figure E1 in the online supplement. The CD11c1 macrophage
number was calculated by multiplying the percentage of gated cells
measured by flow cytometry by the original hemocytometer count of
total cells recovered for each animal.

Phagocytosis Assay

The phagocytic capacity of lung-associated CD11c1 cells was assessed
by flow cytometry, modified from methods described previously (10,
13) and in the online supplement.

Cytokine Assays

CD11c1 lung cells isolated by FACS from mice repetitively exposed to
saline and DE were analyzed for ex vivo cytokine/chemokine (e.g.,
TNF-a, IL-6, KC/CXCL1, or MIP-2/CXCL2) responsiveness to subse-
quent DE restimulation by ELISA. Details are provided in the online
supplement.

Statistical Methods

Data are presented as means 6 SEM. Statistical analyses were per-
formed using a two-tailed, nonpaired t test and one-way ANOVA with
the Tukey multicomparison post hoc test. We used GraphPad (version
5.01; GraphPad Software, La Jolla, CA) software. In all analyses, P
values less than 0.05 were considered statistically significant.

RESULTS

Organic Dust Exposure Induces the Accumulation

of Activated CD11c1/CD11b1 Lung Macrophages

The total number of lung-associated cells had increased after
3-week repetitive DE exposure compared with saline control
samples, concomitant with significant elevations in the absolute
number of CD11c1 cells (Figure 1A). The expression of co-
stimulatory molecules (CD80 and CD86) and of the adhesion
molecule CD11b was significantly up-regulated in lung-associated
CD11c1 cells after DE challenge, compared with saline-treated
control samples (Figure 1B). No change was observed in MHC
Class II expression.

A significant increase was evident in the phagocytic ability
of lung CD11c1 macrophages after repetitive DE challenge,
compared with saline-treated mice (Figures 2A and 2B).
In addition, IL-6 and CXCL1 production were significantly
increased in ex vivo stimulated CD11c1 macrophages obtained
from DE-treated animals compared with saline-treated mice,
whereas TNF-a was significantly decreased (Figure 2C). In-
terestingly, CD11c1 cells from DE-treated mice produced ele-
vated concentrations of IL-6, CXCL1, and CXCL2 at baseline,
compared with saline-treated mice. Collectively, these data
demonstrate that repetitive intranasal inhalation challenge with
DE evokes a significant influx of CD11c1 lung cells, demon-
strating an activated phenotype as revealed by increased
CD11b and costimulatory molecule expression, phagocytic abil-
ity, and selected cytokine responsiveness to subsequent DE
exposure.
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Repetitive Intranasal Challenge with PGN Induces Activated

CD11c1/CD11b1 Macrophages

Because emerging evidence suggests that bacterial PGNs in in-
dustrial animal farming environments are highly prevalent and
may be responsible for mediating airway disease (29, 30), and
because our previous work demonstrated that PGN exposure-
induced outcomes closely resemble those elicited by DE expo-
sure (13, 26), we investigated the effects of intranasal PGN
inhalation in separate experiments. Similar to what was ob-
served among DE-treated mice, PGN induced an expansion in
total lung cell infiltrates, with an increase in total number of
CD11c1 macrophages (Figure 3A). Repetitive PGN exposure
resulted in increased costimulatory molecule expression (CD80
and CD86) and increased adhesion molecule CD11b expression
(Figure 3B) in CD11c1 lung macrophages, consistent with the
observations already described for DE. However, unlike treat-
ment with DE, PGN treatment significantly augmented MHC
Class II expression in CD11c1 cells (Figure 3B). The phagocytic
ability of lung CD11c1 cells from PGN-challenged mice was also
significantly enhanced compared with saline-treated mice (Figure
3B). Collectively, these results show that repetitive PGN

treatment results in a significant influx of CD11c1 lung cells,
demonstrating an activated phenotype, similar to findings ob-
served after DE exposure.

Effects of Lung Macrophage Depletion in Acute

DE-Induced Airway Inflammation

Next, we sought to assess the functional importance of lung mac-
rophages in mediating DE-induced airway inflammation by se-
lectively depleting these cells via the intranasal delivery of
clodronate-encapsulated liposomes. To establish the efficacy
and safety of this approach, we first investigated airway inflam-
matory outcomes in an acute DE-induced airway model (6).
Clodronate liposomes (CL-LIP) and saline liposomes (SL-
LIP) were administered 2 days before a one-time (acute) expo-
sure to DE or saline control, whereupon mice were killed
5 hours after DE exposure. Macrophage reduction was con-
firmed by a microscopic review of the hematoxylin and eosin
staining of lung sections. Decreases in macrophage infiltrates
(. 80%) were observed in CL-LIP–treated mice, compared
with SL-LIP–treated animals (Figure 4). Significant reductions
in macrophage recovery (. 80%) from BALF in CL-LIP 1
saline and CL-LIP 1 DE animals were evident, compared with
respective SL-LIP control mice (Figure 5A).

Macrophage reduction also produced changes in acute DE-
induced airway inflammation. DE-induced airway neutrophil
influx was nonsignificantly (P ¼ 0.11) reduced in CL-LIP 1
DE–treated mice compared with SL-LIP 1 DE mice (Figure
5A). Significant decreases in TNF-a and IL-6 concentrations
in CL-LIP 1 DE–treated animals were evident, compared
with SL-LIP1DE–treated animals (Figure 5B). Interestingly,
the expression of neutrophil chemokines was differently af-
fected by macrophage infiltrates, because CXCL1 was signif-
icantly elevated in CL-LIP 1DE–treated mice compared with
SL-LIP 1 DE–treated mice, whereas CXCL2 concentrations
were similar (Figure 5B). These studies demonstrate that macro-
phages play a selective role in regulating acute (single exposure)
DE-induced airway inflammatory responses.

Effects of Alveolar Macrophage Depletion in Repetitive

DE-Induced Airway Inflammation

Next, we investigated the role of macrophages in the repetitive
exposuremodel to determine the functional importance ofmacro-
phages in mediating the chronic inflammatory adaptation–like
response to DE. The administration of CL-LIP throughout the
duration of repetitive DE exposure treatment (CL-LIP 1 DE)
resulted in increased neutrophil numbers recovered from BALF,
compared with SL-LIP 1 DE–treated animals (Figure 6A). As
expected, macrophage recovery in BALF and whole-lung tissue
was significantly reduced in CL-LIP 1 DE–treated mice com-
pared with SL-LIP 1 DE–treated animals, confirming the effi-
cacy of the clodronate liposome–mediated depletion approach
(Figures 6A and 6B). CL-LIP did not alter the activation profiles
of the few CD11c1 macrophages that were detected in the lungs
after repetitive DE exposure, compared with SL-LIP–treated
mice. Namely, CD11b, CD80, and CD86 expression had all in-
creased (data not shown). The percentage and numbers of lung
neutrophils from whole-lung tissue were significantly increased in
animals treated with CL-LIP 1 DE, compared with SL-LIP 1
DE (Figure 6B). After 3 weeks of repetitive exposure, BALF
cytokines and chemokines were at the lower limit of assay detec-
tion, consistent with the chronic inflammatory adaptation re-
sponse (6, 7), and concentrations were not different between
SL-LIP 1 DE and CL-LIP 1 DE (data not shown).

The histological examination of lung tissue demonstrated strik-
ing differences in lung parenchymal inflammation between the

Figure 1. Repetitive organic dust extract (DE) exposure leads to the

activation of CD11c1 lung macrophages. Lung-associated cells were

collected from C57BL/6 mice after 3 weeks of repetitive intranasal ex-
posure to DE or saline control, and stained for FACS. (A) Results repre-

sent total lung cells and absolute CD11c1 cells. #, number of. (B) Mean

fluorescence intensity (MFI) of surface marker expression on gated

CD11c1 cells is shown. Results represent the mean 6 SEM (n ¼
6 mice/group), with statistical significance denoted by asterisks

(*P , 0.05, **P , 0.01, and ***P , 0.001).
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CL-LIP 1 DE and SL-LIP 1 DE treatment groups (Figures 7A
and 7B). Semiquantitative analysis of these DE-induced histopa-
thologic changes were assessed, using an established lung pathology

scoring system (inflammatory score range of 0–3) (6). Signifi-
cant increases were observed in the inflammatory scores for
all parameters assessed in the CL-LIP 1 DE treatment group

Figure 2. DE treatment increases

phagocytosis and cytokine
production by CD11c1 lung

cells. C57BL/6 mice were

repetitively exposed to DE or

saline for 3 weeks, and lung-
associated cells were exposed ex

vivo to FITC-labeled Saccharomy-

ces cerevisiae zymosan-A biopar-

ticles at 0 and 60 minutes to
determine the phagocytic ability

of gated CD11c1 lung macro-

phages. (A) A representative dot

plot depicts particle uptake in gated
CD11c1Ly-6G2 macrophages from

DE-treated mice and saline con-

trol–treated mice as a rightward
shift in fluorescence. (B) The

phagocytic ability of macro-

phages is shown as fold change

in mean MFI (6 SEM) of the pro-
portion of cells in the zymosan-

exposed gated population at 60

minutes, compared with cells ex-

posed for 0 minutes from DE and
saline control mice (n ¼ 6 mice/

group). (C) CD11c1 macrophages

isolated by FACS from DE-treated
mice and saline-exposed mice were

restimulated ex vivo with DE (1%)

or saline (0% DE) for 24 hours, and cytokine/chemokine concentrations were measured in cell-free supernatant by ELISA. Results represent the mean 6
SEM (n ¼ 6–9 mice/group), with statistical significance between saline-and DE-treated denoted by asterisks (*P , 0.05 and ***P , 0.001).

Figure 3. Repetitive intranasal challenge

with peptidoglycan (PGN) increases acti-
vated CD11c1 lung macrophages.

C57BL/6 mice were repetitively exposed

to PGN (100 mg) or saline for 3 weeks,

and lung-associated cells were enumer-
ated and stained for FACS. (A) Results

represent the means 6 SEM (n ¼ 6

mice/group) of total lung cells and

CD11c1 lung macrophages. (B) The
mean fluorescence intensity (MFI) of sur-

face marker expression on gated

CD11c1 cells is shown. Next, lung-
associated cells were exposed ex vivo to

FITC-labeled Saccharomyces cerevisiae

zymosan-A bioparticles at 0 and 60

minutes, to determine the phagocytic
ability of gated CD11c1 lung macro-

phages. (C) Results represent fold

changes in MFI (proportion of cells in

the gated population at 60 min, com-
pared with cells exposed for 0 min),

expressed as means 6 SEM (n ¼
6 mice/group). Statistical significance

is denoted by asterisks (*P , 0.05 and
***P , 0.001).
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compared with the SL-LIP1DE treatment group. In particular,
the CL-LIP 1 DE treatment group demonstrated larger and
increased numbers of cellular aggregates that were distributed
diffusely through the lung. Collectively, these studies demon-
strate that lung macrophages play a key role in controlling re-
petitive DE-induced lung inflammatory responses.

DISCUSSION

Here we report that repetitive exposure to organic DE elicited
the influx of activated lung CD11c1/CD11b1 macrophages, as

marked by enhanced costimulatory molecule expression, phago-
cytic ability, and selective cytokine/chemokine responsiveness.
Exposure to PGN, a major bacterial cell-wall component in
porcine and other large animal confinement facilities (29, 30),
also resulted in an influx of activated CD11c1/CD11b1 macro-
phages. This corroborates previous studies from our group
demonstrating a critical role for PGN as a bioactive compo-
nent for eliciting lung inflammation. This work advances our
understanding of the role that the lung macrophage plays
in controlling repetitive DE-induced airway inflammatory
responses, because airway and lung parenchymal inflammation

Figure 4. Clodronate-encapsulated lipo-
some treatment reduces lung alveolar

macrophages. C57BL/6 mice were trea-

ted with clodronate liposomes (CL-LIP)
and saline liposomes (SL-LIP), and ex-

posed to saline or DE 48 hours later. Lung

sections of all four mice per group were

stained with hematoxylin and eosin, and
lung macrophages in peripheral and cen-

tral lung fields (10 total fields/section)

were counted and averaged per individ-

ual mouse. (A) Results represent the
means 6 SEM of lung macrophage num-

bers per high-power field (HPF) in each

group. (B) A representative 4- to 5-mm-

thick section from each group is shown
at 340 magnification. Arrows indicate

alveolar macrophages. Statistical sig-

nificance is denoted by hatch marks
(###P , 0.001) between SL-LIP–treated

and CL-LIP DE–treated mice.

Figure 5. Alveolar macrophages (Macs) are important in mediating acute airway inflammatory response to DE. C57BL/6 mice were treated with

clodronate liposomes (CL-LIP) or saline liposomes (SL-LIP) 2 days before a one-time DE challenge. Mice were subsequently challenged with DE or

saline, and bronchoalveolar lavage fluid (BALF) was collected 5 hours after exposure. (A) Results represent the means 6 SEM of total cells and cell
differentials. (B) Results represent mean 6 SEM of cytokine/chemokine concentrations quantitated in cell-free BALF. PBS-only controls are also

shown (n ¼ 4 mice per group). Statistical significance is denoted by asterisks (*P , 0.05 and *P , 0.01) between respective saline-treated and DE-

treated groups. #P , 0.05 and ##P , 0.01 indicate statistical significance between SL-LIP–treated and CL-LIP DE–treated mice.
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marked by neutrophil influx became worse after macrophage
depletion by clodronate liposomes. These experiments estab-
lish that DE-activated CD11c1/CD11b1 macrophages are, in
part, responsible for down-regulating the chronic inflamma-
tory lung response to organic dust exposures.

The chronic inflammatory adaptation response to organic
dust environments is well-recognized (3), but the important un-
derlying cellular mechanisms have not been clear. Alveolar
macrophages are key innate immune cells that are rapidly acti-
vated and orchestrate immune responses after exposure to in-
haled environmental toxins, such as organic dust, bacterial
products, particulate air pollution, and ozone (9, 13, 31). Macro-
phages can produce inflammatory mediators and regulate and
resolve chronic inflammatory responses by clearing bacteria,
debris, and apoptotic cells (32). Activated CD11c1 lung macro-
phages are a common feature of inflammatory responses after
exposure to various viral or bacterial pathogens (12, 16, 20, 33,
34). Our findings support that repetitive exposure to DE indu-
ces an analogous activated CD11c1 macrophage phenotype,
with findings of high CD11b1 and costimulatory molecule ex-
pression and phagocytic ability (Figures 1 and 2). DE treatment
did not augment MHC Class II expression, which is a feature

that was also observed in other infectious models (22). This may
represent a regulatory signal or differences in the recycling of
the MHC Class II complex (35). Although lung infections are
not a common characteristic of lung disease in farmers, animal
facilities are associated with a large diversity of microbial
agents, and particularly Gram-positive bacteria (. 80–95%)
(29, 30). Indeed, repetitive exposure to PGN, a major cell-
wall component of Gram-positive and, to a lesser degree, Gram-
negative bacteria, also resulted in similar increases of CD11c1

macrophage activation.
We found evidence of a “priming effect,” as revealed by en-

hanced IL-6 and CXCL1 after the stimulation of CD11c1 cells
from DE-challenged mice (Figure 2C). Furthermore, the basal
release of IL-6, CXCL1, and CXCL2 was significantly increased
in CD11c1 cells isolated from DE-treated mice. This would indi-
cate cellular responsiveness triggered by DE in vivo, because no
additional stimulus was used. However, this “primed” or activated
status was not global because TNF-a responsiveness was damp-
ened, consistent with the so-called tolerant response/ adapted re-
sponse (1, 36).However, a hyperresponsiveness in cytokine release
with ex vivo, endotoxin-stimulated whole blood from farmers
comparedwith healthy control subjects has been reported (37, 38).

Figure 6. Repetitive DE-induced

neutrophilic influx is increased
when lung macrophages are

depleted. C57BL/6 mice were

treated with clodronate lipo-

somes (CL-LIP) or saline lipo-
somes (SL-LIP) beginning 2

days before the first DE chal-

lenge, and then every 3 to 4

days during the daily 3-week
repetitive DE or saline expo-

sure. (A) Results represent the

means 6 SEM (n ¼ 4 mice/

group) of the total cells and
cell differentials recovered from

the BALF of mice. Next, lung-

associated cells were collected
frommice, and total cells were enumerated and stained by FACS. (B) Results represent means6 SEM (n¼ 4 mice/group) of CD11c1 lung macrophages

and neutrophils (percentage of cell type3 total lung cell count). Statistical significance is denoted by asterisks (*P, 0.05, *P, 0.01, and ***P, 0.001)

between respective saline-treated and DE-treated groups. Hatch marks (#P , 0.05, ##P , 0.01, and ###P , 0.001) indicate statistical differences

between SL-LIP 1 DE–treated and CL-LIP 1 DE–treated mice.

Figure 7. Lung macrophages

are important in mediating re-
petitive DE-induced lung in-

flammation. C57BL/6 mice

were treated with clodronate

liposomes (CL-LIP) or saline
liposomes (SL-LIP) beginning

2 days before the first DE chal-

lenge, and then every 3 to 4

days during the daily 3-week
repetitive DE or saline expo-

sure. (A) Semiquantitative in-

flammatory scores (means 6
SEM; n ¼ 4 mice per group)

of the degree and distribution

of cellular aggregates, and of

alveolar and bronchiolar lung inflammation, are shown. PBS-only control scores are also shown. (B) A representative 4- to 5-mm-thick, hematoxylin-
and-eosin–stained section of one of four mice per treatment group is shown at 310 magnification. All lung specimens were inflated to 10 cm H2O

pressure during fixation to avoid atelectasis artifacts. Statistical significance is denoted by asterisks (*P, 0.05, *P, 0.01, and ***P, 0.001) between

respective saline-treated and DE-treated groups. #P , 0.05 and ##P , 0.01 indicate statistical difference between SL-LIP 1 DE–treated and CL-LIP 1
DE–treated mice.
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The finding that CD11b expression was dramatically in-
creased in DE-exposed CD11c1 cells is also important. Al-
though CD11b is well recognized for its role in leukocyte
adhesion and activation, phagocytosis, and transmigration
(39), CD11b expression on mononuclear phagocytes within
the respiratory tract has been correlated with airway neutro-
philia (9, 40), and the correlation with airway neutrophilia is
supported by our studies. Activated macrophages may contrib-
ute to DE-induced airway neutrophilia. However, CD11c1/
CD11b1 macrophages are more likely responding to the inflam-
matory insult in an attempt to control and resolve disease. This
possibility is supported by our demonstration that without an
adequate lung macrophage population, enhanced inflammatory
consequences follow repetitive DE exposure (Figures 6 and 7).
Previous work established that the mononuclear cellular aggre-
gates induced by repetitive organic dust exposure comprise an
admixture of T and B lymphocytes and phagocytes (6). Fur-
thermore, DE-induced cellular aggregates consist of live cells
(. 98.5%), as opposed to clumps of apoptotic cells based on
the common method for detecting DNA fragmentation, termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining of tissue sections (data not shown).

In acute DE exposure studies within the setting of lung mac-
rophage depletion, findings suggest that the alveolar macrophage
is likely a major source for TNF-a and IL-6 production after
acute DE exposure (Figure 5). In contrast, the macrophage does
not appear to be an important source of neutrophil chemoat-
tractants during DE-induced airway inflammation (Figure 5).
This implies that other cell types, such as airway epithelium,
may be important sources of DE-induced neutrophil chemoat-
tractants. Furthermore, TNF-a expression was demonstrated in
airway epithelial cells in all groups by an immunohistochemical
staining procedure (Figure E3). Isolated airway epithelial cells
produce substantial amounts of neutrophil chemoattractants af-
ter organic dust exposures (25, 41, 42). Without macrophages to
phagocytize and remove the organic dust burden effectively, the
airway epithelium may hyperrespond to an increased DE load.

Trends toward a reduction in DE-induced acute neutrophil
counts were observed in the setting of macrophage depletion,
despite the lack of reduction in murine neutrophil chemoattrac-
tants.With repetitive DE exposures, an adaptation-like response
occurs, marked by decreased CXCL1 and CXCL2 expression,
although neutrophil influx remains elevated (6, 7). Likewise,
in our study, the cytokine/chemokine response diminished and
did not differ between groups (data not shown), yet neutrophil
influx remained elevated after repetitive DE exposures, and this
elevation was further enhanced when macrophages were de-
leted (Figures 6 and 7). These observations highlight that the
control and regulation of neutrophil recruitment after lung in-
jury are not limited to chemokines, but may include a number of
complex factors and networks (e.g., integrins, selectins, pro-
teases, and reactive oxygen species) (43). Moreover, extracts
of organic dusts from agricultural environments exhibit direct
chemotactic activity in vitro, and this response has been shown
to be independent of endotoxin (44, 45). This response may also
be driven by N-formyl–methionyl peptides, motifs of microbial
proteins, which can also trigger neutrophil recruitment via the
formylated peptide receptor (46). Future lines of study should
explore other mechanisms of neutrophil influx, and investigate
and characterize subpopulations of DE-induced lung macro-
phages (e.g., M1, M2a, M2b, and M2c) (47).

Although we found no evidence of distress or mortality, mice
receiving repetitive clodronate liposome treatment, regardless of
subsequent DE or saline exposure, failed to exhibit equivalent
weight gain, compared with their respective control mice. Al-
though the reason for this observation is not entirely clear,

repeated clodronate liposome treatment (i.e., 2–3 repeated
challenges) was reported to cause subtle immunologic changes
(18, 48). By extension, the host may elicit a compensatory mech-
anism to respond to the reduction in macrophages. Thus, we
cannot completely eliminate the possibility of a nonspecific
clodronate liposome effect in our repetitive delivery studies.

In conclusion, inhalation exposure to organic DE from
swine confinement facilities induces an influx of activated
CD11c1/CD11b1 macrophages in the lung. Moreover, PGN,
a component of organic dust, elicited a similar lung response,
suggesting that PGN may be an important player in complex
organic dust–induced pathogenic lung inflammation. Our find-
ings establish that lung macrophages are key in the acute
response to DE, and furthermore, lung macrophages are crit-
ical in down-regulating inflammatory responses after pro-
longed, repetitive DE exposures. This information may be
important because potential therapies such as macrolides
and vitamin D were shown to enhance macrophage phagocytic
ability or autophagy (49–52). Future studies are warranted to
investigate whether promoting macrophage function might
ultimately lead to novel approaches to reduce chronic organic
dust–induced airway inflammatory consequences in exposed
agricultural workers.
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