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Poole JA, Thiele GM, Alexis NE, Burrell AM, Parks C, Rom-
berger DJ. Organic dust exposure alters monocyte-derived dendritic
cell differentiation and maturation. Am J Physiol Lung Cell Mol
Physiol 297: L767-L776, 2009. First published July 31, 2009;
doi:10.1152/ajplung.00107.2009.—Organic dust exposure in agricul-
tural animal environments results in airway diseases. Dendritic cells
(DCs) orchestrate inflammatory immune response in the airways, but
little is known about how organic dust affects differentiation and
maturation of monocyte-derived immature and mature DCs (iDCs,
mDCs). Peripheral blood monocytes were differentiated in vitro into
iDCs with granulocyte-macrophage colony stimulating factor + IL-4
(6 days) with and without swine facility organic dust extract (ODE,
0.1%). Unlike control iDCs, ODE-conditioned iDCs maintained key
monocyte properties (increased mCD14, increased phagocytic ability)
while expressing DC features [increased mCD83, HLA-DR, CD80,
CDS86, diminished cytokine (TNF-a, IL-6) responsiveness]. At day 6,
iDCs were cultured for an additional 48 h (days 7 and §) with
lipopolysaccharide (LPS) to induce mDCs. ODE-conditioned mDCs
maintained high expression of mCD14™" and elevated phagocytosis
while their DC features weakened as evidenced by decreased CD11c,
CD83, HLA-DR, CD86, and CCR7 expression and reduced lympho-
cyte-stimulating capacity. Similar results were observed when mono-
cytes were exposed to ODE for only the first 48 h and with ODE
depleted of endotoxin. Control iDCs exposed to ODE during the final
2 days of iDC maturation (days 7 and 8) did not differ from control
(no ODE) iDCs in surface marker expression and phagocytic ability,
but exhibited enhanced lymphocyte-stimulating capacity. Dust expo-
sure alters monocyte differentiation to iDCs and prevents maturation
of iDC to mDCs. The first 48 h of monocyte differentiation appears to
be the susceptible period to exposure. Environmental exposures
present during early monocyte differentiation may impact the critical
balance of DCs in the lung.

phagocytosis; lymphocyte proliferation; innate cell surface molecules;
cytokines; swine

DENDRITIC CELLS (DCs) are highly specialized antigen-present-
ing cells (APC) that regulate innate and adaptive immune
responses (3, 4). DCs are present in lung epithelial layers,
mostly within interalveolar septa, where they are among the
cells that present a first line of defense against inhaled foreign
particles (31). In chronic obstructive pulmonary diseases it has
been hypothesized that an imbalance of DC immunity occurs
and may increase susceptibility of patients to recurrent respi-
ratory infections (29). Most studies focus on the role of
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cigarette smoke and tend to show impairment in the normal
maturation processes of DCs with subsequent alterations in DC
function (16, 22, 29, 30). Whereas cigarette smoke is well
recognized as the important etiologic agent in obstructive lung
disease and chronic bronchitis, other occupational and envi-
ronmental inhalational exposures can result in significant air-
way disease (32). Agricultural workers, particularly swine
farmers, exhibit a high prevalence of chronic airway disease,
which is thought to be due, in part, to chronic exposure to
inhaled organic dust (33).

Organic dust is a complex environmental material contain-
ing particulate matter and gram-positive and gram-negative
microbial-associated components, which can induce immune
responses. It is increasingly recognized that although endo-
toxin is present in the dust, the endotoxin component does not
completely explain the inflammatory response in cultured
monocytes, epithelial cells, and whole blood (15, 17, 20, 24)
nor the in vivo inflammatory outcomes in swine farmers (8).
Our prior studies suggest that gram-positive bacterial compo-
nents and/or combinations of gram-positive and gram-negative
bacteria, as found in organic dust, might exert more powerful
effects on host defense cells than that of any individual bacte-
rial component (19, 20).

In culture, DCs derived from monocytes exist in two function-
ally and phenotypically distinct states: immature and mature (13,
26). Immature DCs (iDCs) are effective at phagocytosis and
express relatively low levels of surface major histocompatibility
complex (MHC) class II products and costimulatory molecules
(CD80, CD86) but high surface levels of CD206 (25). Imma-
ture DCs are also proficient in inflammatory cytokine secretion
but are not effective at antigen presentation. In contrast, mature
DCs (mDCs) in culture exhibit reduced capacity for antigen
uptake but rather increased ability for antigen presentation,
chemotaxis, and stimulation of T cells. This phenotype is
marked by expression of high levels of MHC class II and
costimulatory molecules. However, this view may be an over-
simplification for understanding the DC system in vivo since
differing inflammatory cell patterns and DC phenotypes are
present in the airways of subjects with chronic respiratory
diseases and whether this reflects differences in maturation
status or separate sublineages is not clear (29).

Monocytes can be recruited to sites of inflammation and,
depending on which maturation and differentiation factors are
present in the airways milieu, differentiate into DC phenotypes or
macrophages (12, 31). We have previously found that the pres-
ence of organic dust alters monocytes’ ability to differentiate into
macrophages as evidenced by impaired host defense function in
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the macrophages (19). In this study, we hypothesized that dust
exposure from swine facilities would impair human monocyte
differentiation into iDCs and iDC maturation to mDCs. Given the
complexity of DCs, we tested this hypothesis by differentiating
monocytes into iDCs and mDCs in the presence (or absence) of
organic dust. Standard DC culture conditions (26) were applied
and the effect of timing of dust exposure was also assessed by
separately examining exposure at both the early (first 48 h) and
late (last 48 h) phases of monocyte differentiation. Cell phenotype
and function were measured and included immune cell surface
phenotypes, phagocytosis, and cytokine responsiveness. Also
evaluated was the ability of mDCs to induce lymphocyte prolif-
eration. We demonstrate here that early and continuous organic
dust exposure, independent of endotoxin, maintains DCs in a
functionally and phenotypically immature state, thereby limiting
their ability to achieve full DC maturation status. This in vitro
model provides novel insight into how inhaled environmental
agents such as dust may modulate and impact the phenotype and
function of monocyte-derived DCs in the lungs.

METHODS
Preparation of Organic Dust Extract

Organic dust was obtained from settled surface dust from local swine
confinement animal feeding operation facilities that housed ~500-700
animals. The dust was placed into solution and sterile filtered (organic
dust extract; ODE) by a standard published procedure (24). Complete
analysis of this dust has been previously published (19) Briefly, analysis
of the dust prior to placing into extract form revealed trace metals,
gram-positive bacteria (98%), gram-negative bacteria (2%), and high
muramic acid (predominant biomarker of gram-positive bacteria, but to a
lesser extent gram-negative bacteria). The total protein concentration in
the dust extract (100% concentration) was ~2—4 mg/ml, by Bradford
protein assay (Bio-Rad, Hercules, CA).

The mean endotoxin concentration in a 100% ODE concentration
(Limulus amebocyte lysate gel clot assay; Cambrex, Walkersville, MD)
was 0.0048 mg/ml (range: 0.0026—0.0070 mg/ml). In the majority of
experimental conditions, an ODE concentration of 0.1% was utilized.
With endotoxin used as a biomarker of exposure, a 0.1% concentration of
ODE equates to ~4.8 ng/ml of endotoxin, consistent with a “low” swine
barn exposure condition (9). ODE was applied to polymyxin B columns
(Pierce, Rockford, IL) to assess the response of endotoxin-depleted dust
(mean endotoxin concentration after depletion was <0.2 ng/ml).

Monocyte-Derived iDC and mDC Preparation

Human monocytes were obtained from the University of Nebraska
Medical Center (UNMC) Elutriation Core Facility. Monocytes were
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isolated by countercurrent centrifugal elutriation of mononuclear
leukocyte-rich fractions of blood cells from healthy donors undergo-
ing leukapheresis as previously published (34). As measured by flow
cytometry, elutriated monocytes were >99% pure as determined by
surface antigen expression of mCD14.

Immature monocyte-derived DCs. To induce the in vitro differen-
tiation of monocytes to iDCs and to determine the immunomodulatory
effect of organic dust on this differentiation process, monocytes were
cultured in complete RPMI with or without ODE (0.1%) in the
presence of 1,000 U/ml of recombinant human granulocyte-macro-
phage colony stimulating factor (GM-CSF; R&D Systems, Minneap-
olis, MN) and human recombinant IL-4 (20 ng/ml; R&D Systems) for
6 days. Medium was changed every 48—72 h. Complete RPMI was
supplemented with 10% heat-inactivated fetal bovine serum (Biofluids),
2-mercaptoethanol (5 X 107> M), 50 pwg/ml of streptomycin (Invitro-
gen, Carlsbad, CA), and 80 U/ml of amphotericin B (Invitrogen). At
the end of day 6, control iDCs (no ODE) were defined as monocytes
cultured with GM-CSF + IL-4, whereas ODE-conditioned iDCs were
defined as monocytes cultured with GM-CSF + IL-4 + ODE (0.1%).
To investigate the effect of timing of the ODE exposure in the
differentiation cycle of monocytes to iDCs, monocytes were cultured
with ODE (0.1%) and GM-CSF + IL-4 for the initial 48 h only, and
then cells were washed and maintained in culture with GM-CSF +
IL-4 for the remainder of the week; these cells are referred to as “early
ODE-conditioned” iDCs. The outline of the experimental design is
depicted in Table 1.

Mature monocyte-derived dendritic cells (mDCs). To determine
how organic dust exposure effects full maturation of DCs, at day 6,
control and ODE (early and continuous)-conditioned iDCs were
washed and then cultured for an additional 48 h with a standard
maturation agent, LPS (25) [100 ng/ml from Escherichia coli (O55:
BS5); Sigma, St. Louis, MO]. In other experiments, to determine the
effect of ODE exposure on maturation from iDC to mDCs, control
iDCs were exposed to ODE (0.1%) + LPS for the final 48 h (days 7
and 8). These cells are referred to as “late ODE-conditioned mDCs.”
In all experimental studies, control and conditioned DCs were inves-
tigated in side-by-side experiments. Because we and others have
previously found that ODE-induced inflammation is not dependent on
endotoxin (15, 19, 20, 24), iDCs and mDCs were also cultured in the
presence of dust extract (0.1%) that was depleted of endotoxin as an
additional control. Cell morphology was also observed with an in-
verted microscope (Nikon TMS).

Flow Cytometry

Control and ODE-conditioned iDCs (day 6) and control and ODE-
conditioned mDCs (day 8) were evaluated for cell surface marker
expression by flow cytometry for MHC II [human leukocyte antigen
(HLA)-DR], B7 costimulatory molecules (CD80, CD86), and CCR7
(chemotactic receptor). Cells were also stained for mCD14 (monocyte

Table 1. Experimental in vitro culture conditions for the differentiation of human peripheral blood monocytes into
immature dendritic cells and mature dendritic cells in the presence or absence of organic dust extract (0.1%) at differing

time intervals

Condition GM-CSF + IL-4 (days 1-6)

Dust Tx (days 1 and 2)

Dust Tx (days 3-6) LPS (days 7 and 8) Dust Tx (days 7 and 8)

Control iDC

Continuous ODE iDC

Early ODE iDC
Endotoxin-depleted ODE iDC
Control mDC

Continuous ODE mDC

Early ODE mDC

Late ODE mDC

e
L+ + 1+ ++

L+ 1+ 1+
e o S B B
\ Fol

Tx, treatment condition; GM-CSF, granulocyte-macrophage colony stimulating factor; IL-4, interleukin-4; LPS, lipopolysaccharide; iDC, immature dendritic

cells; mDC, mature dendritic cells; ODE, organic dust extract.
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marker), CD11c (monocyte/dendritic cell marker), mCD83 (dendritic
cell marker), mCD16 (FcyRIII, macrophage marker), and CD206
(human mannose receptor; iDC marker) to ensure appropriate cell
differentiation. DCs (5 X 10° cells) were stained in a standard
procedure with saturating concentrations of antibodies (BD Bio-
sciences Pharmingen) against mCD14 (FITC-conjugated), CDS83
[phycoerythrin (PE)], CD80 (PE-Cy5), CD86 (PE), HLA-DR (FITC),
CDll1c (PE-Cy5), CCR7 (PE-Cy7), and CD206 (FITC) in PBS
containing 0.1% bovine albumin. To account for nonspecific binding,
cells were also incubated with isotype conjugated control antibodies.
Flow-cytometric analyses were performed with the FACSCalibur
dual-laser cytometers (Becton-Dickinson, Lincoln Park, NJ) that is
housed at the Cell Analysis Core Facility at UNMC. Cell surface
molecule expression was reported as mean fluorescence intensity
(MFI) minus isotype background MFI. In all experiments, control
cells from the same donor (cells incubated with GM-CSF + IL-4
alone) were run and compared in side-by-side experiments with
ODE-conditioned cells.

Phagocytosis Assay

Phagocytic ability of iDCs and mDCs was assessed by flow cytometry
utilizing previously published methods (2, 19). Briefly, Saccharomyces
cerevisiae zymosan A BioParticles (Molecular Probes, Eugene, OR)
conjugated to FITC were opsonized with opsonizing reagent (IgG) for
45 min. After being washed, DCs at 4 X 10° cells/ml were incubated
with FITC-labeled zymosan (Molecular Probes) at 4 X 107 parti-
cles/ml (1:10 ratio) for O and 60 min in the presence of 10% human
AB serum. Cells were fixed with 1% paraformaldehyde and analyzed
on the same day of particle exposure by flow cytometry. Particle
uptake was identified as a rightward shift in fluorescence on histogram
analysis, and phagocytic ability was determined by assessing the
average MFI from the proportion of cells in the zymosan-exposed
population at 60 min compared with cells exposed for O min (ex-
pressed as fold change in MFI).

Cytokine/Chemokine Assays

At day 6, iDCs (5 X 10° cells/ml) in duplicate were subsequently
challenged with a high concentration of ODE (1%) and media (con-
trol) to determine cytokine responsiveness of control and ODE-
conditioned iDCs. After 5 h, cell-free supernatant was subsequently
harvested and stored at —20°C until assayed for TNF-«, IL-6, and
IL-10 secretion. In all experiments, cell counts were made and cell
viability after the 5-h culture condition was assured by Trypan blue
exclusion method.

TNF-q, IL-6, and IL-10 protein were assayed by sandwich ELISA
as previously published (20). Cytokine secretion was reported as
concentration (pg/ml) per 5 X 103 viable cells.

One-Way Mixed Lymphocyte Reaction

To determine the ability of control and conditioned-mature DCs
(day 8) to stimulate lymphocyte proliferation, a one-way mixed
lymphocyte reaction assay was performed with allogeneic peripheral
blood lymphocytes (PBL) from healthy volunteers. Peripheral blood
was taken with written, informed consent as approved by the Institu-
tional Review Board. Peripheral blood mononuclear cells were iso-
lated from heparinized blood samples by density gradient centrifuga-
tion over Ficoll-Paque (Pharmacia, Uppsala, Sweden). Cells were
washed twice and monocytes were allowed to adhere. Nonadherent
PBLs were collected and cultured for 3 days in 96-well round-bottom
microplates in the presence of irradiated (6,000 rads) control and
ODE-conditioned mDCs at 1:4, 1:8, 1:16, or 1:32 ratio in side-by-side
experiments. After 72 h, 1 wCI of [methyl->H] thymidine was added
for the last 16 h of culture. PBL proliferation was measured by
thymidine uptake by scintillation spectroscopy and read as counts per
minute (CPM). Data between experimental groups were expressed as
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a stimulation index (SI). SI was calculated as a ratio: DC-induced PBL
proliferation divided by PBL proliferation alone (no DC stimulus) as
determined by CPM.

Statistical Analysis

Data are presented as means = SE. Statistics were performed using
two-tailed, nonpaired, or paired #-tests and nonparametric Mann-
Whitney U-test where appropriate to determine significant changes
among treatment groups by use of SPSS (16.0) software.

RESULTS

Organic Dust Enhances Cell Surface Marker Expression on
Immature Dcs

To examine the effect of ODE on differentiation and cell
surface phenotype expression of iDCs derived from mono-
cytes, human monocytes were incubated with and without
ODE (0.1%; continuous or early exposure conditioning) in the
presence of GM-CSF + IL-4 for 6 days as detailed in METHODS.
After 6 days, control iDCs demonstrated surface marker ex-
pression consistent with an iDC phenotype (low mCD14™", low
mCD83%, high mCD206%). However, ODE-exposed mono-
cytes retained high mCD14™ expression along with increased
expression of mCD83, MHC class II molecule (HLA-DR), and
the B7 costimulatory molecules (CD80, CDS86; Fig. 1, A and B;
n = 4 separate experiments; P < 0.05). Cell surface expression
was also modulated in cells conditioned with ODE for only the
initial 48 h (early ODE-conditioned iDC). Early ODE-condi-
tioned iDCs demonstrated high mCD14 and HLA-DR expres-
sion (Fig. 1C; N = 5; P < 0.05), but no significant change in
mCD83 and costimulatory molecule(s) expression. Regarded
as a differentiation hallmark of iDCs (25), cell surface expres-
sion of the human mannose receptor, CD206, was significantly
decreased on continuous ODE-conditioned iDCs compared
with control iDCs (MFI: control vs. ODE-conditioned 361.1 =
25.6 vs. 91.7 = 14.2, N = 3, P = 0.008). Similar results were
observed with early ODE-conditioned iDCs (data not shown).
Together these results suggest that organic dust exposure
affects the ability of monocytes to fully differentiate into iDCs
by maintaining high mCD14 and low CD206 expression and
that this effect may, in part, be due to events occurring within
the first 48 h of dust exposure.

To determine whether these observations were dependent on
endotoxin, iDCs were exposed to endotoxin-depleted ODE
(0.1%) and compared with control iDCs. Endotoxin-depleted
ODE modulated innate cell surface molecule expression sim-
ilar to non-endotoxin-depleted ODE (Fig. 1D; N = 3). These
results suggest that nonendotoxin components in ODE are
important in modulating dust-induced innate immune cell sur-
face marker expression on APCs.

Organic Dust Weakens Innate Cell Surface Marker
Expression Associated With Fully Mature DCs

At day 6, control and ODE-conditioned iDCs were cultured
with LPS for an additional 48 h to induce full DC maturation. By
light microscopy, control mDCs were loosely adherent with
formed, multiple fine cytoplasmic protrusions typical of mDC
development. Although morphology of ODE-conditioned mDCs
was similar to control mDCs, dust-conditioned cells were ob-
served to be slightly more adherent and elongated (data not
shown). All DCs were strikingly different from that of macro-
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Fig. 1. Cell surface marker expression in immature dendritic cells (DCs) with and without organic dust extract (ODE) 0.1% conditioning. At 6 days, continuous
conditioning of cells with ODE (A and B) enhanced human leukocyte antigen (HLA)-DR, CD80, CD86, mCD83, and mCD14 expression compared with control
immature DCs. A: representative histogram of 1 of 4 separate studies. B: means = SE of the mean fluorescence intensity (MFI). C: early ODE-conditioning vs.
control immature DCs. D: endotoxin-depleted ODE-conditioned vs. control immature DCs depicting means * SE of the MFI. N = 4 separate studies.

*Statistically significant (P < 0.05).

phages, and mCD16, a macrophage marker, was not detected
on the cell surface (data not shown). Consistent with appropri-
ate maturation, expression of the CD206 was downregulated in
control mDCs compared with control iDCs (MFI: control iDCs
361.1 = 25.6 vs. control mDCs 54.26 £ 9.1; N = 3; P <
0.001). Expression of CD206 in ODE-conditioned mDCs was
nonsignificantly increased compared with control mDCs (MFI:
control mDCs 45.8 = 7.0 vs. ODE mDCs 102.0 £ 16.5; N =
3; P =0.1).

Compared with control mDCs, continuous ODE condition-
ing resulted in significantly increased expression of mCD14™"
(Fig. 2) but significantly decreased expression of CDllc,
mCD83, HLA-DR, CD80, and CD86 (Fig. 2, A and B, N = 6
separate experiments; P < 0.05). Similar findings were dem-
onstrated with endotoxin-depleted ODE-conditioned mDCs
(data not shown). Exposure of cells to ODE for only the first
48 h of differentiation (early ODE exposure), demonstrated
similar results to continuous exposure, namely reduced expres-
sion of CD11c, CD80, and CD86, and increased expression of
mCD14 compared with control mDCs (Fig. 2C, N = 6; P <
0.05). For iDCs undergoing late ODE exposure with LPS, there
was no difference mCD14, mCD83, CD11c, HLA-DR, CD80,
and CD86 expression compared with control mDCs (Fig. 2D;
N = 4). These findings suggest that exposure to organic dust

during early DC development prevents full expression of cell
surface molecules associated with DC maturation. Moreover, it
suggests that the monocyte differentiation cycle has a suscep-
tible period whereby exogenous stimuli can influence its de-
velopment.

Organic Dust Exposure Diminishes CCR7 Expression
of Mature DCs

In these studies, we investigated the cell surface expression
of the potent leukocyte chemotactic receptor, CCR7, which is
also recognized to be associated with a mDC phenotype (27).
We demonstrated that control mDCs had upregulated CCR7
expression, as CCR7 expression was not detected on iDCs.
Compared with control mDCs, continuous and early ODE
conditioning resulted in significantly decreased expression of
CCR7 (Fig. 2, A-C; N = 3; P < 0.05). For iDCs undergoing
late ODE exposure with LPS, there was no significant differ-
ence in CCR7 expression compared with control mDCs (Fig.
2D; N = 3; P = 0.20). These data suggest that exposure of
organic dust early (first 48 h) in the monocyte-to-DC dif-
ferentiation cycle may result in dampening of chemotactic
ability. Since CCR7 is also regarded as a marker of mDC
phenotype, these data are also consistent with above studies
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Fig. 2. Cell surface marker expression in mature DCs (day 8) with and without ODE 0.1% conditioning (A and B). Continuous ODE-conditioning resulted in
diminished HLA-DR, CD80, CD86, mCD83, CD11c, CCR7, but upregulated mCD14 compared with control mature DCs in side-by-side experiments.
A: representative histogram of 1 of 3—6 separate studies. B: means * SE of the MFI, N = 3—6. C: early ODE conditioning resulted in diminished CD11c, CD86,
and CCR7 but enhanced mCD14 expression, means = SE of the MFI, N = 3-6. D: late ODE-conditioned mature DCs vs. control mature DCs demonstrated
no difference in cell surface molecule expression (N = 3). *Statistically significant (P < 0.05).

demonstrating that organic dust exposure impairs full DC
maturation.

Organic Dust Exposure Enhances Phagocytic Ability
of Immature and Mature DCs

After 6 days, phagocytosis of IgG-opsonized zymosan particles
was measured at 0 and 60 min in control and ODE-conditioned
iDCs by flow cytometry utilizing previously published techniques
(19). Compared with control iDCs, phagocytosis was significantly
enhanced in continuous ODE- conditioned iDCs (fold change:
6.4 * 1.67 vs. 10.77 £ 1.97, N = 3; P = 0.048; Fig. 3, A and
B). Early exposure to ODE also significantly enhanced phago-
cytosis at 6 days compared with control iDCs (fold change:
control vs. early ODE-conditioned 6.25 * 0.69 vs. 10.38 =
0.55, N = 4; P = 0.037; Fig. 3B). This enhancement in
phagocytic ability was also demonstrated in endotoxin-de-
pleted ODE-conditioned iDCs (fold change: 5.1 *= 0.42 vs.
9.4 = 1.58, P = 0.038, N = 3, Fig. 3B).

To investigate whether the enhancement of phagocytic abil-
ity would persist after maturation with LPS, ODE-conditioned
iDCs (continuous and early-exposure iDCs) were cultured for
an additional 48 h with LPS and then analyzed for phagocytic
ability. Phagocytic ability was significantly increased in con-
tinuous ODE-conditioned and early ODE-conditioned mDCs

compared with control mDCs (Fig. 3C). Enhanced phagocytic
ability was also observed with endotoxin-depleted ODE-con-
ditioned mDCs (fold change: control vs. endotoxin-depleted
ODE-conditioned 3.93 = 0.72 vs. 6.86 = 0.72; N = 3; P =
0.03). There was no significant difference in late ODE-condi-
tioned mDCs compared with control mDCs (Fig. 3C). These
studies showing increased phagocytic ability of iDCs and
mDCs with early and continuous ODE-conditioning suggest
the preservation of a key professional phagocyte-like function
and hence promotion of innate immune responses, rather than
increased interaction between innate and acquired immunity
via enhanced DC behavior.

Organic Dust Exposure Reduces Cytokine Responsiveness
of Immature DCs

In these studies, the effect of ODE on TNF-«, IL-6, and
IL-10 cytokine responsiveness of iDCs was investigated. As
described in METHODS, after 6 days in culture, control and
ODE-conditioned iDCs were subsequently rechallenged with
high-concentration ODE (1%) for 5 h. Control iDCs and
ODE-conditioned iDCs secreted TNF-«, IL-6, and IL-10 when
restimulated with ODE (1%) compared with no restimulation
(media control, Fig. 4, A-C, N = 4, P < 0.05). However, we
found significantly reduced concentrations of TNF-a and IL-6,
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Fig. 3. Phagocytosis of IgG-opsonized Saccharomyces cerevisiae zymosan bioparticles in immature and mature DCs conditioned with and without ODE 0.1%.
A: representative dot plot of rightward shift in fluorescence from separate studies of control immature DCs and continuous ODE-conditioned immature DCs at
0 and 60 min. B: continuous ODE-conditioning (N = 3), early ODE-conditioning (N = 4), and endotoxin-depleted ODE-conditioning monocyte-derived
immature DCs (N = 3) compared with same donor control immature DCs. C: continuous ODE-conditioning (N = 5), early-ODE conditioning (N = 6), and late
ODE-conditioning monocyte-derived mature DCs (N = 4) compared with same-donor control mature DCs in side-by-side experiments. Phagocytic ability
expressed as fold change in MFI (proportion of cells in the zymosan-exposed population at 60 min compared with cells exposed for 0 min). *Statistically

significant (P < 0.05).

but not IL-10, following restimulation of ODE-conditioned
iDCs (early and continuous) vs. controls (Fig. 4, A-C, N = 4,
P < 0.05). There was no difference in cell count or cell
viability as determined by the Trypan blue exclusion method
between treatment conditions to explain these results. These
data suggest that organic dust conditioning impairs inflamma-
tory cytokine responsiveness of immature monocyte-derived
DCs but that the anti-inflammatory cytokine IL-10 may be
important in mediating the modulated iDC phenotype.
Further studies examined cytokine responsiveness in control
and ODE-conditioned mDCs (Fig. 5, A-C). As expected,
mature control DCs, overall, secreted less TNF-a and IL-6
when restimulated with high-concentration ODE (1%) com-

pared with control iDCs, consistent with successful DC matu-
ration properties. Control, early, continuous, and late ODE-
conditioned mDCs demonstrated a significant increase in
TNF-q, IL-6, and IL-10 after ODE (1%) restimulation com-
pared with no restimulation (media control). A tolerant re-
sponse was observed with ODE-conditioned (early and con-
tinuous) mDCs compared with control mDCs as marked by a
significant reduction in TNF-o and IL-6 secretion. In late-
ODE-conditioned mDCs (cells cultured with ODE + LPS for
the final 48 h), there was enhanced IL-6 but not TNF-a
secretion compared with control mDCs. In all ODE-condi-
tioned mDCs, IL-10 secretion remained unchanged from con-
trol mDCs after restimulation (Fig. 5C). These studies suggest
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that timing of dust exposure in DC development is important
and that early and continuous dust exposure impairs inflam-
matory cytokine responsiveness of the monocyte-derived mDC
but that IL-10 production persists.

ODE Effects Ability of Mature DCs to Induce
Lymphocyte Proliferation

In these studies, control and ODE-conditioned mDCs were
investigated for their ability to induce allogenic PBL prolifer-

Restimulation Condition:
[] Media (control)

ation. Early and continuous ODE-conditioned mDCs demon-
strated a significant reduction in the ability to induce lympho-
cyte proliferation compared with control mDCs in side-by-side
experiments (early, Fig. 6A, DC-to-PBL ratio 1:4, P = 0.03;
1:8 ratio, P = 0.01; 1:16 ratio, P = 0.1; 1:32 ratio, P = 0.08,
N = 7 separate experiments; continuous, Fig. 6B, DC-to-PBL
ratio 1:4 P = 0.003, N = 8 separate experiments). In contrast,
late ODE-conditioned mDCs (DCs incubated with ODE +
LPS) showed increased induction of lymphocyte proliferation
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0.05) between ODE-conditioned mature DCs vs. control mature DC.

(Fig. 6C, 1:8 ratio, P = 0.03; 1:16 ratio, P = 0.04, N = 6
separate experiments). These data indicate that exposure of
organic dust early (first 48 h) in the monocyte to DC differen-
tiation cycle results in an impairment of mDCs to induce
lymphocyte activation, a key DC feature. Late exposure to
organic dust results in enhancement of DC function in lym-
phocyte-stimulating capacity.

DISCUSSION

DCs are professional APCs that orchestrate immune re-
sponses with a potential role in the pathogenesis of organic-
dust induced chronic airway diseases. Inflammation and tissue
damage can trigger activation and differentiation of monocytes
to DCs, and the environmental milieu in the airways during
monocyte differentiation and DC maturation may modify these
processes, particularly in individuals with chronic respiratory
disease where variability in DC sublineage and/or maturation
status has been observed (29, 31, 12). In this study, healthy
volunteer blood monocytes exposed in vitro to DC culture
conditions with organic dust exhibited typical iDC phenotype
properties such as enhanced expression of costimulatory cell
surface molecules (CD80, CD86). However, unlike control
cells, organic dust-exposed monocytes, though exhibiting iDC
features, also maintained two important features of undiffer-
entiated monocytes, namely elevated expression of mCD14
and elevated phagocytosis. Moreover, continued exposure of
iDCs to organic dust further impaired their ability to obtain full
DC maturation status. The resulting DC phenotype induced by
dust exposure was marked by an overall reduction in antigen
presentation capability as evidenced by reduced expression of
antigen-presenting and chemotactic receptor cell surface mol-
ecules, enhanced phagocytic ability, dampened lymphocyte-
stimulating capacity, and reduced cytokine responsiveness.

DCs orchestrate innate inflammatory responses and adaptive
immunity through activation of T cells (13) MHC class II
molecules represent the first classical signal in the process of
antigen presentation, and costimulatory molecules (CDS8O0,
CD86) represent the second signal. In appropriate culture
conditions (GM-CSF + IL-4 for 6 days), CD14™ monocytes
differentiate into iDC (17), which compared with CDI14+

monocytes have higher expression of MHC class II and co-
stimulatory molecules but lower relative expression compared
with mDCs. This standard DC culture system does not account
for environmental agents that may be present in vivo during the
maturation of monocytes to DCs. Environmental agents and
the effects they impart in the airways likely play a significant
role in the fate of the maturing APC or DCs. The effect of one
such environmental agent, cigarette smoke and/or nicotine,
during in vitro monocyte-derived DC development has led to
conflicting reports. Enhancement of DC activation (1) and a
suppression of DC function (30) have both been demonstrated.
In this study, when organic dust extract was given during the
initial 48 h of monocyte differentiation to an iDC, a strong
upregulation of HLA-DR was observed, and further dust incu-
bation also resulted in enhanced expression of costimulatory
molecules (CD80 and CD86). These results at first glance
suggest that organic dust, when present early and during
monocyte-derived DC differentiation, may drive cells toward
an APC function. However, iDCs following dust exposure also
maintained elevated phagocytosis and enhanced expression of
CD14, two features that define undifferentiated, professional
monocytes. Moreover, we observed that iDCs exposed to
organic dust followed by incubation with LPS ultimately pre-
vented the ability of iDCs to achieve full DC maturation status,
as demonstrated by impairment of complete upregulation of
CDllc, mCD83, HLA-DR, CD80, CD86, and CCR7.
Timing of organic dust exposure appeared to be very im-
portant. Exposure to dust only during the first 48 h of monocyte
differentiation resulted in muted expression of several innate
cell surface molecules, and these results were more striking
when exposure continued beyond the first 48 h. In contrast,
when the dust was administered during the last 48 h of
exposure, there were no differences in the APC surface marker
expression compared with control mDCs. It is noted that
organic dust alone (without LPS) induced full maturation of
DCs from normal iDCs (data not shown). We speculate that
timing of environmental inflammatory insults during differen-
tiation of DCs may account for the wide variability observed in
pulmonary DC phenotypes in chronic airway diseases (29). For
example, subjects with chronic obstructive pulmonary disease
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have been shown to have increased iDCs in the lung (6, 7, 28)
but also a reduction of mDCs (23). Whether these observations
are due to smoking itself are unclear. An impaired or reduced
population of mDCs may weaken the ability of the lung to
defend against repeated microbial and viral invasions that can
contribute to worsening of airway disease over time (29). Since
DCs and/or APCs are complex innate immune cells, it is
possible that environmental factors (organic dusts, cigarette
smoke, occupational agents) present in the airway during
maturation are, in part, driving the variability in lung DC
phenotypes.

The finding that monocytes differentiated with GM-CSF +
IL-4 plus organic dust coexpress CD14 and CD83 and have
enhanced phagocytic capability is significant. Expression of
cell surface CD83, a prototypical DC maturation marker, is
normally matched by complete downregulation of mCD14 and
weak phagocytosis in fully mature DCs. However, there are
reports that interferon (IFN)-a alone or in the absence of
GM-CSF + IL-4 induced a monocyte-derived DC-like cell,
coined a “novel nondendritic mature APC,” which coexpresses
mCD83 and mCD14 (10). These cells also exhibited an in-
crease in phagocytic ability compared with control mDCs,
consistent with our data. In this organic dust model, IFN-a
protein levels were not detected (data not shown). Another
study showed that high-dose LPS (100 ng/ml) plus GM-CSF +
IL-4 resulted in a monocyte-derived high-mCD14™ DC-like
cell with enhanced phagocytic ability and preserved lympho-
cyte-stimulating capacity; mCD83 was not investigated (18).
The mechanisms for this novel mixed function APC are not
known, but others have speculated that CD14"CD83" cells
induced by IFN-a may represent a fast, long-lasting response
to pathogens, perhaps mediated through STAT-1 (10). Our data
support the finding of the existence of a CD837CD14™ APC
with enhanced phagocytic ability. Our results also support that
the first 48 h of monocyte differentiation may be critical in the
regulation of mCD14 expression, and future studies should
focus on the early sequence of events in a monocyte’s matu-
ration cycle. However, it is also recognized that mCD14 is an
important cell surface molecule aiding in Toll-like receptor
signaling (11) and its persistent upregulation may mark its role
in this innate immune response.

Phagocytosis is a process by which cellular debris and
pathogens are removed, but also the process by which APCs
can take up antigen and process it for presentation to T cells.
Immature DCs are efficient at antigen uptake, but during DC
maturation antigen uptake ability decreases as antigen present-
ing ability is enhanced (13). Organic dust conditioning signif-
icantly increased phagocytic ability in both immature and
mature DC cell culture models, and this observation was not
dependent on endotoxin. These findings differ from the effect
of organic dust on monocyte-derived macrophages, whereby
the dust exposure significantly impaired macrophage phago-
cytic ability (19). The present results could be interpreted two
ways. An increase in phagocytic ability would promote antigen
surveillance of the airways and pathogen removal. However,
failure to switch from a high phagocytic ability to a low
phagocytic ability may indicate an impairment of antigen
presenting ability indicative of a fully functional mDC.

Indeed, we observed that organic dust exposure during
monocyte-derived DC maturation impaired lymphocyte activa-
tion as organic dust exposure, particularly in the first 48 h,
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significantly dampened the ability of DCs to induce lympho-
cyte proliferation compared with control DCs. The converse
was seen when exposure to the organic dust was late. Com-
pared with controls, cells matured from iDCs with LPS + ODE
demonstrated enhanced ability to induce lymphocyte prolifer-
ation, even though cell surface molecule expression and phago-
cytic ability were similar to those of controls. This later
observation is consistent with the well-recognized finding that
gram-positive and gram-negative components enhance matu-
ration of DCs from iDCs (21). Similarly, the leukocyte che-
motactic receptor, CCR7, was decreased with early dust expo-
sure, but no significant difference when exposure to organic
dust was late. Differential expression of CCR7 suggests that
chemotaxis of mDCs may be regulated with organic dust
exposure. Together, these studies support the notion that the
maturation cycle of DCs has temporal vulnerability, hence the
timing of inflammatory insults in modulating immune re-
sponses is important.

DCs can also elicit innate immune and inflammatory re-
sponses through production and secretion of cytokines. Al-
though iDCs and mDCs differentiated in the presence of
organic dust can still release TNF-a and IL-6 when restimu-
lated with high-dose ODE, the quantitative secretion of TNF-a
and IL-6 was significantly decreased in dust-conditioned cells
compared with control. A blunting of cytokine responsiveness
is consistent with a tolerant state and could perpetuate bacterial
colonization and recurrent infections, a hallmark of chronic
bronchitis. In contrast, release of IL-10 persisted in the organic
dust-conditioned iDCs and mDCs. IL-10 is an anti-inflamma-
tory cytokine that is recognized to downmodulate other cyto-
kines and cell surface receptors (14) and is recognized to play
a role in the induction and maintenance of tolerance to aller-
gens and other benign bioaerosols in the respiratory tract (5).
Thus it is possible that IL-10 is, in part, mediating the blunted
DC phenotype.

In conclusion, organic dust, a complex inflammatory envi-
ronmental factor, significantly modulated host defense function
of DCs derived from peripheral blood monocytes of healthy
volunteers. Organic dust exposure, independent of endotoxin,
appears to drive immature APC properties on iDCs, while
concurrently maintaining certain monocyte phenotypes. Dust
exposure, however, ultimately interfered with the ability of
iDCs to achieve full DC maturation status. Inflammatory en-
vironmental exposures present during DC maturation may
account for the variations in DC subtypes observed in the lung.
The in vitro model utilized in this study may be important
when investigating possible therapeutic interventions aimed at
understanding and preventing impaired host defense function
in subjects with chronic airway diseases secondary to organic
dust exposure.
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