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In addition to immune cells, airway epithelial cells can contribute to
and shape the immune response in the lung by secreting specific
cytokines. IL-6 is a key factor indetermining theeffector fateofCD41

T cells. Here we show that under basal conditions, the IL-6 gene
is already highly expressed in lung epithelial cells, but not in
immune cells resident in the lung. However, upon exposure of the
lungs to fungal allergens, the direct contact of b-glucans present in
the fungus cell wall with lung epithelial cells is sufficient to trigger
the rapid synthesis and secretion of IL-6 protein. This posttranscrip-
tional regulationof IL-6 in response to fungal extracts ismediatedby
the p38 mitogen-activated protein kinase pathway. The inhalation
of b-glucans with a nonallergenic antigen is sufficient to provide an
adjuvant effect that leads to mucous hyperplasia in the airways.
Thus,b-glucansmayconstitutea commondeterminantof the fungal
andplant-derivedallergens responsible for someof thepathological
features in allergic asthma.
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Although IL-6 is classically considered a nonspecific inflamma-
tory marker, together with TNF-a and IL-1b, a number of stud-
ies during the past decade revealed this cytokine to be an active
modulator of the immune response. For example, IL-6 plays an
important role as a regulator of the effector fate of CD41 T cells
(1). IL-6 can inhibit the production of IFN-g by T helper
1 (Th1) cells and interfere with T-regulatory cell function,
whereas it favors the production of IL-4 by Th2, and contributes
to Th17 and T follicular helper cell differentiation. In addition
to its pleiotropic character, IL-6 differs from many other cyto-
kines because it is produced not only by a number of immune-
cells, but also by nonhematopoietic cells. It is generally believed
that dendritic cells and macrophages are the major sources of
early IL-6 production during an immune response to infection,
immunization, or acute allergen exposure. In response to spe-
cific stimuli, however, epithelial cells, astrocytes, hepatocytes,
endothelial cells, and other cell types can also produce IL-6.
Thus, the presence of IL-6 in serum or a particular tissue does
not necessarily indicate an ongoing inflammatory response, but

rather represents the effect of an extrinsic stimulus on a tissue-
specific cell type. IL-6 within the tissue microenvironment can
then influence the type or magnitude of local immune response.
Although a major effort has been underway during the last two
decades to identify components in viruses, bacteria, and aller-
gens that are recognized by receptors present in the innate
immune cells (e.g., Toll-like receptor ligands), less is known about
potential components that can bind to nonhematopoietic cells and
trigger the production of IL-6 or other cytokines. In addition, the
regulatory mechanisms for the production of IL-6 in these cells
may also be distinct from those involved in macrophages or other
innate immune cells.

Epithelial cells form a physical barrier that protects the host
from mucosal infection. In addition to the skin, epithelial cells
represent the major constituent of the lung, where they act as
a first line of defense against inhaled particles or organisms. Lung
epithelial cells may also contribute to allergic asthma, a chronic
inflammatory disease of the airways characterized by inflamma-
tion, bronchoconstriction, and the hypersecretion of mucus in re-
sponse to the inhalation of aeroallergens such as spore-forming
fungi (e.g., Aspergillus fumigatus, Candida albicans, and Alter-
naria alternata), pollen (e.g., ragweed, grass, and tree), and
house dust mite (2, 3). The cardinal features of allergic asthma
seem to be the result of the development of a CD41 Th2 type
of immune response, and likely a Th17 response, according to
more recent studies (4–6). It remains unclear why airway expo-
sure to a broad range of allergens induces a similar immune
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CLINICAL RELEVANCE

The inhalation of a number of allergens leads to airway
inflammation and often atopic asthma because of the type of
immune response that these allergens trigger in the lung
microenvironment. The common component among these
allergens responsible for this type of immune response
remains unclear. Our study shows that the direct interaction
of fungal b-glucans with lung epithelial cells triggers the
production of IL-6. Because IL-6 is a key regulator of the
CD4 T-cell response and b-glucans are present in the ma-
jority of allergens, our study suggests that b-glucans may be
the common denominator by which inhaled allergens in-
duce atopic asthma. Thus, blocking b-glucans could con-
stitute an alternative therapeutic strategy to minimize the
effects of inhaled allergens. In addition, our study shows
that the pharmacological inhibition of p38 mitogen-
activated protein kinase (MAPK) in vivo diminishes the
amount of IL-6 triggered by inhaled allergens. Thus, p38
MAPK inhibitors may also be effective in treating atopic
asthma.
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response in the lung, suggesting a common component shared
by these allergens that interacts with a specific cellular compo-
nent in the lung.

IL-6 contributes to the production of IL-13 by CD41 T cells
and mucous hyperplasia within the allergic airway inflammatory
response caused by direct, repeated exposure to inhaled inactive
extracts of the allergen A. fumigatus (7). We and others showed
that the in vivo inhalation of inactive extracts of A. fumigatus or
other allergens rapidly triggers the secretion of high concentra-
tions of IL-6 in lung airways (7–9). However, whether IL-6 is
derived from lung resident/recruited inflammatory cells, or by
lung epithelial cells, and which component within fungal
extracts is responsible for triggering IL-6, remain unclear.

In this study, we show that the IL-6 gene is constitutively
expressed in lung epithelial cells (LECs), but not in lung resid-
ent immune cells before exposure to allergens. Exposure to
A. fumigatus extracts rapidly triggers the synthesis of IL-6 in
lung epithelial cells through a translational–regulatory mecha-
nism mediated by the p38 mitogen-activated protein kinase
(MAPK) pathway. The b-glucans are the primary components
in fungal extracts responsible for the induction of IL-6 synthesis
in lung epithelial cells. The presence of b-glucans in most of
known allergens and their effects on the production of IL-6 by
lung epithelial cells could be the common feature responsible
for the allergic airway inflammatory response caused by expo-
sure to these allergens.

MATERIALS AND METHODS

Mice and In Vivo Treatment

C57Bl/6J mice were purchased from Jackson Laboratories (Bar Harbor,
ME). MAPK kinase 32/2 MAPK kinase 61/2 (MKK 32/2 MKK 61/2)
and Dectin-1 Knockout (KO) mice were previously described (10, 11).
Mouse procedures were approved by the Institutional Animal Care and
Use Committee at the University of Vermont. For in vivo experiments,
mice received oropharyngeal A. fumigatus (A.f.) extracts (1 mg/mouse)
and scleroglucan (10 mg) in PBS, as previously described (12). For the
in vivo inhibition of p38 MAPK, mice receivedA.f. extracts (1 mg/mouse)
and PBS or the p38 inhibitor SB203580 (200 mg/mouse). For the in vivo
production of mucus, mice were oropharyngeally exposed to ovalbumin
(2 mg) in the presence or absence of scleroglucan (10 mg) on Days 0, 7,
and 14, as described elsewhere (7). Lungs were harvested for analysis 48
hours after the final challenge.

Cell Purification and Culture

Lungs were homogenized with collagenase (1 mg/ml) and DNase I
(200 mg/ml). Tissue was physically disaggregated and filtered.
Adherent cells were depleted (1 hour at 378C), and nonadherent cells
were incubated with anti-CD45–coated magnetic beads according to the
manufacturer (Miltenyi Biotech, Cambridge, MA). The CD452 popula-
tion (LECs) was collected after the first flow-through of the magnetic
column. CD451 cells were flushed off the column after removal of the
magnet. Cell purity was assessed by staining with anti-CD45 antibody
(Ab), and was evaluated by FACS (LSRII flow cytometer; BD Biosci-
ence, San Jose, CA). The LEC population contained approximately 5%
CD451 cells. Most cells were cytokeratin-positive (. 85%), and 25–30%
were Clara cell secretory protein (CCSP)–positive. LECs from unex-
posed mice were plated on collagen-coated Transwell (Costar, Lowell,
MA) in airway media (DMEM, 5% FBS, and 0.12 U/ml insulin) for 4
days. Cells were washed and transferred to medium without insulin, and
treated with different stimuli. The supernatant was collected 24 hours
later. CD451 cells were cultured in Bruff’s medium. A.f. and C. albicans
extracts were formalin-fixed or heat-inactivated to prevent infectivity.
Other reagents included scleroglucan (CarboMer, San Diego, CA),
p38 MAPK SB203580 inhibitor (Calbiochem, Rockland, MA), Mnk1
inhibitor CGP57380 (Sigma, St. Louis, MO), and L-threo-1-phenyl-2-
decanoylamine-3-morpholino-1-propanol (PDMP) (Enzo Life Science,
Farmingdale, NY). The b-glucanase treatment of fungal extracts was

performed using A. niger b-glucanase (0.4 U/ml, 6 hours at 378C, with
heat-inactivation at 758C for 20 minutes).

Immunofluorescence Staining and Confocal Microscopy

LECs and CD451 cells from the lungs of unexposed mice were stained
using an anti–cytokeratin-18 monoclonal antibody (mAb) (BD Biosci-
ence). YOYO was used for nuclear staining (Invitrogen, Carlsbad,
CA). Cells were examined by confocal microscopy, using a Zeiss
LSM-510-META confocal microscope (Carl Zeiss, Thornwood, NY).
Frozen lung sections were immunostained with anti–IL-6 and anti-
CCSP Abs, and with 49-6-diamidino-2-phenylindole for nuclear stain-
ing, and were analyzed by confocal microscopy.

ELISA

Cytokine detection in bronchoalveolar lavage fluid (BALF) and cell
supernatants was performed by ELISA, using IL-6 Duoset and thymic
stromal lymphopoietin (TSLP) Quantikine kits (R&D Systems,
Minneapolis, MN) according to the manufacturer.

RNA Analysis

RNA was extracted, using the RNAeasy kit (Qiagen, Valencia, CA) as
recommended (12). Quantitative RT-PCR was performed using IL-6,
Dectin-1 (Clec7), and 18S Assay-on-Demand probe/primer sets (ABI
Prism 7700; Applied Biosystems, Carlsbad, CA). The expression of
IL-6 was normalized to 18S concentrations, using the comparative cycle
threshold method.

Western Blot Analysis

Western blot analyses were performed as described elsewhere (13),
using anti-p38, phospho-p38 (Cell Signaling, Danvers, MA), and actin
(Santa Cruz Biotechnology, Santa Cruz, CA) Abs.

Statistical Analysis

Data represent means6 SEMs. The significance of differences between
multiple groups was determined by ANOVA, followed by the Bonfer-
roni post hoc test, and for two groups by the Student t test. P , 0.05
was considered statistically significant.

RESULTS

Constitutive Expression of the IL-6 Gene in Primary Murine

Lung Epithelial Cells

We previously showed that the in vivo oropharyngeal administra-
tion of inactive extracts from one of the most common environ-
mental allergens, A.f., rapidly triggers the production of IL-6 and
leads to high concentrations of IL-6 in BALF (7). As an inflam-
matory cytokine, IL-6 is considered to be produced primarily by
cells of the innate immune system, but in vitro studies indicate
that IL-6 can also be produced by human bronchial epithelial cell
lines in response to different environmental stimuli (14–19). To
investigate whether the IL-6 detected in BALF in response to the
in vivo inhalation of allergens could be derived from immune cells
or from lung epithelial cells, both cell types were isolated from
mice before or after the oropharyngeal administration ofA.f.. Lung
epithelial cells were isolated from the lung cell suspension by the
depletion of adherent cells (e.g., fibroblasts, endothelial cells,
smooth muscle cells, and macrophages) by plastic adherence, fol-
lowed by the depletion of CD451 immune cells (e.g., dendritic cells,
macrophages, granulocytes, B cells, T cells, and natural killer NK
cells) through magnetic separation. The remaining population (de-
fined as LECs) was enriched primarily in lung epithelial cells. The
CD451 cell population (leukocytes) was also collected. The FACS
analysis of CD45 expression in the LEC-enriched population
showed only a minimal (, 5%) contamination of CD451 cells
(Figure 1A). In contrast, most cells in the CD451 isolated
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population expressed CD45 (Figure 1B). To show further the
presence of epithelial cells in the LEC-enriched population, we
performed intracellular staining for the epithelial cell marker
cytokeratin-18 (CK-18), and cells were examined by confocal
microscopy. The majority of cells in the LEC fraction expressed
CK-18 (Figure 1C), further confirming that epithelial cells are the
major component of this population. Total RNA was extracted
from isolated LECs and CD451 populations, and the expression
of IL-6 was analyzed by real-time RT-PCR. Although concen-
trations of IL-6 mRNAwere negligible in the CD451 population,
high concentrations of IL-6 mRNAwere already present in LECs
from unexposed mice (Figure 1D). After exposure to A.f., no
significant difference in IL-6 mRNA concentrations in CD451

cells was detected, with only a minimal increase in the LEC
population relative to the already high concentrations present
in unexposed LECs (Figure 1D).

Because alveolar macrophages are a potential source of IL-6
in the lung (20, 21) and were vastly depleted in the CD451

population via the plastic adherence step before the purification
of these cells, we measured concentrations of IL-6 mRNA
in CD451 cells isolated from lungs with or without plastic ad-
herence. Real-time RT-PCR indicated very low concentrations
of IL-6 mRNA in CD451 cells, independent of cell purification,
and with or without plastic adherence (Figure 1E), indicating
that concentrations of IL-6 mRNA are marginal in macro-
phages before stimulation. Thus, the IL-6 gene is constitutively
and highly expressed in LECs, but not in lung resident
immune cells, before any type of stimulation.

Lung Epithelial Cells Are the Predominant Producers of IL-6 in

the Lung in Response to the In Vivo Inhalation of Allergens

The constitutive expression of the IL-6 gene in LECs suggested
that these cells are likely the major source of this cytokine after
exposure to A.f. in vivo, because only the translation of

preexisting mRNA would be required for the rapid production
of IL-6. We therefore examined IL-6 protein concentrations in
the lungs of unexposed mice and mice oropharyngeally exposed
to A.f. extracts by IL-6 immunostaining and confocal micros-
copy. Immunostaining for CCSP was also performed, to identify
airway epithelial cells. No IL-6 immunostaining was detected in
the lungs of unexposed mice (Figure 2A). However, 8 hours
after exposure to A.f., significant concentrations of IL-6 were
detected in epithelial cells lining the small airways (Figure 2A).
The colocalization of IL-6 with the CCSP marker indicated that
IL-6 was produced predominantly by Clara cells. A few IL-6–
positive cells were also detected in the lung parenchyma. To
determine whether these cells were interstitial leukocytes or
alveolar epithelial cells, we isolated LECs and the CD451 pop-
ulation from in vivo A.f.–exposed mice and incubated them in
medium alone (ex vivo) for 24 hours. The analysis of IL-6 con-
centrations in the supernatant by ELISA demonstrated the pro-
duction of IL-6 in LECs but not in the CD451 population
(Figure 2B). Thus, the in vivo exposure to A.f. extracts triggers
the production of IL-6 primarily in LECs.

Production of IL-6 in LECs Is Triggered by Direct Contact

with A.f. Allergen

Because lung epithelial cells are one of the first barriers in the re-
spiratory tract to come in contact with inhaled allergens, we tested
whether the production of IL-6 by LECs was the result of a direct
interaction of LECs with A.f extracts. Purified LECs from unex-
posed mice were cultured in an air–liquid interface and stimu-
lated with different doses of A.f. extracts. The production of IL-6
was determined by ELISA. A.f. extracts triggered the production
of IL-6 in a dose-dependent manner in LECs (Figure 3A), indi-
cating that a direct interaction between A.f. extracts and these-
cells mediates this response. In addition, we examined the effect
of A.f. extracts on the production of IL-6 in the CD451 cell

Figure 1. The IL-6 gene is con-

stitutively expressed in pri-
mary lung epithelial cells. (A

and B) Lung epithelial cells

(LECs) and CD451 cell pop-

ulations were purified from
total lung homogenate of

wild-type mice. The expres-

sion of CD45 was examined

by FACS analysis in the LECs
(A) and CD451 (B) popula-

tions. (C ) Purified LECs were

immunostained for CK-18

(red ) and analyzed by confo-
cal microscopy. Nuclear

staining is shown in green.

Original magnification,
3400. (D) Relative concen-

trations of IL-6 mRNA in

LECs and CD451 cells from

the lungs of wild-type mice,
0, 10, or 24 hours after oro-

pharyngeal exposure to A.f.

extracts, as determined by

real time RT-PCR. (E ) The ex-
pression of IL-6 in CD451

cells purified from unex-

posed lungs with (Adh) or without (Non-adh) plastic adherence and in LECs was determined by real time RT-PCR. Data are representative
of two or three independent experiments.
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population isolated from the lungs of unexposed mice. Although
a slight increase in IL-6 concentrations occurred in cell superna-
tants from CD451 cells after treatment with A.f. (Figure 3A),
these concentrations were insignificant compared with the con-
centrations obtained in A.f.-treated LECs. These results correlate
with the constitutive expression of the IL-6 gene in LECs but not
in CD451 cells in the lung, and further demonstrate that LECs,

rather than CD451 cells, are a major source of IL-6 after expo-
sure to A.f.

Another cytokine that was shown to be produced by LECs
and involved in the development of the Th2 immune response
is TSLP (22, 23). Thus, we examined whether LECs treated with
A.f. extracts in vitro secreted TSLP. In contrast to IL-6, negligible
concentrations of TSLP were produced in vitro by A.f.-treated
LECs (Figure 3B). Similarly, we did not detect IL-33, also pro-
duced by LECs and involved in allergic airway inflammation (24),
or TNF-a or eotaxin in supernatants of LECs stimulated by A.f.
extracts (data not shown). These data indicate that the direct
contact of LECs with A.f. extracts produces IL-6.

b-Glucans in Fungal Extracts Are Responsible for the

Induction of IL-6 Production by LECs upon

Exposure to Allergens

The data thus far indicate that specific components within fungal
extracts can directly interact with LECs and activate intracellular
signaling pathways that lead to the production of specific cytokines.
Because the fungal extracts used were formalin-fixed or heat-
inactivated, enzymatic components (e.g., proteases) within the
extracts were unlikely to be responsible for the induction of
IL-6 in LECs. Bacterial components such as the endotoxin LPS
are known to trigger the production of IL-6 through the Toll-
like receptor–signaling pathway inmacrophages and dendritic cells
(21, 25, 26). However, fungi do not intrinsically possess LPS, and
the preparations used in these studies were confirmed to be free of

Figure 2. In vivo exposure to Aspergillus fumigatus
(A.f.) extracts triggers the production of IL-6 in

LECs. (A) Mice were oropharyngeally exposed to

A.f. extracts (A.f.) (1 mg) or left unexposed (Con-

trol). After 8 hours, lung tissue was harvested, fro-
zen lung sections were immunostained for Clara

cell secretory protein (CCSP; green) and IL-6 (red)

or secondary antibody alone (28 Ab, red), and were
evaluated by confocal microscopy. 49-6-diamidino-

2-phenylindole was used for nuclear staining (blue).

Original magnification, 3400. (a and b) Expansions

of insets in A. Data are representative of two inde-
pendent experiments. (B) LECs and CD451 cell

populations were purified from total lung homog-

enate of mice exposed to A.f., and were incubated

in medium alone. Concentrations of IL-6 in culture
supernatants were examined after 24 hours by

ELISA.

Figure 3. Interaction of A.f. extracts with LECs induces the production
of IL-6. (A) LECs and CD451 cells, purified from the lungs of unexposed

mice, were treated with indicated doses of A.f. extracts in vitro. After

24 hours, the cell supernatant was analyzed for IL-6 by ELISA. (B) LECs

from unexposed mice (n ¼ 3) were treated with A.f. extracts (1 mg/ml)
for 24 hours, and both IL-6 and thymic stromal lymphopoietin (TSLP)

concentrations were determined in cell supernatants by ELISA. A pos-

itive control, provided by the ELISA kit manufacturer, was used to show
that the TSLP ELISA assay worked. Data are representative of two or

three independent experiments.
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LPS contamination. To determine whether the effect of A.f. ex-
tracts was attributable to the presence of a common fungal com-
ponent, we examined whether extracts from other fungi could
exert the same effect on LECs. The treatment of LECs in vitro
with extracts from C. albicans also induced the production of IL-6
by these cells (Figure 4A). One of the most abundant constituents
found in the cell wall of all fungi and plants (representing most
allergens), but absent in most bacteria, is the complex polysaccha-
ride b-glucan (27). To determine whether b-glucans can directly
induce the production of IL-6 by LECs, we examined the effect of
purified b-glucans on these cells. LECs were treated in vitro with
purified scleroglucan (from Sclerotium rofsii), a b-(1,3), b-(1,6)-D
glucan similar in structure to the b-glucans found in A.f. (28, 29).
The treatment of LECs with scleroglucan also triggered the pro-
duction of IL-6 in these cells (Figure 4B).

To determine whether b-glucans induce the production of
IL-6 in the airways in vivo, mice received oropharyngeal extracts
of scleroglucan. After 6 hours, the BALF was harvested, and
concentrations of IL-6 were determined by ELISA. Higher

concentrations of IL-6 were detected in the BALF of
scleroglucan-treated mice (Figure 4C). Thus, the in vivo in-
halation of b-glucans alone is sufficient to induce the produc-
tion of IL-6 in the airways. We previously showed that IL-6
contributes to the development of mucous hyperplasia in re-
sponse to the oropharyngeal administration of A.f extracts (7).
Because b-glucans can enhance the production of IL-6, we
tested whether they could function as a local adjuvant for anti-
gens to promote the production of mucus. We therefore admin-
istered oropharyngeal ovalbumin as antigen alone or in
combination with scleroglucan, to induce allergic airway inflam-
mation previously described with A.f. extracts (7). After three
weekly administrations, we examined the production of mucus
in the lungs. As expected, no mucus was detected in mice trea-
ted with ovalbumin alone as antigen or with scleroglucan alone,
but abundant mucus was found in the airways of mice exposed to
both ovalbumin and b-glucans (Figure 4D). Thus, fungal b-glu-
cans are sufficient to act as adjuvants of antigens in the lungs to
promote mucous hyperplasia.

Figure 4. b-glucans induce the production of IL-6 by LECs
and promote airway mucous hyperplasia. (A) LECs were

treated with medium (Med) or extracts from Candida albi-

cans (C.a.) (1 mg/ml). IL-6 was examined after 24 hours by

ELISA. (B) LECs were treated with medium (Med) or puri-
fied scleroglucan (SG) (10 mg/ml), and the production of

IL-6 was examined as in A. (C) Wild-type mice (n¼ 3) were

oropharyngeally exposed to scleroglucan extracts (SG;

100 mg). Concentrations of IL-6 in bronchoalveolar lavage
fluid (BALF) were assessed at 0 and 6 hours after exposure

by ELISA. (D) Mice were oropharyngeally exposed to ov-

albumin alone (OVA), scleroglucan (SG), or ovalbumin
and scleroglucan (OVA1 SG), as described in MATERIALS

AND METHODS. The production of mucus was determined

by periodic acid–Schiff (PAS) staining. Magnification,

340 (left) and 3200 (right; expansions of insets). Arrows
indicate PAS-positive (purple) cells in the airways. *Signif-

icant difference. Data are representative of two or three

independent experiments.
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To address the relative contribution of b-glucans present
in A.f. extracts to the induction of IL-6 production by
LECs, the extracts were first pretreated with b-glucanase. Al-
though a substantial amount of b-glucans remained in the
extracts after b-glucanase digestion (25–30% reduction) because
of the exaggerated amount of this component in fungi, a signifi-
cant reduction of IL-6 production by LECs was evident, compared
with the production triggered by untreated A.f. extracts (Figure
5A). Dectin-1 is one of the known receptors for b-glucans in a va-
riety of fungal species (30). Dectin-1 was previously reported to be
expressed in lung epithelial cells at low concentrations, and it is
up-regulated in response to fungal exposure (31). Similarly, we also
detected the basal expression of dectin-1 in LECs, and its expres-
sion was further up-regulated by exposure to A.f. extracts in vitro
(Figure 5B) and in vivo (Figure 5C). To address further the con-
tribution of b-glucans to theA.f.-induced production of IL-6, LECs
from wild-type and dectin-1–deficient (Dectin-1 KO) mice were
treated with A.f. extracts. Lower concentrations of IL-6 were pro-
duced by Dectin-1 KO LECs after treatment with A.f., compared
with concentrations from wild-type cells (Figure 5D). Fungal
b-glucans were also shown to bind the lactosylceramide pres-
ent at the cell surface (32, 33). We therefore examined the
effects of reducing lactosylceramide in LECs by inhibiting glu-
cosylceramide synthase. Wild-type LECs were treated with
A. f. extracts in the presence or absence of PDMP, a known
pharmacological inhibitor of glucosylceramide synthase (34).
PDMP caused a strong reduction in the concentrations of IL-6
produced by LECs (Figure 5E). In addition, PDMP further
reduced the production of IL-6 in LECs from Dectin-1 KO mice
to almost undetectable concentrations (Figure 5F). Together,
these data demonstrate that b-glucans are the predominant
component within the fungal extracts that mediate the induction
of IL-6 production by LECs.

Induction of IL-6 Synthesis in LECs by A.f. Allergen In Vitro and

In Vivo Is Mediated by the p38 MAPK/MAP kinase Interacting

Kinase Signaling Pathway

Because the IL-6 gene is constitutively expressed in LECs and
A.f. treatment induced the production of IL-6 with little effect
on mRNA concentrations, A.f. may regulate IL-6 at the transla-
tional level. Although several transcription factors are involved in
IL-6 gene transcription, the p38 MAPK pathway is one of the few
signaling pathways involved in the translational regulation of
IL-6 (35–38). We therefore examine whether A. f. extracts could
activate p38 MAPK in LECs via Western blot analysis of phos-
phorylated p38 MAPK. Treatment with A.f. extract triggered the
activation of p38 MAPK (Figure 6A). To examine the contribu-
tion of this pathway to the induction of IL-6 production triggered
by A.f. extracts, isolated LECs were incubated with A.f. extracts
in the presence or absence of the p38 MAPK pharmacological
inhibitor SB203580. The presence of SB203580 significantly re-
duced concentrations of A.f.-induced IL-6, as measured by
ELISA (Figure 6B). To demonstrate further the involvement
of this pathway in the regulation of IL-6 production induced
by A.f. in LECs, we used wild-type and MKK32/2MKK61/2

mice. MKK3 and MKK6 are the upstream MAPK kinases that
phosphorylate and activate p38 MAPK (39, 40). A double defi-
ciency of MKK3 and MKK6 causes embryonic lethality (41). In
contrast, MKK32/2MKK61/2 mice are viable because of the
presence of low concentrations of MKK6, but the activity of
p38 MAPK is severely impaired (42). LECs were isolated from
wild-type and MKK32/2MKK61/2 cells. A similar enrich-
ment of LECs (CD45-negative cells) was evident in both types
of mice (Figure 6C). Wild-type and MKK32/2MKK61/2 LECs
were treated with A.f. extracts, and the production of IL-6 was
examined by ELISA. Concentrations of IL-6 were substantially

Figure 5. Induction of IL-6 syn-

thesis in LECs by A.f. extracts is

mediated by b-glucans present

in fungal extracts. (A) LECs
were incubated with medium

alone (Med) or A.f. extracts

(1 mg/ml) previously treated with
b-glucanase (A.f. 1 b-glucanase)

or vehicle (A.f.). The produc-

tion of IL-6 was determined

by ELISA after 24 hours. (B) Rel-
ative expression of dectin-1

was examined by real-time

RT-PCR in LECs after incuba-

tion in vitro in the presence
of medium alone (Med) or

A.f. extracts (1 mg/ml) for 24

hours. (C) Relative expression

of dectin-1 was examined by
real-time RT-PCR in LECs

freshly isolated from wild-type

(WT) mice, 6 hours after oro-
pharyngeal exposure to PBS

or A.f. extracts (1 mg). (D) LECs

isolated from WT or Dectin-1

Knockout (KO) mice were in-
cubated with medium alone or A.f. extracts (1 mg/ml) for 24 hours. Concentrations of IL-6 in cell supernatants were determined by ELISA. (E)

LECs from WT mice were incubated with medium alone (Med), A.f. extracts in the presence of L-threo-1-phenyl-2-decanoylamine-3-morpholino-1-

propanol (PDMP) (10 mM) (A.f.1 PDMP), or vehicle (A.f.). The production of IL-6 was determined by ELISA after 24 hours. (F) LECs isolated fromWT

mice or Dectin-1 KO mice were incubated with A.f. extracts in the presence or absence of PDMP. The production of IL-6 was determined by ELISA
after 24 hours. *Significant difference. Data are representative of two or three independent experiments.
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reduced in A.f.-treated MKK32/2MKK61/2 LECs, compared
with A.f.-treated wild-type LECs (Figure 6D).

The p38 MAPK pathway can regulate protein translation in-
directly by phosphorylating and activating theMAP kinase inter-
acting kinases (Mnk1/2) that in turn phosphorylate and activate
eukaryotic translation initiation factor 4E (eIF-4E) (43). We
therefore examined whether Mnks could also be involved in
regulating the production of IL-6 by LECs. Wild-type LECs
were treated with A.f. extracts in the presence or absence of
a pharmacological Mnk1 inhibitor (CGP57380). The inhibition
of Mnk also reduced the production of IL-6 triggered by A.f.
extracts (Figure 6E). Together these results show that the p38
MAPK pathway is essential for the production of IL-6 by LECs
in response to fungal allergens in vitro. To determine whether
p38 MAPK could also regulate the production of IL-6 in the
lung in vivo, wild-type mice received A.f. extracts and vehicle
(PBS), or A.f. extracts together with the p38 MAPK inhibitor
SB203580. The concentrations of IL-6 in BALF were determined
6 hours after exposure. The administration of the p38 MAPK
inhibitor caused a pronounced reduction of IL-6 concentrations (-
Figure 6F). Furthermore, the ex vivo analysis of IL-6 production
by LECs purified from these mice showed a marked reduction of
IL-6 concentrations in LECs from mice exposed to A.f. and
SB203580 (Figure 6G). Thus, activation of the p38 MAPK path-
way is important for the synthesis of IL-6 by LECs in response to
fungal allergen exposure in vitro and in vivo.

DISCUSSION

Lung epithelium is one of the first physical barriers that in-
haled allergens encounter. However, in addition to acting as a

structural component of the lung, LECs can contribute to the
developing immune response by coordinating the activities of
immune cells through the secretion of cytokines and chemokines
(22). In this study, we show that the direct interaction between
LECs and allergens is sufficient to trigger the production of
IL-6, and that airway epithelial cells are the major producers of
IL-6 in the lung upon exposure to allergens in vivo. Although
a large number of studies examined gene expression in the lung
upon the inhalation of allergens, we show that the IL-6 gene is
constitutively expressed in vivo specifically in LECs even before
exposure. This contrasts with the negligible expression of the IL-6
gene in immune cells present in the lung. The presence of high
concentrations of preformed IL-6 mRNA in LECs makes them
a prime candidate to secrete this cytokine in the airway, because
the translation of preformed IL-6 mRNA could be easily and
rapidly achieved by signals triggered by exposure to allergens.
This model is supported by our data indicating the presence of
significant amounts of IL-6 protein in airway epithelial cells im-
mediately after exposure to allergens, despite marginal changes
in IL-6 mRNA concentrations. Because LECs comprise one of
the most abundant cellular components in the lung (z 30%
LECs and z 20% endothelial cells) (44), the rapid production
of IL-6 by LECs may explain the high concentrations of this
cytokine in the BALF of mice exposed to A.f. extracts (7).

IL-6 gene transcription was shown to be regulated by several
transcription factors such as NF-kB, CCAAT/enhancer–binding
protein, and activator of protein–1 (45–47). Although less is
known about the translational mechanisms that regulate the
production of IL-6, the p38 MAPK pathway is one of the sig-
naling pathways involved in the production of IL-6 by
promoting the phosphorylation of Mnk1/2 kinases, which

Figure 6. The activation of p38 mitogen-activated protein kinase (MAPK) is essential for synthesis of IL-6 by LECs in response to in vitro and in vivo

exposure to A.f. (A) LECs from WT mice were treated with medium alone (M) or A.f. extracts (1 mg/ml) for different periods of time. The

phosphorylation of p38 MAPK (P-p38), total concentrations of p38 MAPK (p38), and actin (as loading control) were examined by Western blot
analysis. (B) LECs from WT mice were treated with A.f. extracts in the presence or absence of SB203580 (5 mM) for 24 hours. Concentrations of IL-6

in cell supernatants were determined by ELISA. (C) FACS analysis of CD45 expression in the LEC population purified from unexposed WT mice

and MAPK kinase 32/2 MAPK kinase 61/2 (MKK32/2 MKK61/2) mice. (D) LECs from wild-type mice (n ¼ 3) and MKK32/2MKK61/2 mice (n ¼ 3)
were treated with A.f. extracts (1 mg/ml). After 24 hours, concentrations of IL-6 in cell supernatants were determined by ELISA. (E) LECs from wild-

type mice were treated with A.f. extracts in the presence or absence of the Mnk1 inhibitor CGP57380 (5 mM) for 24 hours. Concentrations of IL-6 in

cell supernatants were determined by ELISA. (F and G) Wild-type mice (n ¼ 3) were oropharyngeally exposed to A.f. extracts (1 mg/mouse) and PBS

(A.f.) or A.f. extracts and SB203580 (200 mg/mouse) (A.f. 1 SB). (F) After 6 hours, BALF and total lung tissue were harvested. Concentrations of IL-6
in BALF were determined by ELISA. Lungs from these two groups of mice were homogenated, and LECs were purified and incubated in vitro for 24

hours in the presence of medium alone (defined as ex vivo culture). (G) Concentrations of IL-6 in the supernatant were determined by ELISA.

*Significant difference. Data are representative of two or three independent experiments.
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activate eIF-4E (36, 37, 43, 48). In our study, we show for the
first time, to the best of our knowledge, that the direct contact
of fungal allergens with LECs activates p38 MAPK, and that
this pathway plays an essential role in regulating the production
of IL-6 in the lung in response to allergen exposure. Relative to
other signaling pathways, the role of p38 MAPK in the lung
remains unexplored, but a recent study indicates the attenuation
of lung inflammation and fibrosis in an IL-13–mediated murine
model of asthma by a p38 MAPK inhibitor (49). A number of
clinical trials tested the efficacy of pharmacological p38 MAPK
inhibitors in autoimmune disease, but no clinical studies have
been performed in allergic asthma.

Although lung epithelial cells are known to produce other cyto-
kines such as TSLP and IL-33, which are also involved in the al-
lergic airway immune response (22–24), none of these cytokines
were detected upon treatment of LECs with A.f. extracts in vitro,
unlike IL-6. These results suggest that the direct contact of A.f.
extracts with LECs selectively triggers the release of IL-6, prob-
ably because of the constitutive expression of the IL-6 gene
in these cells, whereas the production of other cytokines assigned
to be produced by LECs in vivo may require additional stimuli,
such as cytokines derived from immune cells. Supporting this
model, high concentrations of IL-6 were found in BALF as soon
as 6 hours after in vivo exposure to allergens (Figure 6), but no
TSLP or IL-33 was detected (data not shown). We also show in
this study for the first time that b-glucans are one of the compo-
nents of fungal extracts responsible for the induction of IL-6 by
primary murine LECs, and that the binding of fungal b-glucans
to LECs is sufficient to trigger the production of this cytokine. A
recent study showed that b-glucans from Pneumocystis jirovecii,
an opportunistic fungus, induce the production of IL-8 by a
human epithelial cell line (50). Although no production of IL-6
was reported in that study, those data in conjunction with our find-
ings indicate that b-glucans can directly regulate the production of
cytokines/chemokines by lung epithelial cells. In addition to fungi,
b-glucans are a major component of the cell wall found in plants,
and thus are commonly associated with pollen (51). b-glucans were
also found in animal dander and combustion particles (52, 53),
which are both environmental triggers of atopic asthma. Although
b-glucans are not a structural component of house dust mites, the
production of the CCL20 chemokine in lung epithelial cell lines by
this common allergen appears to be mediated by b-glucans present
in fungi ingested by the mite (54). Thus, b-glucans are a common
structural component in a variety of established allergens that can
contribute to the development of the typical allergic airway inflam-
matory response by interacting with airway epithelial cells and trig-
gering the production of regulatory soluble factors. Altering the
signaling of b-glucan may therefore constitute a useful therapeutic
target for the treatment of allergic asthma.
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