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Abstract

Asthma is a chronic lung disease characterized by inflammation
centered upon bronchial epithelium. House dust mite is one of

the most common respiratory allergens that trigger exacerbations
of asthma. IkB( (gene NFKBIZ) is a recently recognized member
of the NF-kB family that can be induced in mononuclear phagocytes
and lung epithelial cells and has been shown to play a prominent
role in epithelial cell function. We therefore analyzed the role

of IkB{ in regulating lung epithelial cell cytokine responses to
house dust mite mix (HDM). We found that human bronchial
epithelial cells express IkB{ and release IL-6 and granulocyte
macrophage colony-stimulating factor (GMCSF) when cocultured
with human monocytes and HDM. This response is blocked in the
presence of IL-1 receptor antagonist (IL-1Ra), indicating that it is
IL-1 mediated. Neither HDM-stimulated macrophages nor dendritic
cells release IL-1B and subsequently induce cytokine release from
the bronchial epithelial cells. Rhodobacter sphaeroides LPS
(RS-LPS), a TLR4 antagonist, blocks the ability of HDM to

induce IkB{ and release GMCSF from epithelial cells cocultured
with monocytes. Additionally, human bronchial epithelial

cells show no induction of IkBZ or cytokine responses to

Asthma is a chronic lung disorder
characterized by airway inflammation,
airway hyperresponsiveness, increased
mucus production and airway remodeling
(1). A combination of genetic
predisposition and exposure to
environmental allergens is considered the

direct HDM stimulation. Finally, NFKBIZ small interfering
RNA-mediated knockdown in the bronchial epithelial cells
suppresses the release of IL-1-induced IL-6 and GMCSEF. Our
findings indicate a possible role for monocyte recruitment

and lung epithelial cell IkB{ in mediating asthma associated
inflammation. Thus, IkB(, IL-1Ra, and RS-LPS deserve

future study as potential modulators of house dust mite-induced
asthma.
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Clinical Relevance

Inhalation of house dust mite antigens is an important asthma
trigger. The present research identifies a novel pathway in this
process. Infiltrating monocytes have the capacity to respond
vigorously to house dust mites, releasing IL-1, which induces
lung epithelial cells to produce granulocyte macrophage
colony-stimulating factor via a recently recognized NF-kB
family member, IkBC.

primary risk factor for developing the
disease (2). House dust mites are one of
the most common aeroallergens causing
asthma (3). House dust mite-specific Th2
cells are recruited into the airways where
they play a prime role in orchestrating the
allergic response, which is characterized by

increased production of IgE and Th2
cytokines, such as IL-4 and IL-13 (4).
Although the main focus has been on the
adaptive immune response to allergens

(1, 5), an early innate immune response is
being recognized as key to the pathogenesis
of house dust mite-induced asthma (6-8).
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Bronchial epithelial cells, apart from acting
as physical barriers, play a critical role in
regulating asthma-associated inflammatory
responses (9-12). House dust mites and
their contaminants contain various
allergenic epitopes and pathogen-associated
molecular patterns that can bind to the
pattern recognition receptors expressed in
the lung epithelial cells (6) and the immune
cells that inhabit the airway mucosa

(13, 14), resulting in the production of
proinflammatory cytokines, such as

IL-6, granulocyte macrophage colony-
stimulating factor (GMCSF), IL-25, IL-33,
and TSLP (6). There is also evidence of
cross-talk between epithelial cells and
dendritic cells that enhances the allergic
response in asthma (15). Exposure to
allergic antigens is associated with
increased influx of monocytes, which
differentiate into macrophages and
dendritic cells in the airway mucosa of
both mice and humans (16-18). Thus,
understanding the molecular mechanisms
that regulate the innate immune response
involved in house dust mite-induced
asthma is fundamental to the development
of new therapeutics.

NFKBIZ is a primary response gene,
induced rapidly in monocytes and
macrophages in response to LPS, which
encodes the transcription factor IkB(,
also called MAIL or INAP (19-22). The
molecule belongs to the IkB family due to
the presence of multiple ankyrin repeat
sequences at its carboxy terminus, with the
help of which it binds to the subunits of
nuclear factor kB (NF-kB) (19, 22). The
amino-terminal portion of the protein
encodes a transcriptional activation domain
and a nuclear localization sequence. Unlike
typical IkB homologs that are constitutively
present in the cytosol where they complex
to NF-kB Rel domains to inhibit nuclear
localization, IkB{ is an inducible protein
that binds to NF-kB inside the nucleus (20).
IkB( forms a complex with either p50
homodimers or p50-p65 heterodimers of
NF-kB that bind to the promoter sequences
of several secondary response genes,
including IL6, IL12, LCN2, IFNG, and
DEFB4A (23-26), and causes regulation
of their transcription. Although there is
a documented inhibitory role of IkB{ (22),
its function as a transcriptional activator
predominates. There are two known
isoforms of the protein—long (IkB{-L) and
short (IkB{-S)—of which IkB{-L is more
predominantly expressed (19). Apart from

Sundaram, Mitra, Gavrilin, et al.: House Dust Mite Induces Epithelial GMCSF via I1kBg

monocytes, IkB{ is also induced in
epithelial cells in response to cytokines
such as IL-1B, IL-18, and IL-17 (24, 25,
27, 28). IkB{ knockout mice display severe
inflammation in the epithelial cells lining their
skin and eyes (29, 30), suggesting that IkB( is
required for the homeostatic regulation of
host defense at epithelial barriers.

Although IkB{ has been shown to
regulate the production of proinflammatory
cytokines in epithelial cells, its function in
the context of house dust mite-induced
asthma has not been previously evaluated.
We therefore chose to test the hypothesis
that IkB{ plays a prominent role in the
regulation of lung epithelial cell innate
immune function in response to house
dust mites, using cocultures of bronchial
epithelial cells with mononuclear
phagocytes. We show that bronchial
epithelial cells express IkB{ and release IL-6
and GMCSF when cocultured with
monocytes that are stimulated with HDM.
This induction was blocked in the presence
of IL-1 receptor antagonist (IL-1Ra),
suggesting that the effect is mediated
through activation of the IL-1 receptor. We
also show that neither HDM-stimulated
macrophages nor dendritic cells have
an effect on the cytokine release from
bronchial epithelial cells. Similarly,
supernatants from HDM-stimulated
monocytes, but not dendritic cells or
macrophages, stimulate IkB{ and cytokine
expression in human bronchial epithelial
cells (HBECs). We demonstrate that
Rhodobacter sphaeroides LPS (RS-LPS),

a TLR4 antagonist, blocks the effect of
HDM on the monocytes and subsequently
prevents the induction of IkB{ in bronchial
epithelial cells. Interestingly, HBECs do
not directly respond to HDM. Finally,
NFKBIZ small interfering RNA (siRNA)-
mediated knockdown in bronchial
epithelial cells suppresses IL-6 and
GMCSEF release in response to IL-13.

Materials and Methods

Preparation of HDM
Dermatophagoides pteronyssinus and
Dermatophagoides farinae were mixed at
a 1:1 ratio to yield a final HDM stock
concentration of 25 pg/pl total protein.

Cell Culture
BEAS2B cells (ATCC, Manassas, VA) were
cultured with or without FBS. Primary

HBECs (Lonza, Basel, Switzerland), were
allowed to differentiate in air-liquid
interface in 24-well inserts as per the
manufacturer’s instructions. Monocytes
purified from human blood were used in
experiments immediately after isolation or
were differentiated into macrophages and
dendritic cells.

Epithelial Cell-immune Cell Coculture

Supernatant add-back model. Overnight
cultures of BEAS2B cells and primary
differentiated HBECs were stimulated with
supernatants from LPS- or HDM-treated
monocytes, macrophages, or dendritic cells.

Contact-based model. Monocytes,
macrophages, or dendritic cells were
cocultured in contact with BEAS2B cells
along with LPS, HDM, or HDM in the
presence of IL-1Ra.

Contact independent model.
Monocytes grown in transwell inserts were
cocultured with BEAS2B cells grown in
transfection wells. The monocytes were
stimulated with LPS or HDM in the
presence of IL-1Ra or RS-LPS.

siRNA-Mediated Knockdown of 1kB(
BEAS2B cells were transfected with 50 pmol
of scrambled siRNA control or siRNA
specific to IkB( in the supernatant add-back
model or with 100 pmol of each in the
contact-independent model using
lipofectamine. Undifferentiated HBECs
were nucleofected with 100 pmol scrambled
siRNA control or si-IkB{. They were then
stimulated with rIL-1pB.

Preparation of Cell Lysates and
Immunoblotting

Cells were lysed, and total protein in each
cell extract sample was determined
using Lowry assay. The proteins were
separated on a gel and transferred onto
polyvinylidene difluoride membranes.
The membranes were blocked with milk,
incubated with the primary antibody,
washed, and then stained with
appropriate peroxidase-conjugated
secondary antibody. The protein bands
were visualized by autoradiography.

ELISA

An ELISA kit for IL-6 was purchased from
eBioscience (San Diego, CA) and one for
GMCSF from BD Biosciences (San Jose,
CA). The ELISAs for IL-1p and IL-18
were developed in our laboratory.
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Quantitative PCR

BEAS2B cells were transfected with 100
pmol control siRNA or IkB{ siRNA, after
which they were stimulated with rhIL-1p.
Complementary DNA was made from the
total RNA obtained from each sample and
was used as the template for quantitative
PCR by the SYBR Green method. Gene
expression was normalized to the average of
two housekeeping genes (GAPDH and
CAP1).

Flow Cytometry
Monocytes, dendritic cells, and macrophages
were stained with APC-conjugated CD14,

APC-conjugated CD163, or FITC-conjugated
CD1a. The surface antigen-specific staining
of the gated population of cells was obtained
and compared with appropriate IgG
antibody staining and unstained controls.

Statistical Analysis

Results are expressed as mean *+ SEM. For
simple comparisons, Student’s t test was
used, and for multiple comparisons in
experiments with immune cells, one-way
ANOVA followed by Tukey’s post hoc
analysis was used. For experiments done
using the supernatant add back model, a

t test with the block design (SAS-JMP; SAS,

Cary, NC) was used. Significance was
defined as P < 0.05.

Information about the reagents and
antibodies and details on each section are
provided in the online supplement.

Results

IkB{ Knockdown Suppresses the
Expression of IL-6 and GMCSF in
BEAS2B Cells in Response to rhiL-1p
To look for a functional correlation between
IkB{ and HDM-induced asthma-
associated secondary response genes,
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Figure 1. Genes regulated by 1B in lung epithelial cells in response to rhiL-1B. BEAS2B cells (10° cells/ml) were transfected with 50 pmol of scrambled
small interfering (siRNA) control (siCtr) or siRNA specific to IkB (silkBZ) and stimulated with rhiL-18 (10 ng/ml) for 3, 6, 9, and 24 hours. (A) Protein-
matched total BEAS2B cell extracts were analyzed by immunoblotting for IkB{ and B-actin (left) and messenger RNA (mMRNA) levels of kB at 3 hours
after stimulation evaluated by quantitative PCR (right). (B) mRNA levels of IL-6 (top left), granulocyte macrophage colony-stimulating factor (GMCSF) (top
right), IL-18 (bottom left), and caspase 1 (bottom right) at 3 hours after stimulation evaluated by quantitative PCR. The immunoblot represents three
independent experiments, and the error bars represent the mean = SEM of three independent experiments for kB¢, IL-6, GMCSF, and the mean of two

experiments for IL-18 and caspase 1. *P < 0.05.

402

American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 3 | September 2015



ORIGINAL RESEARCH

we screened the HBEC line BEAS2B after
siRNA knockdown of IkB{ and rhIL-13
stimulation. Small interfering IkB{ RNA
inhibited IkB{ both at the messenger RNA
level (Figure 1A, right) and at the protein
level (Figure 1A, left). The expression of
various downstream cytokines associated
with asthma, such as IL-6 and GMCSF
(Figure 1B) as well as CXCL5, MCP-1, and
IL-8 (data not shown), was suppressed with
IkB{ knockdown, thus implicating a strong
correlation between IkB{ and asthma-
associated cytokines. Importantly, this
suppression was specific to IkB{-mediated
genes because inflammasome genes such as
IL-18 and caspasel remained unaffected.
This result prompted us to study the role of

1000X magnlflcatlon

Monocytes

Monocyte
derived
dendritic cells

Individual cells

IkB{ in regulating epithelial cell
inflammatory responses to HDM treatment
in a physiologically relevant coculture
model of epithelial cells and mononuclear

phagocytes.

HDM Induces Cytokine Production
and IkB{ Expression in Monocytes,
Macrophages, and Dendritic Cells
Infiltration of mononuclear phagocytes into
asthmatic airways is well documented (16,
17), as is strong evidence for cross-talk
between these cells and epithelial cells

in asthma (15, 31). Therefore, we first
evaluated the role of mononuclear
phagocytes in responding to HDM in our
system. Monocytes were freshly

isolated from human blood and
differentiated into macrophages and
dendritic cells (see morphology

[Figure 2A] and surface marker
expression [Figure E1 in the online
supplement]). Both LPS and HDM
induced monocytes, macrophages, and
dendritic cells to release IL-6, whereas
IL-1B stimulation had only a minimal
effect. In contrast, GMCSF responses
were minimal from all cell

types and stimuli (Figure 2C).

On the other hand, strong IkB{ protein
expression (IkBZ-L, ~81 kD) was induced
by LPS, HDM, and rIL-1B in all
immune cell types at 4 hours; this effect
was gone by 24 hours (Figure 2B).
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Figure 2. House dust mite mix (HDM) induces cytokine production and IkB{ expression in monocytes, macrophages, and dendritic cells. (A) Morphology
of human monocytes, monocyte-derived macrophages, and monocyte-derived dendritic cells as observed through cytospin preparations of each. The
scale bar denotes 50 um for all three cells (eft panel). (B) Human blood monocytes, dendritic cells, or macrophages (10° cells/ml each) were treated with
LPS (1 pg/ml), HDM (100 g of total protein/ml), or HDM in the presence of IL-1Ra (10 pwg/ml), IL-18 (10 ng/ml), or IL-1B in the presence of IL-1Ra
(10 pg/ml) for 4 and 24 hours. Immune cell lysates were analyzed by immunoblotting using antiserum against IkB¢ and actin antibody at both time points.
(C) IL-6 and GMCSF release from each of the immune cells was determined by ELISA at 24 hours after stimulation. The immunoblot represents three
independent experiments, and the error bars represent the mean + SEM of three experiments. *P < 0.05. NT, no treatment.
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Figure 3. Epithelial cells express IkB¢, IL-6, and GMCSF in response to HDM when cocultured with monocytes (Mo) but not macrophages (M) or
dendritic cells (DC). BEAS2B cells (1.5 X 10° cells/ml) were cocultured in contact with human Mo, DC, or Md (10° cells/ml each), and the coculture was
stimulated with LPS (1 wg/ml), HDM (100 g of total protein/ml), or HDM in the presence of IL-1Ra (10 pg/ml) for 4 and 24 hours. (A) Supernatants
from the cocultures were analyzed by ELISA for the release of IL-6 and GMCSF at 24 hours for cocultures (open bars) compared with that from the
individual immune cells (solid bars). Bottom panel: IkB{ expression in the cocultures (open bars) or the individual immune cells (solid bars), measured at 24
hours as densitometry units. (B) IkBg immunoblots of total cell extracts from the cocultures at 4 and 24 hours. The immunoblot representative of three
independent experiments, and the error bars represent the mean = SEM of four or five experiments. *P < 0.05.

Epithelial Cells Express IkB(, IL-6,

and GMCSF in Response to HDM
When Cocultured with Monocytes but
Not Macrophages or Dendritic Cells
To determine if lung epithelial cells might be
triggered by the pathogen-sensing capabilities
of neighboring phagocytes, BEAS2B cells
cocultured in contact with human monocytes,
dendritic cells, or macrophages were
stimulated with LPS or HDM. Interestingly,
HDM- or LPS-stimulated monocyte-lung
epithelial cell cocultures synergistically
increased the production of IL-6 and GMCSF
when compared with the immune cells
cultured alone (Figure 3A). However, this
effect was not observed in the dendritic cell
or macrophage cocultures. IkB{ expression
at 24 hours paralleled the IL-6 and GMCSF
responses (i.e., it was sustained in the

404

monocyte-lung epithelial cell sample but
not in the macrophage or dendritic cell
cocultures) (Figure 3B). Importantly, IL-1Ra
blocked HDM-induced IkB{ expression
completely at 24 hours and suppressed the
HDM-induced production of IL-6 and
GMCSF from the monocyte coculture.
Together these results support the possibility
that IL-1 released by immune cells induces
the prolonged induction of NFKBIZ in the
lung epithelial cells and the subsequent
release of IL-6 and GMCSF.

Supernatants from HDM-Treated
Monocytes Induce IkB{ Expression
and Cytokine Production in Lung
Epithelial Cells

To determine the source of the IkB{
expression in the coculture and to examine

if contact was required between the
epithelial and the immune cells for
HDM-induced IkB{ expression, human
monocytes, dendritic cells, or macrophages
were stimulated with LPS or HDM. After
24 hours, the supernatants were added to
primary differentiated HBECs for 4 hours
or to BEAS2B cells for another 24 hours.
Consistent with monocytes as the HDM
responder cells, only stimulated monocyte
supernatants induced IkB{ expression

in lung epithelial cells (Figure 4A). The
proportion of IL-6 and GMCSF released
by the epithelial cells was determined

by comparing the release before and after
addition to BEAS2B cells (Figure 4B).
Again only monocyte supernatants from
HDM or LPS treatment induced a robust
release of cytokines from epithelial cells,

American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 3 | September 2015
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which suggests that IkB{ expression and
cytokine production can be induced in
bronchial epithelial cells through HDM-
induced monocyte factors.

IL-13 Released from HDM-Induced
Monocytes Is Sufficient To Activate
Epithelium

To confirm that IL-1f3 released from

the HDM responder cells was sufficient

to induce IkB( in the epithelium,

human monocytes, dendritic cells, and
macrophages were stimulated with LPS or
HDM for 24 hours. Monocytes released
0.5 to 0.7 ng/ml of IL-1B in response to
100 pg/ml of HDM total protein, whereas
dendritic cells and macrophages released
undetectable amounts (Figures 5A and
E2A). HDM-stimulated HBECs did not
release IL-1P (Figure 5A), eliminating the
possibility of IL-1 feeding back into the
epithelial cells. We also observed IL-1a
release only from HDM-treated monocytes
but not from macrophages, dendritic cells,
or HBECs (Figure 5A). IL-1B (0.05 ng/ml)
was sufficient to induce IkB{ expression
in the epithelial cells (Figure E2B). Of note,
dendritic cells and macrophages produced
intracellular proIL-1B in response to LPS
and HDM (Figure 5B) but needed an
activator of the inflammasome, such as
Burkholderia cepacia, to release mature
IL-1B (Figure E2C).

LPS Present in HDM Is Responsible
for IkB{ Expression and Cytokine
Production in Lung Epithelial Cells via
Monocyte-Derived IL-1B

To investigate the connection between

the ability of LPS in the HDM to induce
monocyte IL-1B release and HDM’s ability
to induce IkB{ and cytokine expression in
lung epithelial cells, BEAS2B cells were
cultured in the supernatants of monocytes
that had been induced by LPS or HDM in
the presence of the TLR4 antagonist RS-
LPS. IL-1Ra was added to the BEAS2B cells
before addition of HDM-treated monocyte
supernatants. Monocyte supernatants
induced by LPS or HDM with RS-LPS or
IL-1Ra no longer induced IkB{ protein
(Figure 5C) or IL-6 and GMCSF release
(Figure 5D) in BEAS2B cells. This effect
was confirmed using a transwell model that
allowed cell-to-cell feedback (Figures E2E
and E2F). Although the TLR4 antagonist
RS-LPS (Figure E2D) and the LPS inhibitor
polymyxin B (data not shown) abolished
HDM-induced IL-1pB release from
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Figure 4. Supernatants from HDM-treated monocytes induce kB¢ expression and cytokine
production in lung epithelial cells. Human Mo, DC, or M (10° cells/ml each) were stimulated with LPS
(1 pg/ml) or HDM (100 pg of total protein/ml). Twenty-four hours after treatment, the supernatants
collected from the immune cells were added to BEAS2B cells (1.5 X 105 cells/ml) for another

24 hours or to primary differentiated human bronchial epithelial cell (HBECs) (5 X 10* cells/33 mm?)
for 4 hours. (A) Protein-matched total BEAS2B cell extracts or HBEC extracts were analyzed by Western
blotting using antiserum against 1kB¢ and actin antibody. (B) The supernatants from the LPS- or
HDM-treated immune cells were analyzed by ELISA for IL-6 and GMCSF release before (solid bars)
and after (open bars) adding to BEAS2B cells. The immunoblot represents three independent
experiments, and the error bars represent the mean = SEM of three experiments. *P < 0.05.

monocytes, there was no significant
reduction in the release of IL-1B with heat
inactivation of HDM compared with crude
HDM (data not shown). Taken together,
these results confirm that LPS present in
HDM causes IkB{ expression and cytokine
production in epithelium through
monocyte-derived IL-1.

HDM Does Not Directly Induce 1kB{
Expression and Cytokine Production
in Human Lung Epithelial Cells

Because lung epithelial cells directly mediate
immune responses to house dust mite in
murine asthma models (9, 12), we examined
the expression of IkB{ in human lung
epithelial cells in response to direct HDM
treatment. BEAS2B cells were treated with
HDM, LPS, or rhIL-1p for 4 and 24 hours.

Although these epithelial cells expressed
IkB{ in response to rIL-1B, they did not
respond to HDM or LPS (Figure 6A).
Importantly, IL-6 and GMCSF release
correlated with the IkB{ protein expression
(Figure 6C). The IkB{ expression and

the downstream cytokine production were
blocked in the presence of IL-1Ra at 4
and 24 hours of rIL-1B stimulation. This
observation confirmed that IL-1§ directly
induces a human lung epithelial cell
inflammatory response. To determine if
this differential response to IL-13 versus
LPS was true for primary lung epithelial
cells, primary HBECs were grown to
confluence in air-liquid interface and
treated with rIL-1B, HDM, or LPS.
Interestingly, we observed background IkB{
expression in the untreated control sample
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with IL-1Ra (10 pwg/ml) before being cultured in HDM-treated monocyte supernatants. BEAS2B cell
extracts were analyzed by immunoblots using antiserum against IkB{ and actin antibody. (D) The
monocyte supemnatants added to BEAS2B cells were analyzed by ELISA for IL-6 (black bars) and GMCSF
(gray bars) 24 hours after addition. The immunoblots represent three independent experiments, and
the error bars represent the mean = SEM of six or seven experiments for Mo and three or four
experiments for DC and Md¢ (A) and three experiments (D). *P < 0.05.

that was further induced by rIL-1B downstream cytokine production, but the
(Figure 6B). There was a parallel increase ~ induction was subtle and not blocked by
in downstream cytokine production RS-LPS. Thus, HDM effects on bronchial
(Figure 6D), and these responses were epithelial cells are small but the epithelial
blocked by IL-1Ra. LPS and HDM did responses are significantly enhanced by

induce modest IkB{ expression and inflammatory cell cytokines such as IL-1.

IkB{ Accumulates in the Nucleus and
Regulates the Release of IL-6 and
GMCSF from Bronchial Epithelial

Cells in Response to IL-1$

To confirm the role of IkB{ in regulating the
release of IL-6 and GMCSF from lung
epithelial cells in response to the IL-13
from HDM-stimulated monocytes, we
used several approaches that directed
knockdown of NFKBIZ specifically to

the epithelial cells. Using monocyte
supernatants on BEAS2B cells (Figures E3A
and E3B) or the contact-independent
transwell coculture with BEAS2B cells
(Figures 7A and 7C) or rIL-1B-stimulated
primary HBECs (Figures 7B and 7D), IkB{
knockdown, specifically to epithelial cells,
demonstrated that the epithelial cell NFKBIZ
is primarily responsible for the IL-6 and
GMCSF release. Overexpression of green
fluorescent protein-tagged IkB{-L showed
nuclear localization of the fluorescence
compared with pEGFP C2 vector control
(Clontech, Mountain View, CA) (Figure 7E),
confirming nuclear accumulation of IkB(.
We also observed the characteristic speckled
pattern of staining for IkB{ as described in
previous reports (19, 32).

Discussion

IkB(, also called MAIL or INAP (19, 20),
is a transcription regulator that belongs to
the IkB family of proteins. Although there
have been studies suggesting that IkB{
inhibits NF-kB activity (22, 23), the
predominant function of IkB( is believed to
be transcriptional activation of secondary
response genes through NF-«B binding
(21, 27, 33). In this report, we propose a
model for house dust mite-induced asthma
(Figure 7F) in which IkB{ plays a critical
role in regulating inflammatory responses
in the lung epithelium. Notably, at the
protein level, IkB(-L is the predominantly
expressed isoform in lung epithelial cells.
This preferential expression of IkB{-L
over IkB(-S is consistent with previous
publications from our group and others
(21, 26, 34). To our knowledge, we are the
first to demonstrate a role for IkB{ in
mediating inflammation associated with
house dust mite-induced asthma. IL-6 and
GMCSF are important proinflammatory
cytokines released into the bronchoalveolar
lavage fluid of patients with asthma (35).
GMCSE is required for the activation,
proliferation, and function of dendritic cells
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Figure 6. HDM does not directly induce IkBZ expression and cytokine production in lung epithelial cells. BEAS2B cells (1.5 X 10° cells/ml) and primary
differentiated HBECs (5 x 10 cells/33 mm?) were treated with LPS (1 wg/ml), HDM (100 wg of total protein/mi), or HDM in the presence of R. sphaeroides LPS
RS-LPS (10 pg/ml), IL-18 (10 ng/ml) or IL-1B in the presence of IL-1Ra (10 ng/ml) for 4 and 24 hours. (A) BEAS2B cell extracts and (B) HBEC extracts were
analyzed by immunoblots using antiserum against kB and actin antibody. (C and D) IL-6 (black bars) and GMCSF (gray bars) release from BEAS2B cells and
HBECs, respectively, was determined by ELISA at 24 hours after stimulation. The immunoblot and the corresponding densitometry graph represent three
independent experiments, and the cytokine release error bars represent the mean = SEM of three experiments. *P < 0.05. For the densitometry graphs, the
value corresponding to the sample with the lowest expression at each time point was subtracted out from the rest of the samples.

and eosinophils in the lungs (36), whereas
IL-6 induces proliferation and activation of
T cells (37). Thus, these cytokines are
essential for linking the early innate
immune response to the late adaptive
immune response of asthma. We report

a vital role for IkB{ in mediating the release
of these cytokines from the lung epithelial
cells in the context of HDM-induced
asthma, making it a potential target for
therapy.

We show that HBECs express IkB(,
IL-6, and GMCSEF in response to HDM
when cocultured with monocytes but not with
dendritic cells or macrophages (Figure 3).
We deduced that the expression of IkB{ in
BEAS2B cells cocultured in contact with
monocytes was predominantly from the

BEAS2B cells because the pattern of

IkB{ was characteristic of two BEAS2B
responses: (I) the expression was sustained
for 24 hours and (2) the expression was
completely blocked in the presence of
IL-1Ra, patterns not seen with monocytes.
We also show that contact is not

required between monocytes and
bronchial epithelial cells to induce IkB{
expression in the epithelial cells (Figure 4)
because supernatants of HDM-treated
monocytes induced IkB{ expression

in the epithelial cells. IL-13 was

released by monocytes in response to
HDM (Figure 5), which induced the
expression of IkB{ in BEAS2B cells,

and this induction was blocked in

the presence of IL-1Ra. RS-LPS

Sundaram, Mitra, Gavrilin, et al.: House Dust Mite Induces Epithelial GMCSF via I1kBg

blocked IkB{ expression in BEAS2B
cells in response to HDM-treated
monocytes (Figure 5), demonstrating that
LPS is the prime component of HDM
that elicits a response, as previously
reported (6, 9). We then show that HBECs
do not express IkB(, IL-6, and GMCSF in
response to HDM in the absence of
monocytes (Figure 6). Finally, siRNA-
mediated knockdown of IkB{ in bronchial
epithelial cells resulted in decreased release
of IL-6 and GMCSF (Figure 7) from the
cells in response to IL-183, demonstrating
that IkB{ regulates the production of
these cytokines in the lung epithelium.

It is important to fit our model into
the context of what is known about
asthma pathophysiology in vivo. Our model
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Figure 7. IkB{ accumulates in the nucleus and regulates the release of IL-6 and GMCSF from lung epithelial cells in response to IL-1 from HDM-treated
monocytes. BEAS2B cells (1.5 X 10° cells/ml) were transfected with 100 pmol of scrambled siRNA control or siRNA specific to kB in culture wells
and were cocultured with monocytes (108 cells/ml) grown in transwell inserts stimulated with either LPS (1 ng/ml) or HDM (100 pg of total protein/
mi) for 24 hours. HBECs (5 X 10° cells) were nucleofected with 100 pmol siCtr and silkBt. The cells were plated in transwell inserts (24 mm)

and stimulated with rIL-18 (10 ng/ml) for 4 and 24 hours. (A and B) BEAS2B cell extracts (A) and HBEC extracts (B) were analyzed by
immunoblotting for IkBZ and actin. (C) The supernatants from BEAS2B cells in the culture wells and (D) HBECs in transwell inserts were analyzed by
ELISA for IL-6 (black bars) and GMCSF (gray bars) release. The immunoblot represents three independent experiments, and the cytokine release
bar graphs represent the mean = SEM of four or five experiments for BEAS2B cells and three experiments for HBECs. *P < 0.05. For the
densitometry and the cytokine graphs of HBECs, the value corresponding to the sample with the lowest expression (silkB{) was subtracted from
the rest of the samples. (E) BEAS2B cells (2 X 10° cells) were transfected either with pEGFP C2 vector control or green fluorescent protein
(GFP)-tagged IkB¢-L and were stimulated with rlL-18 for 4 hours. Nuclear accumulation of IkB{ was visualized using fluorescent microscopy.
(F) HDM asthma model. House dust mite antigens contain LPS, which affects monocytes preferentially, inducing IL-18, which drives primary
lung epithelial cell expression of IkB{-dependent GMCSF and IL-6. These events can be blocked through LPS receptor inhibition by Rhodobacter
sphaeroides LPS (RS-LPS) or IL-1B receptor inhibition by IL-1Ra. DAPI, 4’,6-diamidino-2-phenylindole.

demonstrates induction of IkB{ in dendritic cells described in these studies probably not responsive. The other
bronchial epithelial cells in response to are naive, not mature, and are more reason for the dendritic cells used in
HDM-induced monocytes but not dendritic ~ like the monocytes used in our model. our model to be unresponsive could be
cells or macrophages. However, dendritic Additionally, our dendritic cells express that they are differentiated in vitro

cells have been reported to be the surface CD1a (Figure E1) and CD83 from human monocytes in the presence
predominant innate immune cells lining (data not shown), similar to mature, of GMCSF and IL-4. Resident

the lung epithelium that respond to differentiated dendritic cells as described  dendritic cells in the lungs may be
antigens (14, 18, 38). Notably, pulmonary  in previous studies (39), and hence are exposed to many other inflammatory
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factors and hence may respond better to
antigens.

In support of our monocyte-dependent
model, monocyte influx into the lungs of
patients with asthma and allergen-exposed
mice is well documented (16, 17).
Furthermore, monocytes are demonstrated
to be the prime producers of IL-1B in the
lungs of patients with asthma (40). In this
context, we have shown previously that
monocytes from human whole blood are
the main cell type to synthesize and
release IL-1B, compared with neutrophils
and lymphocytes (41). Moreover, unlike
monocytes, macrophages have been
shown to require a second signal that
activates the inflammasome to release
IL-1B (42-44). Thus, macrophages
abundantly release IL-1 when treated
with B. cepacia (Figure E2C), which
provides two signals but not when given
the single signal, LPS, or HDM. It is
therefore likely that the IL-1( that
induces IkB( expression in the lung
epithelial cells is released only by the
monocytes present in the lungs when
exposed to HDM.

IL-1a is also known to be released by
monocytes in response to LPS (45) and has
been shown to regulate allergic responses to
HDM in murine lung epithelial cells (12).
Similar to IL-1B, we observed IL-1a release
only from HDM-treated monocytes but not
from macrophages, dendritic cells, or
HBECs (Figure 5A). It is thus probable that
IL-1o also can cause IkB{ and cytokine
expression in bronchial epithelial cells.

IkB{ is induced in BEAS2B cells
cocultured with (1) monocytes in contact,
(2) monocytes in transwell inserts, or
(3) monocyte supernatants in response
to both LPS (1 pg/ml) and HDM (final
concentration of 100 pg/ml total protein).
In all the three models, HDM induced
a stronger expression of IkB{ when
compared with LPS alone, although the
amount of endotoxin present in 100 pg/
ml of total protein in the HDM was only
70 ng/ml, which is approximately 15 times
less than the 1 pg/ml LPS (Figures 3-5
and 7). We speculate that the presence
of other allergens in HDM enhances the
effect of the endotoxin. The HDM allergen
Der p2 has been reported to mimic
MD-2, the LPS-binding accessory
TLR4 coreceptor (46), resulting in
the augmentation of TLR4-associated
immune responses. It is possible that
a similar phenomenon exists in our model

Sundaram, Mitra, Gavrilin, et al.: House Dust Mite Induces Epithelial GMCSF via I1kBg

whereby Der p2 amplifies the TLR4
signaling in monocytes, resulting in

the stronger induction of IkB{ in
BEAS2B cells compared with LPS alone. It
is also possible that the other components
of the mix can be sources of the second
signal required for IL-1B processing and
release (47) because monocytes release
more IL-1B in response to HDM when
compared with LPS alone (Figure E2A)
but not increased GMCSF and IL-6
(Figure 2).

Murine lung epithelial cells have
been shown to release proinflammatory
cytokines in response to HDM (9, 12).
However, we observed no IL-6 and
GMCSF release from BEAS2B cells
cultured in DMEM with FBS in response
to crude HDM (Figure 6C). Although
there have been previous reports
that demonstrate the expression of
proinflammatory cytokines, including
IL-6 and GMCSF in BEAS2B cells in
response to direct HDM treatment, they
all used recombinant or purified HDM-
associated allergens Der pl, Der p2, and
Der p9 (10) as inducers and not the crude
mix (48). Der p2, for instance, is shown
to reconstitute TLR signaling in the
absence of MD-2 (46). It is intriguing
that this putative MD-2 mimicry is not
observed in our BEAS2B cells treated with
HDM. The amount of Der p2 present
in our HDM preparation may not
be sufficient to reconstitute the TLR4
signaling by itself. Because our model
focuses on LPS as the prime component
of the crude HDM that elicits a response,
we believe that our model still fits with
these studies. Moreover, individual
allergens of HDM can have responses
different from the crude mix that has
all the allergens together in different
proportions. Additionally, BEAS2B cells
grown in the presence of serum have been
shown to undergo differentiation into
squamous cells (49). To eliminate the
possibility of squamous differentiation of
BEAS2B cells as a reason for the lack of
IkB{ and cytokine expression in response
to HDM, we treated BEAS2B cells
cultured in serum-free BEGM media, as
suggested by ATCC, with rIL-1p, LPS,
or HDM as done in Figure 6. We did
not observe any induction of IkB{
and cytokine expression in the cells
in response to HDM (Figure E4),
similar to what we observed with the
serum-grown BEAS2B cells, confirming

that BEAS2B cells grown in either culture
conditions behave the same. This lack of
response in the HBECs to HDM treatment
is likely due to the fact that human lung
epithelial cells do not express surface
TLR4. For example, there are several
reports demonstrating intracellular
compartmentalization of TLR4 and the
absence of MD-2 in human lung epithelial
cells (50-52). A recent study demonstrates
the action of LPS on mononuclear
phagocytes to release IL-13 and TNF-o
that induce proinflammatory cytokine
release in lung epithelial cells due to the
lack of a direct effect of LPS on the
epithelial cells, further validating our
model (53). In another report, in the
context of viral infections, lung monocytes
sense antigens and release soluble factors
that induce cytokine release from
bronchial epithelial cells (54).

In the primary differentiated HBECs,
although there was an induction of
IkB{ and cytokine expression in response
to direct HDM stimulation, it was
insignificant. Moreover, this HDM-
induced release of cytokines from the
primary HBECs was not blocked by the
TLR4 antagonist RS-LPS, suggesting that
the response is not due to LPS but rather
is due to other HDM allergens like Der p2.
Interestingly, both primary differentiated
HBECs (Figure 6B) and BEAS2B cells
grown in serum-free conditions (Figure
E4A) expressed IkB( even in the
unstimulated control sample. This IkB{
expression in the lung epithelial cells
could possibly be constitutive and
required for homeostatic regulation of
host defense, as reported in previous
studies that observed constitutive
expression of IkB( in the skin and the
eyes, parts of the host that are constantly
exposed to antigens (29, 55).

In conclusion, our findings indicate
a role for IkB( in mediating asthma-
associated inflammation in the lung
epithelium, thus making it a potential novel
target for therapy. Furthermore, our results
suggest that IL-1Ra and RS-LPS deserve
further study as possible therapeutic asthma
modulators. ll
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