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IL-13 dampens human airway epithelial innate immunity
through induction of IL-1 receptor-associated kinase M

Qun Wu, MD, PhD,? Di Jiang, BS,? Sean Smith, BS,? Jyoti Thaikoottathil, PhD,? Richard J. Martin, MD,?
Russell P. Bowler, MD, PhD,? and Hong Wei Chu, MD*® Denver, Colo

Background: Impaired airway mucosal immunity can contribute
to increased respiratory tract infections in asthmatic patients, but
the involved molecular mechanisms have not been fully clarified.
Airway epithelial cells serve as the first line of respiratory
mucosal defense to eliminate inhaled pathogens through various
mechanisms, including Toll-like receptor (TLR) pathways. Our
previous studies suggest that impaired TLR2 function in T2
cytokine—exposed airways might decrease immune responses to
pathogens and subsequently exacerbate allergic inflammation.
IL-1 receptor-associated kinase M (IRAK-M) negatively
regulates TLR signaling. However, IRAK-M expression in airway
epithelium from asthmatic patients and its functions under a T2
cytokine milieu remain unclear.

Objectives: We sought to evaluate the role of IRAK-M in IL-
13-inhibited TLR2 signaling in human airway epithelial cells.
Methods: We examined IRAK-M protein expression in epithelia
from asthmatic patients versus that in normal airway epithelia.
Moreover, IRAK-M regulation and function in modulating
innate immunity (eg, TLR2 signaling) were investigated in
cultured human airway epithelial cells with or without IL-13
stimulation.

Results: IRAK-M protein levels were increased in asthmatic
airway epithelium. Furthermore, in primary human airway
epithelial cells, IL-13 consistently upregulated IRAK-M
expression, largely through activation of phosphoinositide
3-kinase pathway. Specifically, phosphoinositide 3-kinase
activation led to c-Jun binding to human IRAK-M gene
promoter and IRAK-M upregulation. Functionally, IL-
13-induced IRAK-M suppressed airway epithelial TLR2
signaling activation (eg, TLR2 and human (-defensin 2), partly
through inhibiting activation of nuclear factor kB.
Conclusions: Our data indicate that epithelial IRAK-M
overexpression in T2 cytokine—exposed airways inhibits TLR2
signaling, providing a novel mechanism for the increased
susceptibility of infections in asthmatic patients. (J Allergy Clin
Immunol 2011 ;mEN:EEE-EEN,)
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Asthma prevalence is predicted to increase globally by 50%
every decade.' Approximately 300 million persons worldwide
have asthma. Asthmatic patients have increased susceptibility
to respiratory tract bacterial infections, which frequently cause
acute exacerbations of the disease, significantly increase health
care costs, and negatively affect the quality of life of the patients
and their families.” Although several studies have suggested that
impaired airway mucosal immunity might account for the fre-
quent airway bacterial infections seen in asthmatic patients,>*
the involved molecular mechanisms have not been fully clarified.

Airway epithelial cells represent the first line of respiratory
mucosal defense to eliminate inhaled pathogens through various
mechanisms, including Toll-like receptor (TLR) pathways.’ 6 For
example, human airway epithelial cells respond to bacterial lipo-
peptide with induction of the antimicrobial peptide human 3-de-
fensin 2 (hBD2) in a TLR2-dependent manner.” Our previous
studies have demonstrated that ovalbumin-induced airway aller-
gic inflammation or T2 cytokines (eg, IL-4 and IL-13) signifi-
cantly impair TLR2 expression and IL-6 production in lung
cells (eg, dendritic cells), which delays clearance of Mycoplasma
pneumoniae from murine lungs.8 Furthermore, adenovirus-
mediated TLR2 gene transfer to airway epithelial cells of
TIr2~’~ mice significantly primes host defense against M pneu-
moniae, indicating that therapy aimed at enhancing dampened
airway epithelial TLR2 signaling in patients with chronic lung
diseases (eg, asthma) would be beneficial in the eradication of air-
way pathogenic bacteria.’ The above studies strongly suggest that
reduction in or lack of TLR2 function in airways might contribute
to acute asthma exacerbations by rendering hosts more suscepti-
ble to infections with pathogens containing TLR2 ligands.

The Ty2 response is a prominent feature of allergic diseases, in-
cluding asthma. Among Ty?2 cytokines, IL-13 is considered partic-
ularly critical to asthma immunopathogenesis.'®!! Previous studies
suggest that IL-4 and IL-13 impair the expression and function of
hBD2 and hBD3 in human epidermal keratinocytes, which might
account for the increased susceptibility to skin infections seen in
patients with atopic dermatitis.'>'* Furthermore, IL-4 and IL-13
directly reduce levels of the innate immune molecules TLR9 and
hBD2 in human sinonasal epithelial cells and might contribute to
microbial colonization in the nasal polyps of patients with chronic
thinosinusitis.'* In addition, IL-4 and IL-13 downregulate TLR4 ex-
pression in a human intestinal epithelial cell line.'> However, these
publications did not provide detailed molecular mechanisms under-
lying Ty2 cytokine-mediated impairment of innate immunity.

IL-1 receptor—associated kinase M (IRAK-M), also known as
IRAK-3, negatively regulates TLR signaling and associated
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Abbreviations used
ALI: Air-liquid interface
AP-1: Activator protein 1
BEGM: Bronchial epithelial cell growth medium
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
hBD2: Human B-defensin 2
IRAK-M: IL-1 receptor—associated kinase M
NF-kB: Nuclear factor kB
PI3K: Phosphoinositide 3-kinase
rhIL-13: Recombinant human IL-13
shRNA: Short hairpin RNA
TLR: Toll-like receptor

inflammation.'® The IRAK-M gene is located to chromosome

12q14.2,"7 a region that is repeatedly shown to have linkage to
asthma and IgE levels.'$19 Recently, Balaci et al’® have revealed
that a variation within the IRAK-M gene is associated with early-
onset persistent asthma. They have shown that IRAK-M protein is
expressed in alveolar and bronchial epithelial cells of healthy
human lungs. Their results challenge the previous findings that
human IRAK-M is specifically expressed in monocytes and mac-
rophages.zL22 However, it remains unknown whether epithelial
IRAK-M expression differs between healthy subjects and asth-
matic patients. If so, does the aberrant IRAK-M expression in
the airways of asthmatic patients contribute to impaired innate
immune responses (eg, TLR2 signaling)?

In this study we hypothesized that IL-13 can upregulate IRAK-
M expression and subsequently inhibits TLR2 signaling (eg,
TLR2 and hBD2 expression) in human airway epithelial cells.
First, we demonstrated upregulation of IRAK-M protein in
epithelium from asthmatic patients versus that found in normal
airway epithelium. Second, we verified that IL-13 could induce
IRAK-M expression in air-liquid interface (ALI) cultures of
primary human bronchial epithelial cells. Third, we revealed that
c-Jun directly bound to the human IRAK-M gene promoter on
IL-13 stimulation in human airway epithelial cells. Lastly, we
defined a critical role of IRAK-M in IL-13-impaired TLR2
signaling in human airway epithelial cells.

METHODS

For further details, see the Methods section in this article’s Online Repos-
itory at www.jacionline.org.

IRAK-M immunohistochemistry staining in human
endobronchial biopsy specimens

Endobronchial biopsy specimens of healthy subjects (n = 4) or patients
with mild-to-moderate asthma (n = 6) were obtained through bronchoscopy,
and the subjects’ characteristics have been described in our previous publica-
tions.>*® Our research protocol was approved by the Institutional Review
Board at National Jewish Health. Tissue sections were stained with rabbit
anti-human IRAK-M (Millipore, Temecula, Calif) or control rabbit IgG (Vec-
tor Laboratories, Burlingame, Calif), and the IRAK-M-stained area in airway
epithelium was analyzed.?

ALI cultures of human brushed bronchial epithelial

cells
Human primary bronchial epithelial cells were obtained from endobron-
chial brushings from healthy nonsmoking subjects (n = 4) and patients with
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mild-to-moderate asthma (n = 6), and the clinical characteristics have been
described in our previous publication.”” Our research protocols were approved
by the Institutional Review Board at National Jewish Health. Epithelial cell
ALI cultures were performed as previously reported.?” On day 10 of ALI cul-
ture, cells were treated with BSA or 10 ng/mL recombinant human IL-13
(rhIL-13; R&D Systems, Minneapolis, Minn) for 7 days and then lysed for
IRAK-M and TLR2 Western blotting.

ALI cultures of normal human tracheobronchial
epithelial cells for mechanistic studies of
IL-13-induced IRAK-M expression

Normal human tracheobronchial epithelial cells were obtained from
tracheas and bronchi of deidentified organ donors by digesting the tissue
with 0.2% protease solution and then subjected to ALI cultures, as described
above. On day 10 of ALI culture, cells were treated with (1) BSA or 10 ng/mL
rhIL-13 for up to 120 minutes. Then, cells were lysed for phospho-Akt and
total Akt Western blotting or (2) BSA or 10 ng/mL rhIL-13 for 6 days.
Thereafter, cells were treated with BSA or rhIL-13 in the absence or presence
of the phosphoinositide 3-kinase (PI3K) inhibitor wortmannin (100 nmol/L;
Cell Signaling, Danvers, Mass) for 2 hours to measure phospho—c-Jun levels or
for 24 hours (a total of 7 days of IL-13 treatment) to quantify IRAK-M and
TLR2 proteins by using Western blotting.

c-Jun activity assay in normal human
tracheobronchial epithelial cell cultures

Normal human tracheobronchial epithelial cells under submerged culture
conditions were treated with BSA or 10 ng/mL rhIL-13 for up to 120 minutes.
Nuclear c-Jun activity was analyzed by using an ELISA-based TransAM
activator protein 1 (AP-1)/c-Jun activation assay (Active Motif, Carlsbad,
Calif).

Chromatin immunoprecipitation analysis

Normal human tracheobronchial epithelial cells under submerged culture
conditions were treated with BSA or 10 ng/mL rhIL-13 for 2 hours. Chromatin
immunoprecipitation analysis®®?° was performed by using a mouse anti—c-
Jun antibody (Santa Cruz Biotechnology, Santa Cruz, Calif) or control murine
IgG. Immunoprecipitated DNA was amplified by using quantitative real-time
RT-PCR with the SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
Calif) and primers that cover human IRAK-M gene promoter region contain-
ing the putative AP-1/c-Jun binding site. All values were normalized to input
DNA and expressed as the fold induction in chromatin enrichment with the c-
Jun antibody to indicate c-Jun binding intensity.

IRAK-M gene knockdown in normal human brushed
bronchial epithelial cells

Human IRAK-M short hairpin RNA (shRNA) encoded in pLL3.7 was
generated as previously described.**?! Briefly, epithelial cells under im-
mersed conditions were transduced with either pLL3.7-shLUC (an irrelevant
gene control) or pLL3.7-shIRAK-M once daily for 3 consecutive days. Forty-
eight hours after the last transduction, IRAK-M gene knockdown was verified
at both the mRNA and protein levels. The remaining cells were used for ALI
culture, as described above. On day 10 of ALI culture, cells were treated with
BSA or 10 ng/mL rhIL-13 for 6 days. Then cells were treated for 24 hours with
BSA or rhIL-13 with or without 100 ng/mL of the TLR2 agonist Pam2CSK4
(InvivoGen, San Diego, Calif). Thereafter, nuclear factor kB (NF-kB) p65
activity, TLR2 protein, and apical hBD2 peptide were examined.

Generation of a human lung epithelial cell line

stably overexpressing human IRAK-M protein
Human IRAK-M cDNA was obtained from Open Biosystems (Huntsville,

Ala) and cloned into a mammalian expression plasmid by means of PCR
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amplification. Human lung mucoepidermoid carcinoma—derived NCI-H292
cells (clone CRL-1848; American Type Culture Collection, Manassas, Va)
were transfected with IRAK-M expression vector or empty vector (control)
and maintained in G418 (800 wg/mL; Invitrogen, Carlsbad, Calif) selective
medium to generate the stable cell line. IRAK-M protein overexpression was
confirmed by means of Western blotting. Cells were starved in serum-free
medium for 2 hours and then treated with or without Pam2CSK4 at 10 ng/mL
for an additional 6 hours to evaluate the effects of IRAK-M on TLR2
signaling. Cells were processed to measure NF-kB p65 activity by using an
ELISA-based NF-kB p65 activation assay (Active Motif) and TLR2 protein
by means of Western blotting. IL-8 levels in cell supernatants were measured
by using a human CXCL/IL-8 DuoSet ELISA kit (R&D Systems) and
normalized by cell numbers at the harvest.

Western blot analysis

Equal amounts of protein samples were separated on 8% or 10% Precise
Protein Gels (Pierce, Rockford, Ill), transferred onto nitrocellulose mem-
branes, and probed with primary antibodies: rabbit anti-human IRAK-M
(Millipore), mouse anti-human TLR2/CD282 (Imgenex Corp, San Diego,
Calif), mouse anti—glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
6CS5; Santa Cruz Biotechnology), phospho-Akt rabbit antibody (Cell Signal-
ing), Akt rabbit antibody (Cell Signaling), or phospho—c-Jun rabbit antibody
(Cell Signaling). Blots were then incubated with appropriate horseradish
peroxidase-linked secondary antibodies and Pierce ECL Western blotting
substrate. Densitometry was performed with NIH Image-J software (National
Institutes of Health, Bethesda, Md).

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR for human IRAK-M was performed by
using the TagMan Gene Expression Assay (Hs00200502_ml; Applied
Biosystems, Foster City, Calif). The housekeeping gene GAPDH was
evaluated as an internal positive control. The comparative cycle of threshold
(AACt) method was used to demonstrate the relative mRNA levels of the
IRAK-M gene.’!

Statistical analysis

Data are presented as means = SEMs. One-way ANOVA was used for
multiple comparisons, and a Tukey post hoc test was applied, where appropri-
ate. The Student 7 test was used when only 2 groups were compared. A P value
of less than .05 was considered significant.

RESULTS
Airway epithelial cells from asthmatic patients
express increased IRAK-M protein levels
Immunohistochemistry was performed to examine IRAK-M
protein in endobronchial biopsy specimens of healthy subjects
and asthmatic patients. As shown in Fig 1, airway epithelial cells
from asthmatic patients expressed significantly higher levels of
IRAK-M protein than those from healthy subjects. No staining
was seen in tissues incubated with control IgG. IRAK-M protein
staining in airway epithelium from asthmatic patients was mainly
localized to ciliated cells. In addition to bronchial epithelial cells,
submucosal inflammatory cells also expressed IRAK-M protein.

IL-13 induces IRAK-M protein expression in cultured
human brushed bronchial epithelial cells

The effect of IL-13 on IRAK-M expression was examined in
ALI cultures of brushed bronchial epithelial cells from healthy
subjects and asthmatic patients to verify IRAK-M upregulation in
airway epithelium from asthmatic patients. As shown in Fig 2,
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FIG 1. Increased IRAK-M protein expression in airway epithelial cells from
asthmatic patients. Upper panel, Airway epithelial IRAK-M protein quantita-
tive data in endobronchial biopsy specimens of healthy subjects (n = 4)
and asthmatic patients (n = 6). Lower panel, Representative IRAK-M immu-
nohistochemistry staining in bronchial epithelial cells and submucosal
inflammatory cells (black arrows, original magnification X200). Data are
presented as means (thick horizontal lines) = SEMs.

IL-13 significantly increased IRAK-M protein expression in
both healthy subjects and asthmatic patients. Furthermore, the
baseline of IRAK-M protein expression in asthmatic patients
trended to be higher than that in healthy subjects, although it
did not reach a statistical significance.

Activation of the PI3K pathway is required for
IL-13-induced IRAK-M expression

In our preliminary experiments we validated that well-
differentiated normal human tracheobronchial epithelial cells
have responded similarly to IL-13 regarding IRAK-M expression
compared with normal human brushed bronchial epithelial cells.
Because of the limited availability of brushed bronchial epithelial
cells, we used ALI cultures of normal human tracheobronchial
epithelial cells for mechanistic studies to define epithelial IRAK-
M regulation on IL-13 stimulation.

PI3K/Akt phosphorylation in murine tracheal segments con-
tributes to IL-13-induced airway smooth muscle hyperrespon-
siveness.>? Moreover, PI3K activation is necessary for IRAK-M
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FIG 2. IL-13 induces IRAK-M protein expression in cultured human brushed bronchial epithelial cells. Upper
panel, IRAK-M protein quantitative data (means = SEM) in healthy subjects (n = 4) and asthmatic patients
(n = 6). Lower panel, Representative IRAK-M and GAPDH Western blots.
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FIG 3. PI3K activation is required for IL-13-induced IRAK-M expression. A,
Representative phospho-Akt (pAkt) and total Akt Western blots (n = 3 inde-
pendent experiments). B, Upper level, IRAK-M protein quantitative data
(means = SEMs) are from 4 independent experiments. Lower panel, Repre-
sentative IRAK-M and GAPDH Western blots. DMSO, Dimethyl sulfoxide;
Wort, wortmannin.

upregulation in adiponectin-induced endotoxin tolerance in mu-
rine macrophages.” Therefore we first treated ALI cultures of
normal human tracheobronchial epithelial cells with BSA or

IL-13 at the indicated times and determined Akt activation. IL-
13 time-dependently induced phosphorylation of Akt in human
primary airway epithelial cells (Fig 3, A). Second, we treated
the cells with BSA or IL-13 in the absence or presence of the
PI3K inhibitor wortmannin and measured IRAK-M protein ex-
pression. Pretreatment of wortmannin significantly abolished
IL-13-induced IRAK-M expression in human primary airway ep-
ithelial cells (Fig 3, B). Together, our data suggest that IL-13
might activate the PI3K/Akt pathway to promote IRAK-M
expression in human airway epithelial cells.

c-Jun directly binds to human IRAK-M promoter on
IL-13 stimulation

The PI3K pathway has been shown to modulate its downstream
targets, such as AP-1/c-Jun, to regulate gene (eg, IL-6) expres-
sion.** Our preliminary analysis using the SABiosciences’ Text
Mining Application and the UCSC Genome Browser revealed
putative AP-1/c-Jun binding sites in the promoter region of the
human IRAK-M gene.

First, to study the role of the PI3K pathway in c-Jun activation
on IL-13 stimulation, we treated ALI cultures of normal human
tracheobronchial epithelial cells with BSA or IL-13 in the absence
or presence of the PI3K inhibitor wortmannin and measured
phospho—c-Jun levels. Pretreatment of wortmannin significantly
attenuated IL-13-induced c-Jun phosphorylation in human
primary airway epithelial cells (Fig 4, A).

Second, to verify whether IL-13 directly induces c-Jun phos-
phorylation, we stimulated the submerged cultures of normal
human tracheobronchial epithelial cells with BSA or IL-13 for the
indicated times and detected c-Jun activity in nuclei. IL-13 time-
dependently induced c-Jun phosphorylation in human primary
airway epithelial cells (Fig 4, B).

Finally, we examined whether c-Jun bound to the human
IRAK-M gene promoter by using chromatin immunoprecipita-
tion analysis. As shown in Fig 4, C, compared with chromatin
samples from BSA-treated cells, those from IL-13-stimulated
cells and immunoprecipitated with c-Jun antibody showed an
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FIG 4. c-Jun directly binds to the IRAK-M gene promoter through PI3K
activation on IL-13 stimulation. A, Representative phospho-c-Jun and
GAPDH Western blots (n = 4 independent experiments). B, Phospho-
c-Jun activity data (means = SEM) are from 3 independent experiments.
C, Chromatin immunoprecipitation assay. Left panel, Increased c-Jun bind-
ing to IRAK-M gene promoter after IL-13. Data (means = SEM) are from 3
independent experiments. Right panel, Representative agarose gel electro-
phoresis. Ab, Antibody; DMSO, dimethyl sulfoxide; Wort, wortmannin.

approximately 1.9-fold increase in the PCR product within the
IRAK-M gene promoter region containing the AP-1/c-Jun bind-
ing site (—2179 bp to —2350 bp from transcriptional start site).

Collectively, these data indicate that the upregulation of IRAK-
M by IL-13 is in part mediated by PI3K/Akt activation and
subsequent AP-1/c-Jun binding to IRAK-M gene promoter in
human airway epithelial cells.

Role of IRAK-M in IL-13-mediated impairment of
epithelial TLR2 signaling

To substantiate the negative regulatory role of IRAK-M in
airway epithelial innate immunity, we first examined whether
epithelial TLR2 expression was affected by IL-13 in ALI cultures
of brushed bronchial epithelial cells from healthy subjects and
asthmatic patients. We found that IL-13 significantly decreased
TLR2 protein expression in both healthy subjects and asthmatic
patients. Although TLR2 baseline levels were similar (P >.05) in
nonstimulated cells from both subject groups, the reduction in
TLR2 protein expression by IL-13 in asthmatic patients was
greater than that in healthy subjects, although it did not reach
statistical significance (Fig 5, A). In addition, we found that pre-
treatment of wortmannin significantly restored IL-13—impaired
TLR2 protein expression in ALI cultures of normal human
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FIG 5. IL-13 decreases TLR2 protein expression in human airway epi-
thelial cells. A, TLR2 protein quantitative data in cultured brushed bron-
chial epithelial cells from healthy subjects (n = 4) and asthmatic
patients (n = 6). B, PI3K inhibition restored TLR2 protein expression in
IL-13-treated normal human tracheobronchial epithelial cells (n = 4).
Data are presented as means = SEMs. DMSO, Dimethyl sulfoxide;
Wort, wortmannin.

tracheobronchial epithelial cells (Fig 5, B), which was associated
with the significant decrease in IRAK-M protein expression, as
described in Fig 3, B.

All the observations that reduced TLR2 expression was cou-
pled with increased IRAK-M expression after IL.-13 stimulation
in human airway epithelial cell cultures led us to hypothesize that
Ty2 cytokines might dampen epithelial TLR2 function through
induction of IRAK-M. To test this hypothesis, we knocked
down IRAK-M gene expression in human brushed bronchial ep-
ithelial cells followed with BSA or IL-13 treatment in the absence
or presence of the TLR2 agonist Pam2CSK4. Compared with the
control shLUC vector, shIRAK-M lentiviral vector resulted in
about 80% knockdown of IRAK-M mRNA (Fig 6, A, left panel)
and protein (Fig 6, A, right panel) expression. As shown in
Fig 6, B, IL-13 significantly inhibited Pam2CSK4-induced NF-
kB p65 activation in shLUC cells but did not suppress NF-«xB
p65 activation in shIRAK-M cells. Furthermore, the reduction
of epithelial IRAK-M expression significantly restored IL-13—im-
paired TLR2 protein expression. In line with NF-kB and TLR2
data, IL-13 markedly attenuated Pam2CSK4-induced hBD2 pro-
duction in shLUC (control) cells. However, IRAK-M knockdown
significantly abolished IL-13-mediated hBD2 reduction. Correla-
tion analysis was done by using the Pearson correlation coeffi-
cient to further demonstrate the role of IRAK-M in regulating
NF-kB activity (eg, hBD2 production). An inverse relationship
(r = —0.55, P = .028) between IRAK-M expression and hBD2
levels was found.

Taken together, the above results suggest that IRAK-M con-
tributes to the inhibition of airway epithelial TLR2 signaling
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FIG 6. Role of IRAK-M in IL-13-mediated impairment of epithelial TLR2 signaling. A, IRAK-M shRNA
(shIRAK-M) significantly reduced IRAK-M mRNA (left panel) and protein (right panel) expression compared
with the control (firefly luciferase shRNA [shLUC]) in normal human brushed bronchial epithelial cells (n = 4).
B, NF-«kB p65 activity, TLR2 protein, and human hBD2 peptide levels in normal human brushed bronchial
epithelial cells that were transduced with shLUC or shIRAK-M, followed by IL-13, Pam2CSK4 (Pam2), or
both treatments (n = 4). Short thick horizontal lines represent means.

activation (eg, TLR2 and hBD2 expression) by IL-13 partly
through inhibiting NF-kB activation.

IRAK-M protein overexpression decreases
TLR2-mediated IL-8 production in NCI-H292 cells
To further illustrate the direct effect of IRAK-M on epithelial
TLR2 signaling activation, we stably overexpressed human
IRAK-M protein in NCI-H292 cells because they express much
less basal IRAK-M protein compared with normal primary
human airway epithelial cells. NCI-H292 cells have negligible

hBD2 expression at both the mRNA and protein levels. Thus to
evaluate activation of the TLR2 pathway, we measured IL-8
production in human IRAK-M-overexpressing NCI-H292 cells
with or without Pam2CSK4 stimulation.

First, we confirmed robust overexpression of human IRAK-M
protein in NCI-H292 cells stably transfected with human IRAK-
M cDNA vector (Fig 7, A). Second, overexpression of human
IRAK-M protein significantly decreased Pam2CSK4-induced
NF-kB activation (Fig 7, B) and IL-8 secretion (Fig 7, C). How-
ever, TLR2 protein expression did not change after 6 hours of
Pam2CSK4 treatment. Collectively, these results further suggest
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FIG 7. IRAK-M overexpression decreases TLR2 signaling activation in NCI-
H292 cells. A, Overexpression of human IRAK-M protein was confirmed by
using Western blotting. B, NF-kB p65 activity. C, IL-8 protein levels in cell
supernatants. Data are from 3 independent experiments and presented as
means = SEMs. EV, Empty vector; hlRAK-MV, human IRAK-M vector.

an inhibitory role of IRAK-M in innate immune responses (eg,
TLR2 agonist-induced NF-kB activation and IL-8 production)
in human lung epithelial cells.

DISCUSSION

For the first time, we studied the regulation and function of lung
epithelial IRAK-M in the context of a Ty2 cytokine milieu. We
found significantly increased IRAK-M expression in asthmatic
airway epithelium. The Ty2 cytokine IL-13 consistently upregu-
lated IRAK-M expression in well-differentiated human primary
airway epithelial cells. Furthermore, activation of the PI3K
pathway was in part responsible for IL-13-induced epithelial
IRAK-M expression. Most importantly, IRAK-M was shown to
downregulate airway epithelial TLR2 signaling activation.

IRAK-M can regulate immune homeostasis and tolerance in a
number of infectious and noninfectious diseases by preventing
excessive inflammation and tissue damage.”> IRAK-M expres-
sion can be induced by a number of molecules, including TLRs
(eg, TLR2, TLR4, TLR7, and TLRY), and endogenous or exoge-
nous soluble factors (eg, hormone).3 336 However, to the best of
our knowledge, there is no solid evidence of whether Ty2 cyto-
kines (eg, IL-13) can induce IRAK-M expression. Although
human IRAK-M is generally confined to monocytes and macro-
phages, our current study has clearly demonstrated that human
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GAPDH P-M (37 kD)

-) IL-4

FIG 8. IL-4 induces IRAK-M protein expression in cultured normal human
tracheobronchial epithelial cells. Representative IRAK-M and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) Western blots of 4 replicates
are shown.

airway epithelial cells expressed IRAK-M protein, especially in
asthmatic patients. Our finding significantly advances the previ-
ous study reporting IRAK-M protein expression in lung epithelial
cells of healthy donors.”® Furthermore, we have disclosed that
IL-13 could remarkably upregulate IRAK-M protein expression
in well-differentiated human airway epithelial cells from both
healthy subjects and asthmatic patients in vitro. The epithelial
IRAK-M induction by IL-13 varied among human subjects,
which is consistent with the results of previous studies involving
other primary human cells.*”*® Our finding does not support a
previous microarray study showing downregulated IRAK-M
mRNA expression in human blood monocytes on IL-13 stimula-
tion for 2 and 6 hours.*® This suggests that IRAK-M regulation by
IL-13 could be cell type specific. Our current study has focused on
the effects of IL-13 on IRAK-M because its level is generally
higher than those of other Ty2 cytokines, such as IL-4.*>*! How-
ever, in a preliminary study we found that IL-4 also increased
IRAK-M expression, further suggesting the role of a T2 cytokine
milieu in IRAK-M upregulation (Fig 8).

Although consistency between mRNA and protein expression
of a certain gene is often assumed in many studies, examples of
divergent trends are also frequently observed.***** In our prelim-
inary experiments IL.-13 significantly induced IRAK-M protein
expression in human airway epithelial cells at both early (eg,
1 day) and late (eg, 7 days) time points. However, to our surprise,
IRAK-M mRNA expression was not always consistent with its
protein expression at all the time points. This mRNA versus pro-
tein inconsistency might reflect the complexity of molecular reg-
ulation of IRAK-M by IL-13, especially with repeated exposures.
In addition, posttranslational regulation might also contribute to
the mRNA-protein discordance of human epithelial IRAK-M ex-
pression after IL-13 exposure. Hence the underlying transcrip-
tional and posttranscriptional mechanisms of IRAK-M gene
expression by IL-13 need to be clearly elucidated in future
studies.

The role of PI3K pathway activation in IRAK-M expression
remains controversial. Escoll et al*> have demonstrated that
IRAK-M mRNA is rapidly induced in septic human monocytes
in the presence of a PI3K inhibitor. Conversely, induction of
IRAK-M expression in murine primary macrophages by adipo-
nectin requires activation of the PI3K pathway.33 However, it is
not clear what transcription factors are required for IRAK-M
induction after adiponectin-induced PI3K activation. In the
present study we demonstrate that IL-13 promotes c-Jun phos-
phorylation through activation of the PI3K pathway. However,
which specific PI3K subunit or subunits are primarily responsi-
ble for c-Jun activation remains elusive and warrants future
studies. We also showed that c-Jun directly binds to the
IRAK-M gene promoter to upregulate epithelial IRAK-M
expression.
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It is well known that NF-kB activation regulates many aspects
of the inflammatory response, including TLR expression and
antimicrobial peptide hBD2 production.*®" For the first time, we
revealed that IL-13-induced IRAK-M could suppress TLR2 sig-
naling activation (eg, TLR2, hBD2, and IL-8) in human epithelial
cells. We found that upregulation of IRAK-M by IL-13 decreased
NF-kB p65 levels in nuclei to inhibit transcription of TLR2 and
hBD2 genes in human airway epithelial cells. Furthermore, over-
expression of IRAK-M in human lung epithelial cells signifi-
cantly impaired TLR2 agonist—induced NF-kB activation and
IL-8 production. It is noted that unlike other IRAKs (eg, IRAK-
1 and IRAK-4), IRAK-M does not have significant kinase activity
because of the lack of a functional catalytic site in its central
“kinase” domain, although it still can downregulate the NF-xB
pathway.’>> Potential mechanisms of IRAK-M-mediated NF-
kB inhibition have been described in several studies. Overall,
IRAK-M can negatively regulate both canonical and noncanoni-
cal NF-kB pathway activation depending on the nature of TLR
stimuli. For instance, Kobayashi et al?? have shown that IRAK-
M can inhibit the NF-kB canonical pathway in a TLR4- and
TLR9-dependent manner. IRAK-M has been shown to bind to
the MyD88/IRAK-4 complex and thus inhibits IRAK-4—medi-
ated IRAK-1 phosphorylation. This prevents dissociation of
IRAK-1 and IRAK-4 from MyD88 and formation of TNF recep-
tor associated factor 6/IRAK-1 complexes, which are critical to
the activation of NF-kB p65.>

Excessive immune responses are detrimental to the host.
Therefore negative feedback (eg, IRAK-M) is crucial for homeo-
stasis in patients with inflammatory diseases, such as asthma.
However, persistent overexpression of airway epithelial IRAK-M
resulting from repeated exposures to T2 cytokines could com-
promise the innate immunity (eg, TLR2 signaling activation)
and impede an effective clearance of pathogens from the airways.
In vivo studies, such as murine models, are warranted to dissect
the contribution of epithelial IRAK-M to dampened innate immu-
nity in allergic lungs. The role of T2 cytokine—induced IRAK-M
in modulating other TLR pathways, especially in the presence of
live bacteria, also needs to be clarified to further our understand-
ing of IRAK-M in suppressing airway defense against bacteria in
asthmatic patients.

We realize there are several limitations in our current study.
First, because IL-13 has been shown to increase airway epithelial
cell proliferation,>*° it is likely that any changes in mediators,
such as IRAK-M, might be related to IL-13—-induced airway
epithelial phenotypic alteration, including proliferation. Whether
IL-13-induced cell proliferation directly affects IRAK-M expres-
sion remains unknown and deserves future study. Second,
although we showed that IRAK-M regulates TLR2 signaling,
such as TLR2 and hBD2, it is likely that IRAK-M might also con-
trol other signaling molecules because significant IRAK-M
knockdown did not result in the same degree of TLR2 signaling
restoration in IL-13—treated airway epithelial cells.

In summary, our data strongly indicate that airway epithelial
cell IRAK-M overexpression in Ty2 cytokine—exposed air-
ways inhibits epithelial TLR2 signaling activation (eg, TLR2
and hBD2 expression). This might provide a novel mechanism
for the increased susceptibility of infections in asthmatic pa-
tients. IRAK-M-targeted therapy in the airway epithelium of
the lungs of allergic patients might be promising for the pre-
vention, treatment, or both of respiratory tract bacterial
infections.
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Clinical implications: IRAK-M-targeted therapy in the airway
epithelium of the lungs of allergic patients might be promising

for the prevention, treatment, or both of respiratory tract bac-
terial infections.
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METHODS
IRAK-M immunohistochemistry staining in human

endobronchial biopsy specimens

Endobronchial biopsy specimens of healthy subjects (n = 4) or patients
with mild-to-moderate asthma (n = 6) were obtained through bronchoscopy,
and the subjects’ characteristics have been described in our previous publica-
tions.F1"B* Our research protocol was approved by the Institutional Review
Board at National Jewish Health.

Biopsy tissues were embedded in glycol methacrylate resin and stored at
—20°C until use. Serial 2-pm sections were cut from well-oriented tissue
blocks with a Reichert Ultracut E ultramicrotome (Leica, Deerfield, IlI).
Tissue sections were stained with rabbit anti-human IRAK-M (Millipore) or
control rabbit IgG (Vector Laboratories) by using a 3-step indirect immuno-
staining method, as previously reported.®* NIH Image-J software was used to
measure the IRAK-M-stained area in airway epithelium. Airway epithelial
IRAK-M expression was expressed as a percentage of total IRAK-M—positive
area/total airway epithelium area.

ALI cultures of human brushed bronchial epithelial

cells

Human primary bronchial epithelial cells were obtained from endobron-
chial epithelial brushings from healthy nonsmoking subjects (n = 4) and
patients with mild-to-moderate asthma (n = 6), and the clinical characteristics
have been described in our previous publication.”> Our research protocols
were approved by the Institutional Review Board at National Jewish Health.

Epithelial cell ALI cultures were performed as previously reported.®
Briefly, brushed epithelial cells (>95% purity as examined by using cytokeratin
18 staining) were cultured in collagen-coated 60-mm tissue culture dishes con-
taining bronchial epithelial cell growth medium (BEGM) with supplements
(Lonza, Walkersville, Md) at 37°C in a 5% CO, atmosphere. At 80% conflu-
ence, cells were transferred onto collagen-coated 12-well transwell plates at
4 X 10* cells/well (Corning, Corning, NY) in Dulbecco modified Eagle me-
dium/Bronchial Epithelial cell Basal Medium (BEBM) (1:1) with supple-
ments. Culture media were refreshed every other day for 7 days in an
immersed cultured condition and shifted to ALI culture by reducing the apical
medium to 50 wL. On ALI day 10, cells were well differentiated and treated
with BSA (nonspecific protein control) or 10 ng/mL rhIL-13 (R&D Systems)
at both the apical and basolateral sides for 7 days. IL-13 concentration was
chosen based on previous publications in human airway epithelial cell
cultures®™®° and measurement of IL-13 protein in bronchoalveolar lavage
fluid of asthmatic patients with a segmental allergen challenge.®'® At the
end of culture, cells were lysed for IRAK-M and TLR2 Western blotting.

ALI cultures of normal human tracheobronchial
epithelial cells for mechanistic studies of
IL-13-induced IRAK-M expression

Normal human tracheobronchial epithelial cells were obtained from the
tracheas and bronchi of deidentified organ donors whose lungs are not suitable
for transplantation. Tracheas and bronchi were cut into small pieces and
digested with ice-cold Dulbecco modified Eagle medium supplemented with
0.2% protease solution and 1 X penicillin/streptomycin/amphotericin over-
night at 4°C. The released cells were cultured in collagen-coated 60-mm tissue
culture dishes containing BEGM with supplements at 37°C in a 5% CO, atmos-
phere. At 80% confluence, cells were transferred onto collagen-coated 12-well
transwell plates at 4 X 10* cells/well and cultured as described above. On ALI
day 10, cells were treated with (1) BSA or 10 ng/mL rhIL-13 at both the apical
and basolateral sides for 5, 15, 30, 60, and 120 minutes (at the end of culture,
cells were lysed for phospho-Akt and total Akt Western blotting) or (2) BSA
or 10 ng/mL rhIL-13 at both the apical and basolateral sides for 6 days. There-
after, cells were treated with BSA or rhIL-13 in the absence or presence of the
PI3K inhibitor wortmannin (100 nmol/L, Cell Signaling) for 2 hours to measure
phospho—c-Jun levels or for 24 hours (a total of 7 days of IL-13 treatment) to
quantify IRAK-M and TLR2 protein expression by means of Western blotting.
The wortmannin dose was chosen according to previous publications™' '3 and
our preliminary optimization experiment in which wortmannin at 100 nmol/L
effectively inhibited PI3K without significant cytotoxicity.
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c-Jun activity assay in normal human

tracheobronchial epithelial cell cultures

Normal human tracheobronchial epithelial cells at passage 2 were seeded
into 12-well cell culture plates at 2 X 10° cells/well in BEGM with supplements
at 37°Cin a 5% CO, atmosphere. At 80% to 90% confluence, cells were treated
with BSA or 10 ng/mL rhIL-13 for 5, 15, 30, 60, and 120 minutes. Nuclear pro-
teins were extracted and analyzed by using an ELISA-based TransAM AP-1/
c-Jun activation assay (Active Motif) to measure c-Jun activity.

Chromatin immunoprecipitation analysis

Normal human tracheobronchial epithelial cells at passage 2 were seeded
into collagen-coated 60-mm tissue culture dishes in BEGM with supplements
at 37°C in a 5% CO, atmosphere. At 80% to 90% confluence, cells were trea-
ted with BSA or 10 ng/mL rhIL-13 for 2 hours. Chromatin immunoprecipita-
tion analysis™ *F'> was performed by using a mouse anti—c-Jun antibody
(Santa Cruz Biotechnology) or control murine IgG. Immunoprecipitated
DNA was amplified by means of quantitative real-time RT-PCR with the
SYBR Green Supermix (Bio-Rad Laboratories) and primers 5'-TATCATT
GATGGGCATT-TGG-3" and 5'-GATCTCCCCGACTCCAATTC-3’, which
cover the human IRAK-M gene promoter region containing the putative
AP-1/c-Jun binding site (—2179 bp to —2350 bp from the transcriptional start
site of the human IRAK-M gene, NM_001142523.1). PCR products were sub-
jected to 2.2% agarose gel electrophoresis, visualized by means of ethidium
bromide staining, and quantified by using densitometry. All values were nor-
malized to input DNA and expressed as the fold induction in chromatin enrich-
ment with c-Jun antibody to indicate c-Jun binding intensity.

IRAK-M gene knockdown in normal human brushed

bronchial epithelial cells

A vesicular stomatitis virus envelope glycoprotein—pseudotyping approach
was used to transduce human IRAK-M shRNA encoded in a lentiviral vector
(pLL3.7) to normal human brushed bronchial epithelial cells. Antiparallel
pairs of oligonucleotides that encode the sShRNA of human IRAK-M were
ordered from IDT laboratories (San Diego, Calif), and the sequences are as
follows: sense, 5'-TGGATGTTCGTCATATTGAATTCAAGAGA-

TTCAATATGACGAACATCCTTTTTTC-3'; antisense, 5'-TCGAGAAA
AAAGGATGTTC-

GTCATATTGAATCTCTTGAATTCAATATGACGAACATCCA-3'. Hu-
man IRAK-M shRNA encoded in pLL3.7 was generated as previously
described.®“F!® Briefly, epithelial cells at passage 2 were cultured in 6-well
culture plates (1 X 10° cells/well) under immersed conditions until about
60% confluence, when they were transduced with either pLL3.7-shLUC (an
irrelevant gene control) or pLL3.7-shIRAK-M (shIRAK-M) once daily for 3
consecutive days. Forty-eight hours after the last transduction, cells were col-
lected to verify IRAK-M gene knockdown at both the mRNA and protein
levels. The remaining cells were used for ALI culture, as described above.
On ALI day 10, cells were treated with BSA or 10 ng/mL rhIL-13 at both
the apical and basolateral sides for 6 days. Thereafter, cells were treated for
24 hours with BSA or rhIL-13 with or without 100 ng/mL TLR2 agonist
Pam2CSK4. The dose of Pam2CSK4 was chosen according to previous pub-
lications™'7"E'® and our preliminary optimization experiment in which 100 ng/
mL (vs 1 and 10 ng/mL) Pam2CSK3 demonstrated the maximal IL-8 induc-
tion at 24 hours. At the end of culture, cells were processed to measure NF-
kB p65 activity by using an ELISA-based NF-kB p65 activation assay (Active
Motif), and TLR2 protein expression was measured by using Western blotting.
The levels of hBD2 peptide in apical supernatants were measured by using an
ELISA (PeproTech, Rocky Hill, NJ).

Generation of a human lung epithelial cell line
stably overexpressing human IRAK-M protein

Human IRAK-M Mammalian Gene Collection—verified full-length cDNA
in pBluescriptR vector (MHS1010-9204142, clone ID 30335802) was from
Open Biosystems (Huntsville, Ala). The mammalian expression plasmid
encoding human IRAK-M was constructed by using PCR amplification and
subsequently cloned into a cytomegalovirus promoter—based vector.
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Human lung mucoepidermoid carcinoma—derived NCI-H292 cells (clone
CRL-1848) were from the American Type Culture Collection. Cells at passage
8 were seeded at a concentration of 1 X 10° cells/well in 6-well cell culture
plates in RPMI1640 containing 10% FBS without antibiotics. After overnight
growth, plasmid transfection was performed with Lipofectamine 2000 (Invi-
trogen). Briefly, 4 pwg of plasmid DNA (human IRAK-M or empty vector)
was mixed with 10 pL of Lipofectamine 2000 in 500 L of Opti-MEM I Re-
duced Serum Media (Invitrogen) and layered onto NCI-H292 cells. After 48
hours, transfection medium was replaced with RPMI 1640 containing 10%
FBS and 800 pg/mL G418 (Invitrogen). G418 selective medium was refreshed
every 3 to 4 days until formation of cell colonies. Positive cell clones express-
ing human IRAK-M protein were confirmed by means of Western blotting.
NCI-H292 cells stably overexpressing human IRAK-M or empty vector
were maintained in RPMI 1640 with 10% FBS and G418 (400 pg/mL).

To evaluate the effects of IRAK-M on TLR2 signaling, cells were seeded at
2 X 10° cells/well in 12-well cell culture plates, starved in serum-free X-VIVO
10 medium (Lonza) for 2 hours, and then treated with or without Pam2CSK4
at 10 ng/mL (an optimal dose from our preliminary experiment) in X-VIVO 10
medium for an additional 6 hours. At the end of culture, cells were processed
to measure NF-kB p65 activity by using an ELISA-based NF-«kB p65 activa-
tion assay (Active Motif) and TLR2 protein by means of Western blotting.
IL-8 in cell supernatants was measured with a human CXCL/IL-8 DuoSet
ELISA kit (R&D Systems) and normalized by cell numbers at harvest.

Western blot analysis

Equal amounts of protein samples were separated on 8% or 10% Precise
Protein Gels (Pierce), transferred onto nitrocellulose membranes, and probed
with primary antibodies: rabbit anti-human IRAK-M (Millipore), mouse anti-
human TLR2/CD282 (Imgenex Corp), mouse anti-GAPDH (6CS5; Santa Cruz
Biotechnology), phospho-Akt rabbit antibody (Cell Signaling), Akt rabbit
antibody (Cell Signaling), or phospho—c-Jun rabbit antibody (Cell Signaling).
Blots were then incubated with appropriate horseradish peroxidase—linked
secondary antibodies and Pierce ECL western blotting substrate. Densitom-
etry was performed with NIH Image-J software. The IRAK-M/GAPDH,
TLR2/GAPDH, or phospho—c-Jun/GAPDH ratios were calculated to deter-
mine protein expression levels, activation levels, or both.

Quantitative real-time RT-PCR

The TagqMan Gene Expression Assay for human IRAK-M
(Hs00200502_m1) was obtained from Applied Biosystems (Foster City,
Calif). Quantitative real-time RT-PCR was performed on the CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories). The housekeeping gene
GAPDH was evaluated as an internal positive control. The comparative cycle
of threshold (AACt) method was used to demonstrate the relative mRNA
levels of the IRAK-M gene."®

Statistical analysis

Data are presented as means = SEMs. One-way ANOVA was used for
multiple comparisons, and a Tukey post hoc test was applied where appropri-
ate. The Student 7 test was used when only 2 groups were compared. A P value
of less than .05 was considered significant.
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