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Inner ear dysfunction secondary to chronic otitis media (OM), including high-frequency sensorineural hearing
loss or vertigo, is not uncommon. Although chronic middle ear inflammation is believed to cause inner ear
dysfunction by entry of OM pathogen components or cytokines from the middle ear into the inner ear, the
underlying mechanisms are not well understood. Previously, we demonstrated that the spiral ligament fibrocyte
(SLF) cell line up-regulates monocyte chemotactic protein 1 (MCP-1) expression after treatment with nontypeable
Haemophilus influenzae (NTHI), one of the most common OM pathogens. We hypothesized that the SLF-derived
MCP-1 plays a role in inner ear inflammation secondary to OM that is responsible for hearing loss and dizziness.
The purpose of this study was to investigate the signaling pathway involved in NTHI-induced MCP-1 up-regulation
in SLFs. Here we show for the first time that NTHI induces MCP-1 up-regulation in the SLF's via Toll-like receptor
2 (TLR2)-dependent activation of NF-kB. TLR2™/~- and MyD88 /'~ -derived SLFs revealed involvement of TLR2
and MyD88 in NTHI-induced MCP-1 up-regulation. Studies using chemical inhibitors and dominant-negative
constructs demonstrated that it is mediated by the IkKp-dependent IkBa phosphorylation and NTHI-induced
NF-kB nuclear translocation. Furthermore, we demonstrated that the binding of NF-kB to the enhancer region of
MCP-1 is involved in this up-regulation. In addition, we have identified a potential NF-«kB motif that is responsive
and specific to certain NTHI molecules or ligands. Further studies are necessary to reveal specific ligands of NTHI
that activate host receptors. These results may provide us with new therapeutic strategies for prevention of inner ear

dysfunction secondary to chronic middle ear inflammation.

Antibiotics have led to a dramatic decline in the incidence of
life-threatening complications of otitis media (OM), such as
meningitis or brain abscess (3). However, inner ear dysfunction
secondary to chronic OM, including high-frequency sensori-
neural hearing loss or vertigo, is not uncommon (13, 26, 36, 55,
60). Although chronic middle ear inflammation is believed to
cause inner ear dysfunction by entry of OM pathogen compo-
nents or cytokines from the middle ear into the inner ear, the
underlying mechanisms are not well understood (18, 32, 39, 44,
52, 87).

The inner ear is a sensory organ for hearing (cochlea) and
equilibrium (vestibule). It consists of a variety of specialized
cell types (50, 51), such as sensory hair cells, supporting cells,
sulcus cells, and spiral ligament fibrocytes (SLFs), which are
the most abundant cell types exposed to the perilymph. The
type of inner ear cells that respond to proinflammatory signals
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entering the inner ear remain unknown. Considering that SLFs
are one of the abundant cell types in the cochlea and that they
secrete cytokines and chemokines after proinflammatory stim-
uli (72, 97), we hypothesized that the SLFs are major respond-
ers to such signals.

Preliminary studies of human temporal bones with labyrin-
thitis showed the infiltration of lysozyme-positive round cells
with a monomorphic nucleus into the spiral ligament (unpub-
lished data). Also, SLF cell lines (96) showed an induction in
monocyte chemotactic protein 1 (MCP-1) expression after
treatment with lysate of nontypeable Haemophilus influenzae
(NTHI), one of the most common OM pathogens (72). More-
over, it has previously been shown that monocytes can infiltrate
cochlea exhibiting chronic middle ear inflammation or acoustic
trauma (22, 34, 37). These results led us to focus on MCP-1 as
an SLF-derived proinflammatory chemokine attracting effec-
tor cells and causing inner ear dysfunction.

MCP-1, also known as the chemokine C-C motif ligand 2, is
produced by various cells, including endothelial cells, smooth
muscle cells, fibroblasts, and macrophages, in response to cy-
tokines, growth factors, or bacterial components (9, 46, 78). It
is encoded by an immediate-early gene (33) and is up-regu-
lated by various stimuli such as bacterial lipopolysaccharide
(LPS), interleukin-1 (IL-1), tumor necrosis factor alpha, plate-
let-derived growth factor, gamma interferon, or oxidized low-
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density lipoprotein (9, 28, 77). MCP-1 is involved in inflamma-
tory disorders, including rheumatoid arthritis, glomerular
disease, pulmonary granulomatous vasculitits, tumor infiltra-
tion, psoriasis, and atherosclerosis (14, 16, 20, 45, 54).

NTHI is a small, gram-negative bacterium, existing as a
commensal organism in the human nasopharynx (62). Al-
though NTHI rarely causes life-threatening infections, it is
nonetheless a clinically important pathogen since it is one of
the underlying causes of OM in children and exacerbates
chronic obstructive pulmonary disease in adults (21, 73). The
organism lacks a polysaccharide capsule, which is used for
typing, and it releases a unique endotoxin, lipooligosaccharide,
which is structurally different from the LPS of enterobacteria
(24). Although NTHI is a gram-negative bacterium, it is be-
lieved to express molecules that activate not only Toll-like
receptor 4 (TLR4) but also TLR2 (57, 82, 83, 93). The inter-
actions of NTHI antigens with specific host molecules are
likely to be involved in the transition of NTHI from a com-
mensal to a pathogenic organism.

TLRs are cell surface receptors that play a role in recogni-
tion of pathogen-associated molecular patterns (PAMPs) such
as LPS, lipoteichoic acid, and peptidoglycans (2, 6, 65). PAMPs
are highly conserved structures present in large groups of mi-
croorganisms and are produced only by microbial pathogens,
not by their hosts. TLRs are known to transmit signals from the
cell surface via activation of NF-«kB, mitogen-activated protein
kinase p38, and Jun amino-terminal kinase (63). However, it is
unknown which signaling pathway is involved in the TLR-
dependent MCP-1 up-regulation in cochlear SLFs. It was pre-
viously demonstrated that the outer sulcus cells of the cochlea
express TLR4, leading to an LPS-induced IL-1B up-regulation
in the inner ear (29). However, it is not clear which TLR is
involved in recognizing and binding to NTHI molecules and
transmitting the signals to the inner ear cells. Therefore, we
explored the possibility of TLR2 and/or TLR4 being necessary
and required receptors for NTHI-induced MCP-1 up-regula-
tion of SLFs.

To address these questions, we investigated the TLR2- and
TLR4-dependent NF-kB signaling pathway. We show that
NTHI induces MCP-1 up-regulation in SLFs via TLR2-depen-
dent activation of NF-«kB, which in turn is mediated by IkKp-
dependent IkBa phosphorylation. Furthermore, we demon-
strate that the binding of NF-kB to the enhancer region of
MCP-1 is involved in this up-regulation. In addition, we have
also identified a potential NF-kB motif that is responsive and
specific to certain NTHI molecules or ligands. These results
may provide us with new therapeutic strategies for prevention
of inner ear dysfunction secondary to chronic middle ear in-
flammation.

MATERIALS AND METHODS

Reagents. Caffeic acid phenetyl ester (CAPE) (an NF-«B inhibitor) and
MG132 (a cell-permeative proteasome inhibitor) were purchased from Calbio-
chem (San Diego, CA). TagMan primers and probes for rat MCP-1
(Rn00580555_m1), mouse MCP-1 (Mm00441242_m1), rat GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) (4352338E), and mouse GAPDH (4352339E)
were purchased from Applied Biosystems (Foster City, CA).

Cell culture. The rat SLF cell line, immortalized with adenovirus type 12-
simian virus 40 hybrid virus (96), was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum, penicillin (100 units/ml), and streptomycin (0.1 mg/ml). Epidermal
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fibroblasts of Sprague-Dawley rat (CRL-1213) were purchased from the ATCC
(Manassas, VA). Primary SLFs were cultured from explants of the cochlear
lateral walls of TLR2 and MyD88 gene knockout mice, which were kind gifts
from J.-D. Li (University of Rochester, Rochester, NY). C57BL/6, the back-
ground strain for both knockout mice, was purchased from Charles River Lab-
oratories, Inc. (Wilmington, MA) and was used as a control. Briefly, 1-day-old
mouse pups were euthanatized in a CO, chamber and then decapitated. All
aspects of animal handling were performed according to approved IACUC
guidelines. The cochlea was isolated with preservation of its normal structure
after dissecting the inner ear from the skull base. After removal of the bony otic
capsule, the spiral ligament was dissected away from the surrounding tissue (stria
vascularis, organ of Corti, and Reissner’s membrane) using fine forceps. Explants
of the spiral ligament were plated onto collagen-coated petri dishes in DMEM
supplemented with 10% fetal bovine serum. After proliferation of the primary
cells, the explant was removed. (See Fig. 3C for dissection micrograph views of
these procedures.) Primary cells of passage 5 or less were used in this study.
All cells were maintained at 37°C in a humidified atmosphere of 5% CO, and
95% air.

Bacterial culture and preparation of bacterial lysate. NTHI strain 12, origi-
nally a clinical isolate from the middle ear fluid of a child with acute OM, was
used in this study (10). The NTHI lysate was prepared as described previously
(48). Briefly, a single colony of NTHI was harvested from a chocolate agar plate,
inoculated into 30 ml of brain heart infusion broth supplemented with NAD (3.5
pg/ml), and placed in a shaking incubator overnight. The supernatant was dis-
carded after centrifugation at 10,000 X g for 10 min. The pellet was resuspended
in 10 ml of phosphate-buffered saline (PBS) and sonicated to lyse the bacteria.
The lysate was then centrifuged at 10,000 X g for 10 min, and the supernatant
was collected. The protein concentration in the NTHI lysate was determined
using the bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnologies,
Rockford, IL) and was in the range of 0.15 mg/ml.

Immunolabeling. Six 10-week-old male BALB/c mice were used in this exper-
iment. All aspects of animal handling were performed according to approved
IACUC guidelines. Ten microliters of live NTHI suspension (10%/ml) in saline
was transtympanically inoculated in the mouse middle ear after anesthesia with
Ketamine (5 mg/100 g). As a control, normal saline was inoculated by the same
procedure. Mice were euthanatized by CO, inhalation and cervical dislocation
after the second day postinoculation, and the cochlea was dissected from the
skull base. The dissected cochlea was fixed with 4% paraformaldehyde and
decalcified with EDTA. After dehydration in a series of graded alcohol and
xylene solutions, the cochlea was embedded in paraffin and sectioned through the
mid-modiolar plane at a thickness of 10 um. Endogenous peroxidase activity was
quenched with incubation in 0.3% H,O, for 30 min after tissue sections were
deparaffinized and rehydrated through an identical series of graded xylene and
alcohol solutions. Nonspecific binding sites were blocked by preincubation with
a 1:500 dilution of horse serum for 30 min at room temperature. Polyclonal
anti-MCP-1 antibody (1:200; Santa Cruz Biotechnology Inc., Santa Cruz, CA)
was incubated with the sample for 1 h at room temperature. The sections were
washed with PBS three times and incubated with a 1:500 dilution of biotinylated
anti-rabbit immunoglobulin G (IgG) antibody (Vector Laboratories, Burlin-
game, CA) for 30 min at room temperature. Peroxidase was attached by the
avidin-biotin complex method, and signals were detected with diaminobenzidine
tetrahydrochloride. For immunofluorescent staining, cells were cultured on four-
chamber microscope slides. After overnight starvation, cells were treated with
the NTHI lysate for 1 h, fixed with 4% paraformaldehyde, blocked using goat
serum, and subsequently incubated in the presence of mouse anti-p65 NF-«kB
antibody (1:200; Santa Cruz Biotechnology Inc.) for 1 h at room temperature.
Primary antibody was detected with rhodamine-conjugated goat anti-mouse IgG
(1:500; Santa Cruz Biotechnology Inc.). Samples were then viewed and photo-
graphed using a Zeiss Axiophot microscope equipped with an AxioVision image
analyzer (Carl Zeiss Microlmaging Inc., Thornwood, NY).

Western blotting and phosphorylation assay. The cells were grown to 80%
confluence in six-well culture plates. After overnight starvation with basal me-
dium, the cells were treated with a 1:20 dilution of the NTHI lysate for 8 h. The
cells were lysed with cell lysis buffer (Cell Signaling Technology, Beverly, MA)
supplemented with 1 mM phenylmethylsulfonyl fluoride (Calbiochem). The ly-
sates were then centrifuged at 14,000 X g for 15 min, and the supernatants were
collected. The protein concentration in the supernatants was measured using the
BCA protein assay (Pierce Biotechnologies), and samples were stored at —70°C.
An amount equivalent to 20 ug of protein was loaded onto 10% Tricine gels
(Invitrogen, Carlsbad, CA) and run using Tris-Tricine-sodium dodecyl sulfate
tank buffer (pH 7.4) supplemented with 1 mM sodium orthovanadate (Sigma).
After electrophoresis, the proteins were transferred onto polyvinylidene difluo-
ride membranes (0.2 pm; Bio-Rad, Hercules, CA) and washed three times for 5
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min each in Tris-buffered saline plus 0.05% Tween 20 (TBST). The membranes
were blocked using 5% nonfat dry milk in TBST for 1 h at room temperature and
incubated overnight at 4°C in the presence of a 1:1,000 dilution of a polyclonal
antibody against MCP-1 (Santa Cruz Biotechnologies Inc.). For phosphorylation
assay (70), antibodies against phospho-IkKp, total IkKB, phospho-IkBa, or total
IkBa (Cell Signaling Technology, Beverly, MA) were used as the primary anti-
bodies. The membranes were washed three times for 5 min each with TBST and
incubated for 1 h at room temperature with horseradish peroxidase (HRP)-
conjugated secondary antibody in blocking buffer (anti-rabbit IgG; Cell Signaling
Technology). The membranes were then washed three times with TBST and
incubated in SuperSignal substrate (Pierce Biotechnologies) for 1 min at room
temperature. The chemiluminescence signal was detected by exposure to X-ray
film and quantitated using Quantity One software (Bio-Rad Laboratories, Her-
cules, CA).

Protein array. A solid-phase, sandwich-enzyme-linked immunosorbent assay
(ELISA)-format, multiplexed protein assay was performed to simultaneously
detect various cytokines released by activated cells (72). Briefly, the culture
medium of SLFs was collected 48 h after treatment with either NTHI or PBS.
Membranes preblotted with various anticytokine antibodies (RayBio rat cytokine
antibody array; RayBiotech Inc., Norcross, GA) were incubated with culture
medium for 2 h at room temperature after blocking for nonspecific binding sites
as per the manufacturer’s recommended instructions. After addition of a biotin-
conjugated anticytokine antibody mixture (provided in the kit), the membrane
was incubated with HRP-conjugated streptavidin as per the manufacturer’s in-
structions. Signal intensity was quantified with the Quantity One software (Bio-
Rad Laboratories). Compared to a vehicle control, blotting with biotin-conju-
gated IgG produced a positive signal.

Real-time quantitative PCR. Real-time quantitative PCR was performed as
described previously (71). Briefly, 3 h after treatment with NTHI lysate, total
RNA was extracted using the RNeasy kit (QIAGEN, Valencia, CA), and cDNA
was synthesized using the TagMan reverse transcription kit (Applied Biosystems,
Foster City, CA). Multiplex PCR was performed using the ABI 7500 real-time
PCR system (Applied Biosystems) with gene-specific primers, a 6-carboxyfluo-
rescein-conjugated probe for MCP-1, and a VIC-conjugated probe for GAPDH.
The cycle threshold (C;) values were determined according to the manufactur-
er’s instructions. The relative quantity of mRNA was also determined using the
27AACT method (53). Cy values were normalized to the internal control
(GAPDH), and the results were expressed as fold induction of mRNA, with the
mRNA levels in the nontreated group set as 1.

For reverse transcription-PCR (RT-PCR) analysis, PCR was performed using
gene-specific primers after extracting total RNA and synthesizing cDNA. The
primers used were as follows; rat TLR2, 5'-TCTCTGTCATGTGATGCTGCT
GGT-3" and 5'-TCCAAGTGTTCAAGACTGCCCAGA-3" (239 bp); rat TLR4,
5'-AGTGTATCGGTGGTCAGTGTGCTT-3" and 5'-ATGAAGATGATGCC
AGAGCGGCTA-3' (404 bp); rat 18S rRNA, 5'-GTGGAGCGATTTGTCTGG
TT-3" and 5'-CGCTGAGCCAGTCAGTGTAG-3" (200 bp); mouse TLR2, 5'-
ACGCTGGAGGTGTTGGATGTTAGT-3' and 5'-AACAAAGTGGTTGTCG
CCTGCTTC-3' (237 bp); mouse MyD88, 5'-TAAGTTGTGTGTGTCCGACC
GTGA-3' and 5-TGGGAAAGTCCTTCTTCATCGCCT-3" (230 bp); and
mouse vimentin, 5'-ATCATGCGGCTGCGAGAGAAATTG-3' and 5'-AGCC
TCAGAGAGGTCAGCAAACTT-3" (360 bp). PCR products were analyzed by
electrophoresis on 1.2% Tris-acetate-EDTA agarose gels, stained with ethidium
bromide, and viewed with UV light.

Plasmids, transfection, and luciferase assay. The vectors expressing a domi-
nant-negative mutant TLR2 (TLR2_DN), a wild-type TLR2 (TLR2_WT), a
dominant-negative mutant TLR4 (TLR4_DN), a dominant-negative mutant
IkKB [IkKB(K49A)], and a transdominant mutant IkBa [IkBa(S32/36A)] were
previously described (38, 83). The luciferase-expressing vectors with 5" flanking
regions of rat MCP-1 were kind gifts from D. L. Eizirik (Brussels University,
Brussels, Belgium) (47). The pMCP1-E construct contained NF-kB-binding site
3 (NF-«kB3) as well as the NF-«kB-binding sites of the enhancer regions (NF-kB1
and NF-kB2). In contrast, the pMCP1 —514 to +53 construct had only NF-«kB3.
pGL3-B, a blank vector, was purchased from Promega (Madison, WI). Lucifer-
ase assay was performed as previously described (70). Cells were seeded into
six-well plates at a density of 1.5 X 10° cells/well and transfected at ~60%
confluence. Transfection was performed using the Transit-LT1 transfection re-
agent (PanVera, Madison, WI) according to the manufacturer’s instructions.
pRL-TK vector (Promega) was cotransfected to normalize for transfection effi-
ciency. Transfected cells were then starved overnight in serum-free DMEM,
followed by exposure to the NTHI lysate for 10 h before harvesting. All trans-
fections were carried out in triplicate. The cells were then washed with PBS,
dissolved in 250 pl of cell culture lysis reagent (Promega), and harvested by
scraping. Luciferase activity was measured using a luminometer (Pharmingen, La
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Jolla, CA) after adding the necessary luciferase substrate (Promega). Results
were expressed as fold induction of luciferase activity, taking the value of the
nontreated group as 1.

EMSA and transcription factor assay. Cells were treated with NTHI lysate for
1.5 h after overnight starvation. Nuclear protein was extracted using the NE-PER
nuclear extraction reagent (Pierce Biotechnologies), using previously described
procedures (86). The protein concentration in extracts was determined using a
BCA protein assay kit (Pierce Biotechnologies). The following 5'-biotin-labeled
double-stranded oligonucleotide probes were from Integrated DNA Technolo-
gies, Inc. (Coralville, IA): rat MCP-1 enhancer NF-«B site 1, 5'-AAGGGTCT
GGGAACTTCCAAT-3'; NF-kB site 2, 5'-~AGAATGGGAATTTCCACACTC
TT-3'. In vitro binding of NF-kB to the MCP-1 enhancer was determined using
the LightShift chemiluminescent electrophoretic mobility shift assays (EMSA)
kit (Pierce Biotechnologies) according to the manufacturer’s instructions.
Briefly, nuclear proteins (4 g) were incubated with a biotin-labeled target DNA
probe (20 fmol) in 20 wl of binding buffer containing 1 g poly(dIdC), 10 mM
Tris (pH 7.5), 50 mM KCI, 1 mM dithiothreitol, 10 mM MgCl,, 0.05% NP-40,
and 2.5% (vol/vol) glycerol for 20 min at room temperature. Samples were
applied to 6% polyacrylamide gels under native conditions in high-ionic-strength
buffer, and electrophoresis was performed until the bromophenol blue dye mi-
grated three-fourths down the length of the gel. As positive and negative con-
trols, a biotinylated Epstein-Barr nuclear antigen (EBNA) control DNA (5'-T
AGGCATATGCTA-3") was applied with or without the EBNA extract.
Electrophoretic gels were transferred to nylon membranes at 380 mA for 30 min
in 0.5 Tris-borate-EDTA buffer cooled to 10°C. Transferred DNA was cross-
linked to membranes using a UV lamp for 10 min. To detect biotin-labeled
DNA, a 1:300 dilution of streptavidin-HRP conjugate was applied to the mem-
branes for 15 min. After washing, the chemiluminescent substrate was added and
the signal was detected with exposure to X-ray films. For transcription factor
assay, activated transcription factors were analyzed using the ELISA-based
TransFactor kit (Clontech, Mountain View, CA) according to the manufacturer’s
instructions. In brief, nuclear protein was applied to a 96-well plate coated with
oligonucleotides containing the consensus sequence of a different transcription
factor, i.e., p65 (5'-GGGGTATTTCC-3"), p50 (5'-GGGGATCCC-3"), c-Rel
(5'-GGGGTATTTCC-3'), c-Fos (5'-TGACTCA-3'), CREB-1 (5'-TGACATC
A-3"), or ATF2 (5'-TGACATCA-3"). Binding of transcription factors was inhib-
ited with a competitor DNA consisting of the same sequence as in the oligonu-
cleotide-coated wells, in order to demonstrate the binding specificity between
DNA and the transcription factor. After the wells were washed, bound transcrip-
tion factors were labeled with a 1:100 dilution of primary polyclonal antibodies
against each transcription factor at room temperature for 1 h. Unbound anti-
bodies were washed out, followed by incubation with a 1:1,000 dilution of anti-
rabbit IgG conjugated with HRP at room temperature for 30 min. One hundred
microliters of tetramethylbenzidine substrate was added to each well and incu-
bated at room temperature for 10 min. The absorbance was measured at 655 nm
with a microtiter plate reader.

Statistics. All experiments were carried out in triplicate. Results are expressed
as means * standard deviations. Statistical analysis was performed using Stu-
dent’s ¢ test, with significance considered to be a P value of <0.01 or <0.05.

RESULTS

NTHI highly induces MCP-1 in SLFs. We hypothesized that
SLFs recognize inflammatory signals and express chemokines
and cytokines. Up-regulation of inner-ear-derived proinflam-
matory chemokines and cytokines probably leads to attraction
of effector cells, resulting in inner ear dysfunction. Our pre-
liminary data showed that mononuclear cells infiltrated in the
spiral ligament of the human cochlea with labyrinthitis, com-
bined with OM, which is consistent with our hypothesis (data
not shown). We also previously reported that the SLF cell line
up-regulates various chemokines and cytokines upon exposure
to lysate of NTHI, a common OM pathogen (72). Most signif-
icantly, a predominant induction of MCP-1 after treatment
with the NTHI lysate was shown. To determine whether NTHI
up-regulates MCP-1 in SLFs of animal models, we transtym-
panically inoculated live NTHI in the mouse middle ear and
performed immunolabeling of the cochlear lateral wall. The
results showed up-regulation of MCP-1 expression in the
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FIG. 1. SLFs up-regulate MCP-1 upon exposure to NTHI. (A and B) Illustrations of the cochlear three-dimensional structure (A) and the
cochlear lateral wall (B). Mo, modiolus; SV, scala vestibuli; ST, scala tympani; *, scala media; CoN, cochlear nerve; CL, cochlear lateral wall. (C
and D) Immunolabeling of the cochlear lateral wall shows up-regulation of MCP-1 expression in the NTHI-treated group (D) compared to a
control (C). Live NTHI was inoculated in the mouse middle ear, and the cochlea was dissected after 2 days. As a control, normal saline was
inoculated with a same procedure. After decalcification and sectioning, immunolabeling was performed using a polyclonal anti-MCP-1 antibody.
(E) Western blotting and its densitinogram show that SLFs up-regulate MCP-1 upon exposure to the NTHI lysate, compared to the PBS-treated
control (Con). The spiral ligament cell line was treated with two different culture batches (1 and 2) of NTHI lysate for 8 h, and the cells were
harvested. Soluble protein was extracted by gently lysing the cells in the presence of protease inhibitors, followed by centrifugation. The soluble
protein fraction was separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subsequently transferred onto polyvi-
nylidene difluoride membranes and labeled with a polyclonal anti-MCP-1 antibody. Signal was detected by exposure to X-ray film, and the relative

density of MCP-1 was measured with normalization to B-tubulin levels.

NTHI-treated group (Fig. 1D) compared to a control (Fig.
1C). Western blotting demonstrated that the SLF cell line
induces MCP-1 upon exposure to NTHI lysate (Fig. 1E). The
MCP-1 band (16.3 kDa), which is hardly seen in the control,
suggests that SLFs do not express measurable levels of MCP-1
in the unexposed state.

To evaluate if SLFs release MCP-1, we performed a solid-
phase multiplexed protein assay in a sandwich ELISA format
in culture medium that was collected 48 h after exposure to the
NTHI lysate. The results indicate that MCP-1 is released from
SLFs after NTHI exposure, compared to a PBS-treated control
(Fig. 2A). Interestingly, the release of IL-13 after NTHI ex-
posure is not obvious. Real-time quantitative PCR was per-

formed to examine the mRNA level of MCP-1. MCP-1 mRNA
was highly up-regulated with exposure to NTHI lysate in a
time-dependent manner, reaching saturation at between 4 h
and 8 h postexposure (Fig. 2B). To rule out that this up-
regulation is not a cell-specific phenomenon, primary fibro-
blasts of the epidermis were compared in parallel. The fold
induction of MCP-1 mRNA by exposure to the NTHI lysate
was much higher than that of IL-1B in both SLF cell lines and
primary epidermal fibroblasts (Fig. 2C).

TLR-2 and MyD88 are involved in NTHI-induced MCP-1
up-regulation. It is unknown which cell surface receptors of
SLFs are involved in recognizing specific molecules of NTHI
lysates and transmitting signals to the cytoplasm. TLRs have
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FIG. 2. SLFs release MCP-1, but not II-1B, upon exposure to NTHI lysate. (A) The protein array and its densitinogram show that the spiral
ligament cells release MCP-1 after treatment with a lysate of NTHI, compared with the PBS-treated control. Cell culture medium was collected
48 h after treatment, and a solid-phase multiplexed protein assay in a sandwich ELISA format was performed. The chemiluminescence signal was
detected by exposure to X-ray film and quantitated using Quantity One software. MCP-1 is released from SLFs after treatment with a lysate of
NTHI, while release of IL-1 is not obvious. Con, PBS-treated control; Pos, positive signal produced by blotting of biotin-conjugated IgG; Neg,
negative signal produced by blotting of vehicle. (B) Real-time quantitative PCR demonstrates a time-dependent up-regulation in the levels of
MCP-1 mRNA after treatment with NTHI lysate, reaching saturation at between 4 h and 8 h. (C) MCP-1 expression levels are much higher than
IL-1B levels in both the spiral ligament cell line and primary epidermal fibroblasts (CRL). For real-time quantitative PCR, multiplex PCR was
performed and the C; values of MCP-1 were normalized to the internal control, GAPDH. Results are expressed relative to the fold induction of
mRNA levels, taking the value of the nontreated group as 1. The experiments were performed in triplicate and repeated more than twice. Values
are given as means * standard deviations (n = 3). *, P < 0.05; #%, P < 0.01.

been implicated in playing a role in the recognition of PAMPs
such as LPS, peptidoglycans, and lipoproteins (2, 64). Based on
the evidence that TLR2 plays a critical role in the cellular
response to bacterial products (83, 95), we first investigated the
expression of TLR2 in the rat SLF cell line. Conventional

RT-PCR showed that TLR2 and TLR4 are expressed in SLFs
(Fig. 3A). Interestingly, real-time quantitative PCR demon-
strated that TLR2, but not TLR4, is up-regulated when treated
with NTHI, indicating the possible involvement of TLR2 in the
NTHI-induced signaling pathway. To evaluate if TLR2 is re-
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quantitative PCR show that the spiral ligament cell line expresses TLR2 and TLR4. TLR2 is up-regulated only by NTHI treatment in SLFs. Con,
control. (B) NTHI-induced MCP-1 up-regulation is inhibited by the dominant-negative TLR2 construct (TLR2_DN) but not by the TLR4
dominant-negative construct (TLR4_DN) (left panel). In contrast, overexpression of wild-type TLR2 (TLR2_WT) enhances NTHI-induced
MCP-1 up-regulation. The luciferase assay demonstrates that the TLR2 dominant-negative construct inhibits NTHI-induced activation of the
MCP-1 promoter (right panel). MCP1-E vector was cotransfected with the TLR2 dominant-negative construct and pRL-TK vector. pcDNA, mock
transfection with a blank vector. (C) Dissection microscopic views demonstrating separation of the cochlear lateral wall from the cochlea of
gene-targeted mouse pups. The cochlea is isolated with preservation of its normal structure, such as the round window (arrowhead), after dissecting
the inner ear from the skull base (C1). After removal of the bony otic capsule (C2), the cochlear lateral wall is separated (C3) and ready for the
explant culture (C4). Apex, cochlear apex; CL, cochlear lateral wall; CoN, cochlear nerve; #, an explant of the cochlear lateral wall. (D) Real-time
quantitative PCR shows that targeting TLR2 or MyD88 blocks NTHI-induced MCP-1 up-regulation more than 90% and 100%, respectively. The
NTHI lysate was incubated with the primary SLFs derived from wild-type or knockout mice after starvation. Cells were harvested 3 h after
treatment, and total RNA was extracted. After synthesizing cDNA, multiplex PCR was performed for real-time quantitation, and the C; values
of MCP-1 were normalized to the internal control, GAPDH. Results are expressed as fold induction of mRNA quantity or luciferase activity, taking
the value of the nontreated group as 1. The experiments were performed in triplicate and repeated more than twice. Values are given as the
means * standard deviations (n = 3). ¥, P < 0.05; *%, P < 0.01.

quired for NTHI-induced MCP-1 up-regulation, dominant- tors such as TLR2 and TLR4 (67). The spiral ligaments was
negative mutant constructs of TLR2 and TLR4 were trans- dissected from the inner ears of the gene knockout mice, and
fected in SLFs. The results show that NTHI-induced MCP-1 primary SLFs were cultured from explanted pieces of the spiral
up-regulation was inhibited by transfection of SLFs with a ligament (Fig. 3C). RT-PCR identified gene expression pro-
dominant-negative mutant construct of TLR2 by 80 to 90%, files of primary SLFs derived from gene knockout mice (data
but not by TLR4 (Fig. 3B, left panel). Moreover, overexpres- not shown). Neither TLR2 nor MyD88 mRNA was expressed
sion of wild-type TLR2 enhanced NTHI-induced MCP-1 up- in TLR2 or MyD88 gene knockout mice, respectively. In con-
regulation by two- to threefold. The luciferase assay showed trast, vimentin mRNA was expressed in all of the wild-type and
that NTHI-induced activation of the MCP-1 promoter de- knockout mice, regardless of NTHI treatment. As shown in
creased by dominant-negative inhibition of TLR2 (Fig. 3B, Fig. 3D, knocking out TLR2 blocks NTHI-induced MCP-1
right panel). up-regulation by more than 90%. Interestingly, in the case of

We next examined the involvement of TLR2 and MyD88 by MyD88-targeted SLFs, MCP-1 remained unchanged when ex-
using gene knockout mice (1, 88). MyD88 is a general adaptor/ posed to the NTHI lysate, indicating that MyD88 may be
regulator molecule for the Toll/IL-1 receptor family of recep- involved in TLR2-independent signaling pathways. Taken to-
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deviations (n = 3). %, P < 0.05; #*, P < 0.01.

gether, the results suggest that the TLR2-MyDS88 signaling
pathway is involved in the NTHI-induced up-regulation of
MCP-1 expression.

Activation of NF-kB via IkK-dependent IkBa phosphory-
lation is required for NTHI-induced MCP-1 up-regulation.
The transcription factor NF-«kB plays a critical role in inflam-
matory responses (8, 49). Since the original classification of
NF-kB as a nuclear factor that bound to the kB enhancer motif
of the Ig k chain gene (81, 85), five other NF-«B subunits (p65,
c-Rel, RelB, p50, and p52) have been identified, which func-
tion as homo- and heterodimers (30). In addition, since NF-«kB
activation is required for up-regulation of MCP-1 in other
systems, such as kidney (79), blood vessel (61), and pancreas
(47), we sought to explore the involvement of NF-kB in NTHI-
induced MCP-1 up-regulation of SLFs. Nuclear translocation
is a key step for activation of NF-kB and is controlled mainly
by IkBa, an inhibitory subunit. Once IkBa is phosphorylated
and degraded by proteasomes, NF-kB is released from the

NF-kB-IkBa complex and is free to translocate to the nucleus
(75). Immunolabeling of SLFs showed that NF-«B translocates
to the nucleus upon exposure to NTHI lysate (Fig. 4A). Pre-
treatment with CAPE or MG-132 (a cell-permeative protea-
some inhibitor) resulted in partial inhibition of NF-«kB trans-
location by NTHI treatment. CAPE and MG-132 are chemical
inhibitors which block NF-kB translocation without affecting
IkBa degradation (74) and prevent degradation of IkBa (75),
respectively.

To determine if activation of NF-«B is involved in NTHI-
induced MCP-1 up-regulation, SLFs were pretreated with
CAPE or MG-132 before NTHI treatment. Real-time quanti-
tative PCR demonstrated that NTHI-induced MCP-1 up-reg-
ulation was inhibited, in a dose-dependent manner, by 30% to
40% in cells pretreated with CAPE and by 80% to 90% in cells
pretreated with MG-132 (Fig. 4B). IkB is phosphorylated by its
upstream kinase, IkK, which is itself activated by phosphory-
lation via another upstream kinase (30, 40). Phosphorylation
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assay demonstrated that both IkBa and IkK are phosphory-
lated upon exposure to the NTHI lysate but not in the control
(Fig. 4C). Moreover, NTHI-induced MCP-1 up-regulation was
inhibited by transfection of SLFs with a dominant-negative
mutant construct of IkKp [IkKB(K49A)] or a transdominant
mutant form of IkBa [IkBa(S32/36A)], by 85 to 95% or 70 to
90%, respectively. IkBa(S32/36A) was mutated in two critical
serine residues which are required for IkK-mediated phos-
phorylation. In addition, the luciferase assay demonstrated
that inhibition of IkKB and IkBa decreased NTHI-induced
activation of the MCP-1 promoter (Fig. 4D). These results
suggest that this up-regulation requires the activation of
NF-kB, mediated by the IkKp-dependent IkBa signaling
pathway in the SLFs.

Binding of NF-kB to the enhancer region of MCP-1 is in-
volved in NTHI-induced MCP-1 up-regulation. To determine
the 5’ flanking promoter region of the MCP-1 gene, which is
responsive to the NTHI lysate, promoter activity was measured
and compared among the promoter fragments from nucleotide
—514 to +53 relative to the transcription start site, with or
without the enhancer region between —2,180 and —2,478. The
promoter constructs were transfected in SLFs, and the lucif-
erase activity was measured after treatment with the NTHI
lysate. The promoter construct with the enhancer region in-
duced luciferase activity more than fivefold with NTHI treat-
ment, whereas the promoter construct without the enhancer
region showed no significant response to NTHI treatment (Fig.
5A). This result indicates a potentially important role for
NF-«B binding sites within the enhancer region (NF-kB sites 1
and 2), but not in the promoter region (NF-«B site 3).

In order to identify the potential NF-kB-binding site(s) in
vitro, EMSAs were performed using complementary single-
stranded DNA probes spanning two of the NF-kB motifs,
NF-«B site 1 (—2,272 to —2,297) and NF-kB site 2 (—2,242 to
—2,266). Two complexes were apparent upon exposure to the
NTHI lysate in the presence of the NF-«B site 1 probe, but
none were formed with the NF-kB site 2 probe (Fig. 5B). This

enhancer region, spanning the region from —2,272 to —2,297 for
NF-«kB site 1 and from —2,242 to —2,266 for NF-«B site 2. (C) Nuclear
extract of NTHI-treated cells binds to NF-«B site 1 but not to NF-xB
site 2. Two complexes (arrows) are induced in NTHI-treated cells.
Lanes 1 and 4, NTHI-treated cells; lanes 2 and 5, non-NTHI-treated
cells; lanes 3 and 6, oligonucleotide only; PC, positive control (bio-
tinylated EBNA control DNA plus EBNA extract); NC, negative control
(biotinylated EBNA control DNA only). (D) ELISA-based transcrip-
tion factor assay shows that the p65 subunit is activated and translo-
cated to the nucleus by treatment with the NTHI lysate. Nuclear
protein was applied to a 96-well plate coated with oligonucleotides
containing the consensus sequence of a different transcription factor
(p65, p50, c-Rel, c-Fos, CREB-1 or ATF2). Binding of transcription
factors was inhibited with a competitor DNA sequence similar to that
in the oligonucleotide-coated wells, demonstrating the binding speci-
ficity between DNA and the transcription factor. Bound transcription
factors were labeled first with primary polyclonal antibodies specific
for each transcription factor and then with a secondary antibody, an
anti-rabbit IgG antibody conjugated with HRP. After incubation with
the tetramethylbenzidine substrate, the absorbance was measured at 655
nm with a microtiter plate reader. OD, optical density. The experiments
were performed in triplicate and repeated more than twice. Values are
given as the means * standard deviations (n = 3). %, P < 0.01.
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FIG. 6. Schematic representation of the signaling pathways in-
volved in NTHI-induced MCP-1 up-regulation. As indicated, NTHI
up-regulates MCP-1 expression via TLR2-dependent NF-kB activa-
tion. It is hypothesized that the up-regulation of MCP-1 results in
recruitment and attraction of effector cells, leading to cochlear dys-
function and subsequent sensorineural hearing loss.

was unexpected since based on a previous report (47), which
used IL-1PB as a stimulant, NF-kB site 2 is a potential NF-«kB-
binding motif that is responsive to NTHI treatment. This result
suggests that the activation of the NF-kB-binding motif is stim-
ulant specific. We next sought to identify the subunits of NF-
kB/Rel dimers involved, using an ELISA-based transcription
factor assay. Nuclear protein was extracted after NTHI treat-
ment and applied to a 96-well plate coated with oligonucleo-
tides containing either the consensus sequence of NF-kB sub-
units (p65, p50, and c-Rel) or control transcription factors
(c-Fos, CREB-1, and ATF2). NTHI treatment activated the
p65 subunit but not the other NF-«kB subunits (p50 or c-Rel) or
control transcription factors (Fig. 5C). Binding of the p65
subunit was inhibited with a competitor DNA sequence, dem-
onstrating the specificity of binding. This result suggests that
the NF-kB activated by NTHI exposure is a p65 homodimer or
a p65 heterodimer with another subunit other than p50 and
c-Rel (89).

DISCUSSION

In this study, we demonstrated that SLFs up-regulate
MCP-1 upon exposure to NTHI lysate (Fig. 6). We have shown
that this up-regulation requires the TLR2-dependent activa-
tion of NF-«kB, mediated by IkKB-dependent IxkBa phosphor-
ylation. We also showed the presence of a potential NF-xkB
promoter motif that is sensitive to NTHI-specific molecules/
ligands. Additionally, NF-kB binding to the enhancer region of
MCP-1 is required in NTHI-induced MCP-1 up-regulation.

NTHI, a gram-negative bacterium is a normal pharyngeal
flora as well as an important human respiratory pathogen,
which selectively adheres to mucus and mucosal epithelium in
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the Eustachian tube and the middle ear (69) and induces
various proinflammatory cytokines (68). Nasopharyngeal col-
onization of NTHI may persist for prolonged periods of time,
since the bacteria undergo antigenic variation by way of point
mutation, gene amplification, phase variation, or horizontal
gene transfer and homologous recombination (25). The organ-
ism releases its outer membrane fragments during growth (27)
or after treatment with antibiotics (17). NTHI is nontypeable
since it lacks a polysaccharide capsule. The polysaccharide
capsule of H. influenzae type b contains porin, a ligand for
TLR2 (23), whereas TLR4 mediates innate immune responses
to H. influenzae type b (90). Although NTHI activates both
TLR2 and TLR4 (57, 82, 83, 93), our results demonstrated that
TLR2, and not TLR4, is required for NTHI-induced MCP-1
up-regulation. Partially investigated molecules of NTHI, such
as the lipoprotein P6, a specific ligand to TLR2, activate a
specific receptor upon interaction with their hosts (15). Al-
though TLR4 has been shown to be involved in clearing NTHI
from the mouse lung (93), the decrease in lipooligosaccharide
acylation in NTHI mutants has made this clearance more
TLR-2 dependent (57). Further studies are needed to better
understand the interaction between NTHI molecules and spe-
cific host receptors.

The Toll family of receptors is defined by homology to the
Drosophila Toll receptor protein, which plays important roles
in providing antifungal defenses as well as controlling the
dorso-ventral polarity in developing embryos (11, 31, 66). Tar-
geting of TLRs makes the host insensitive to bacterial compo-
nents and delays bacterial clearance (58, 93). TLRs can be
grouped into subfamilies according to the types of ligands they
recognize (76). In addition to recognizing PAMPs, it is also
known that TLRs are activated by endogenous ligands such as
heat shock proteins and necrotic cells (7, 42). TLRs enable the
host to distinguish between the different types of infections in
order to induce the appropriate effector responses. TLR2 and
TLR4 have been shown to recognize lipid-based molecules.
TLR4 recognizes LPS of gram-negative bacteria, while TLR2
is important for recognition of molecules of gram-positive bac-
teria such as lipoproteins and lipoteichoic acid (4). In addition,
TLR2 recognizes a broader range of microbial molecules than
other TLRs. It acts as a receptor for the peptidoglycans of
gram-positive bacteria (80), bacterial lipoproteins (12), and
even atypical LPS of Leptospira and Porphyromonas (35, 92).
TLR2 functions as a heterodimer with either TLR1 or TLR6,
which may explain the broader range of ligand specificity for
TLR2.

In our study, NTHI-induced MCP-1 up-regulation was
blocked completely by targeting of the MyD88 gene but in-
completely by targeting of TLR2. Although our results
demonstrated that TLR2 is a major receptor involved in
NTHI-induced MCP-1 up-regulation, involvement of alternate
TLR2-independent, MyD88-dependent signaling pathways
cannot be ruled out. In addition, since MyDS88 is a ubiquitous
adaptor protein for membrane receptors such as IL-1 receptor,
TLR2, and TLR4 (5, 56), it is expected that targeting the
MyD88 gene will result in more efficient inhibition of signaling
pathways generated from NTHI molecules than blocking of a
single receptor, such as TLR2. It has been demonstrated that
both MyD88-dependent and -independent pathways mediate
signaling in response to LPS (41, 43). Compared to the
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MyDS88-dependent signaling cascade, the activation of NF-kB
via a MyD88-independent signaling is delayed. Our results did
not show MyDS88-independent pathways with delayed kinetics,
since we evaluated only early signaling in response to NTHI.
However, the temporal activation of interferon-related signal-
ing via the Toll/IL-1 receptor domain-containing adaptor in-
ducing beta interferon (TRIF) can be fast (94), suggesting that
TRIF and interferon-related factors may not be involved in
MCP-1 regulation. Moreover, the NTHI lysate, which contains
a mixture of bacterial products, may activate more than one
receptor simultaneously or sequentially. Considering that epi-
thelial cell-derived IL-1 synergistically enhances NTHI-in-
duced DEFB4 (previously human B-defensin 2) up-regulation
(71), it is also possible that NTHI-induced secondary mole-
cules of the host (i.e., cytokines) may be involved in the acti-
vation of TLR2-independent signaling pathways. These results
point to the complexity of the signaling pathways involved in
controlling the expression of MCP-1.

The induction of MCP-1 in other cell types requires activa-
tion of multiple signaling molecules, including protein kinase
C, protein tyrosine kinase, mitogen-activated protein kinase,
and calmodulin (19, 84, 98). Moreover, activation of NF-«kB is
important in the transcriptional regulation of MCP-1, where
the activator protein (AP-1) and sequence-specific transcrip-
tion factor (Sp-1) are essential for basal expression (47, 89, 91).
Our results suggest that NTHI-induced MCP-1 up-regulation
requires activation of NF-kB, mediated by IkKB-dependent
IkBa phosphorylation in the SLFs of the cochlea. Both p65
and p50 of the NF-«kB subunits are known to be involved in
IL-1B-induced MCP-1 up-regulation (47), but in this study, we
showed that NTHI activates only the p65 subunit of NF-kB.
This may explain why NTHI-activated NF-kB binds to a dif-
ferent sequence motif on the promoter region than does IL-
1B-activated NF-kB. p65 may form homodimers in complex
with IkB, potentially changing the binding specificity (59) and
resulting in an increased promiscuity compared to het-
erodimers due to conformational and structural shifts that
occur in one of the dimer partners (15). However, further
studies are necessary to elucidate the other subunit of NF-«kB
involved in forming a dimer.

In conclusion, our studies demonstrate that NTHI, a com-
mon human pathogen of OM and obstructive pulmonary dis-
ease, induces up-regulation of MCP-1 via a TLR2-dependent
NF-«B activation pathway in the SLFs of the cochlea. As far as
we know, this is the first report elucidating the involvement of
TLR2 in MCP-1 up-regulation by bacterial molecules in the
SLFs of the cochlea. Our findings may lead to the development
of a new model for molecular inner ear defense mechanism
and inner ear dysfunction. TLR activation by the specific li-
gands entering inner ear may result in up-regulation of SLF-
derived proinflammatory chemokines, leading to attraction of
effector cells and causing inner ear dysfunction. Further stud-
ies are needed to better understand the molecular pathogen-
esis of inner ear dysfunction secondary to OM, such as senso-
rineural hearing loss and dizziness.
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