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IL-10/HMOX1 signaling modulates cochlear inflammation via
negative regulation of MCP-1/CCL2 expression in cochlear
fibrocytes
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Sung K. Moon”

"Department of Head and Neck Surgery, David Geffen School of Medicine, University of
California, Los Angeles, CA 90095, USA

Division of Clinical and Translational Research, House Research Institute, Los Angeles, CA
90057, USA

*Department of Microbiology & Center for Metabolic Function Regulation (CMFR), Wonkwang
University School of Medicine, Iksan, Jeonbuk 570-749, South Korea

Abstract

Cochlear inflammatory diseases such as tympanogenic labyrinthitis are associated with acquired
sensorineural hearing loss. Although otitis media is extremely frequent in children, tympanogenic
labyrinthitis is not commonly observed, which suggests the existence of a potent anti-
inflammatory mechanism modulating cochlear inflammation. In this study, we aim to determine
the molecular mechanism involved in cochlear protection from inflammation-mediated tissue
damage, focusing on interleukin-10 (IL-10) and hemoxygenase-1 (HMOX1) signaling. We
demonstrated that 1L-10 receptors (IL-10Rs) are expressed in the cochlear lateral wall of mice and
rats, particularly in the spiral ligament fibrocytes (SLFs). The rat SLF cell line (RSL) was found to
inhibit nontypeable H. influenzae (NTHi)-induced up-regulation of monocyte chemotactic
protein-1 (MCP-1/CCL2) in response to IL-10. This inhibition was suppressed by silencing
IL-10R1 and was mimicked by cobalt protoporphyrin IX (CoPP) and carbon monoxide-releasing
molecule-2 (CORM-2). In addition, 1L-10 appeared to suppress monocyte recruitment through
reduction of NTHi-induced RSL-derived chemoattractants. Silencing of HMOX1 was found to
attenuate the inhibitory effect of IL-10 on NTHi-induced MCP-1/CCL2 up-regulation. Chromatin
immunoprecipitation (ChlP) assays showed that IL-10 inhibits NTHi-induced binding of p65 NF-
kB to the distal motif in the promoter region of MCP-1/CCLZ2, resulting in suppression of NTHi-
induced NF-xB activation. Furthermore, 1L-10 deficiency appeared to significantly affect cochlear
inflammation induced by intratympanic injections of NTHi. Taken together, our results suggest
that IL-10/HMOX1 signaling is involved in modulation of cochlear inflammation through
inhibition of MCP-1/CCL2 regulation in SLFs, implying therapeutic potential of a carbon
monoxide (CO)-based approach for inflammation-associated cochlear diseases.

Corresponding Author: Sung K. Moon, M.D., Ph.D., Address: 2100 W. Third Street, Los Angeles, CA 90057, USA, Tel:
213-273-8081, skmoon@mednet.ucla.edu.
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Introduction

Over 48 million Americans, 12 years and older, are known to have hearing loss (1). Among
the various types of hearing loss, acquired sensorineural hearing loss (SNHL) is clinically
important because it is preventable and manageable (2, 3). Since acquired SNHL is
frequently associated with inflammation, as observed in acoustic trauma and cisplatin
ototoxicity (4, 5), understanding the molecular mechanism involved in cochlear
inflammation may provide us with a novel therapeutic approach.

Middle ear infection, one of the most common pediatric diseases, induces inner ear
inflammation (6), which may lead to SNHL (7) and vertigo (8). Consistently, we
demonstrated that the spiral ligament fibrocytes (SLFs), which are specialized cochlear
fibrocytes (9), play a pivotal role in tympanogenic cochlear inflammation through up-
regulation of chemokines such as MCP-1/CCL2 and CXCL2 in response to a middle ear
pathogen, nontypeable H. influenzae (NTHiI) (10-12). However, considering the extremely
high incidence of otitis media (OM) in children (13) and potential communication between
the middle ear and the cochlea via the round window membrane (14, 15), middle ear
infection-induced cochlear complications are clinically less frequent than expected (16, 17).
Therefore, we hypothesize that an effective anti-inflammatory and/or protective mechanism
exists in the cochlea. Since cochlear damage, like injury of neural tissues, is frequently
permanent and irreversible in mammals, the mammalian cochlea should be well protected
from inflammation-mediated tissue damage. A blood-labyrinthine-barrier (18) and Hensen’s
cell-derived annexin Al, a potent inhibitor of leukocyte migration (19), may protect the
cochlea from inflammation-mediated tissue damage, but our understanding about
modulation of cochlear inflammation is limited.

Exogenous IL-10 inhibits cisplatin nephrotoxicity (20) that is associated with inflammatory
reactions similar to cisplatin ototoxicity (5). Recently, IL-10 deficiency has been reported to
exacerbate experimental autoimmune hearing loss (21); however, the molecular mechanism
involved in IL-10-mediated inhibition of cochlear inflammation is poorly understood.
Therefore, we aim to determine how cochlear fibrocytes modulate chemokine regulation in
response to 1L-10, focusing on MCP-1/CCL2, a key monocyte chemoattractant. Since we
showed that HMOX1, a downstream molecule of IL-10 signaling, attenuates cisplatin
ototoxicity through down-regulation of pro-inflammatory cytokines (22), we aim to further
determine the involvement of HMOX1 signaling in IL-10-mediated modulation of cochlear
inflammation.

Here, we present that IL-10 receptors are expressed in the cochlear lateral wall (CL) and that
SLFs attenuate NTHi-induced MCP-1/CCL2 up-regulation in response to 1L-10 via
HMOX1 signaling. Exogenous and endogenous carbon monoxide (CO) modulated MCP-1/
CCL2 regulation through inhibition of p65 NF-«xB binding to the promoter region of
MCP-1/CCL2. IL-10 deficiency appeared to significantly affect tympanogenic cochlear
inflammation in the animal model. Taken together, this study suggests that IL-10 signaling
plays a critical role in protection of the cochlea from inflammation-mediated tissue damage.

J Immunol. Author manuscript; available in PMC 2016 April 15.
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Materials and Methods

Reagents

Recombinant human IL-10 (rhIL-10) and Protoporphyrin IX cobalt chloride
(C34H32C0oN404ClI, CoPP) were purchased from Sigma-Aldrich (St. Louis, MO). TagMan
primers and probes for rat MCP-1 (Rn00580555_m1), rat IL-10 (Rn99999012_m1), rat
IL-10R1 (Rn00589389-ml), rat HMOX1 (Rn01536933_m1), and rat GAPDH (4352338E)
were purchased from Life Technologies (Grand Island, NY).
Tricarbonyldichlororuthenium(Il) dimer ([Ru(CO)3Cl,]2, CORM-2) was purchased from
Santa Cruz Biotechnology, Inc (Dallas, Tx).

Animal Experiments

Male C57BL/6 (Jackson Laboratory, Bar Harbor, MA) and IL-10-deficient mice (http://
jaxmice.jax.org/strain/002251.html), and Wister Han IGS rats (Charles River Laboratory,
Wilmington, MA) were used. All animal experiments were approved by the Institutional
Animal Care and Use Committee. 107 cfu of live NTHi was suspended in 10 pl of saline and
was transtympanically inoculated into the middle ear of 8 to 10-week old mice using a 30 G
needle and syringe under a surgical microscope. As a control, normal saline was inoculated
with the same procedure. Animals were sacrificed 2 and 6 days after inoculation, and
temporal bones were dissected. After fixation and decalcification, the temporal bones were
embedded in paraffin and were serially sectioned through the mid-modiolar plane at a
thickness of 5 um. H & E staining was performed, and an inflammation index was estimated
with a mean of the nucleated inflammatory cells across the cochlear turns and compartments
at the mid-modiolar section.

Cell culture and migration assays

Rat SLF cell line (RSL) (23), primary rat cochlear lateral wall (CL) and primary rat
splenocytes were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (0.1
mg/ml) (Life Technologies, Grand Island, NY). Primary SLFs were cultured from explants
of the rat CL as described (10). In brief, rat pups (P3-P6) were euthanatized in a CO,
chamber and then decapitated. 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 CL was dissected away from the surrounding tissue (organ of Corti and
Reissner’s membrane) using fine forceps. Primary SLFs proliferated from the explants of
CL and primary cells of passage 5 or less were used in this study. THP-1 cells (human acute
monocytic leukemia cell line) were purchased from ATCC (Manassas, VA) and maintained
in RPMI 1640 medium with 2 mM L-glutamine, 10% FBS. All cells were maintained at 37
°C in a humidified atmosphere of 5% CO», and 95% air. For migration assays (12), the RSL
cells were exposed to the NTHi lysate (1 pg/ml) with or without rhIL10 (50 ng/ml) for 24 h
and the conditioned medium was collected. Using a 24-well plate with polycarbonate
membrane inserts (5 um pores) (Millipore, Billerica, MA), THP-1 cells and isolated mouse
splenocytes were added onto each insert at a density of 5 x 10° cells/insert and the
conditioned medium was added to the lower chamber. Cells were allowed to migrate for 16
~ 18 h. Migrated cells were counted with a hemacytometer.

J Immunol. Author manuscript; available in PMC 2016 April 15.
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Bacterial culture and preparation of bacterial lysate

NTHi strain 12, originally a clinical isolate from the middle ear fluid of a child with acute
OM, was used in this study (24). NTHi lysates were prepared as described previously (25).
In brief, a single colony of NTHi was harvested from a chocolate agar plate, inoculated into
3 ml of brain heart infusion (BHI) broth supplemented with NAD and hemin (both at 10
ug/ml) and placed in a 37 °C CO5 incubator overnight. After addition of 50 ml of fresh BHI
broth, bacteria were further grown for 4 h to a mid-log phase (Aggg = 0.4 to 0.6). The
supernatant was discarded after centrifugation at 6,000 x g for 30 min. The bacterial pellet
was resuspended in 5 ml of phosphate-buffered solution (PBS) and sonicated to lyse the
bacteria. The lysate was then centrifuged at 12,000 x g for 10 min and the supernatant was
collected. Protein concentrations of the NTHi lysates were determined using a BCA™
protein assay kit (Pierce Biotechnologies, Rockford, IL).

Quantitative RT-PCR

Quantitative RT-PCR was performed as described previously (10). In brief, SLFs were
exposed to the NTHi lysate (1 ug/ml) with and without rh1L-10 (50 ng/ml), and total RNA
was extracted using TRIzol reagent (Life Technologies). After cDNA was synthesized using
the TagMan® reverse transcription kit (Life Technologies), multiplex PCR was performed
using the ABI 7500 Real-Time PCR system (Applied Biosystems) with gene-specific
primers (FAM-conjugated probes for MCP-1, IL-10, and HMOX1) and control primers (a
VIC-conjugated probe for GAPDH). The cycle threshold (Ct) values were determined
according to the manufacturer’s instructions. The relative quantity of mMRNA was
determined using the 2722CT method (26). C values were normalized to the internal control
(GAPDH), and the results were expressed as a fold change of MRNA, with the mRNA levels
in the non-treated group set as 1. For conventional PCR analysis, primers were used as
follows: rat MCP-1 (356 bp), 5’-TGCTGTCTCAGCCAGATGCAGTTA-3" and 5’-
AGAAGTGCTTGAGGTGGTTGTGGA-3’; rat I1L-10 (330 bp), 5°-
GGGAAGCAACTGAAACTTCG-3’ and 5’-GCTTTCGAGACTGGAAGTGG-3’; rat
IL-10R1 (345 bp), 5’-ATCCTAAGCACACACAGGATGGCT-3" and 5’-
TAACCACACCCAGGAGTGAGCATT-3’; rat IL-10R2 (494 bp), 5’-
TTCTGTCCCGTGGAAGACACCATT-3" and 5’-
AACTCCTTGAGGTGCTGTGGAAGA-3’; rat Aif-1 (219 bp), 5°-
AGAGCAAGGATTTGCAGGGAGGAA-3’ and 5’-
TCTCCAGCATTCGCTTCAAGGACA-3’ ; rat CD68 (144 bp), 5’-
CTGTTGCGGAAATACAAGCA-3’ and 5’-GGCAGCAAGAGAGATTGGTC-3’ and 18S
rRNA (200 bp), 5’-GTGGAGCGATTTGTCTGGTT-3" and 5’-
CGCTGAGCCAGTCAGTGTAG-3’. PCR products were analyzed by electrophoresis on
1.5% agarose gels, stained with GelRed Nucleic Acid Stain (Biotium, Inc. Hayward, CA),
and viewed and photographed using ChemiDoc™ (BIO-RAD, Hercules, CA).

Plasmid, siRNA, transfection and luciferase assay

The luciferase-expressing vector with 5’ flanking regions of rat MCP-1/CCL2 was kindly
provided by Dr. D. L. Eizirik (Brussels University, Brussels, Belgium) (27). Luciferase
assays were performed as previously described (28). In brief, cells were seeded into 12-well

J Immunol. Author manuscript; available in PMC 2016 April 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woo et al.

Page 5

plates at a density of 1.0 x 10° cells/well and transfected at 60% confluence using the
Transit®-LT1 transfection reagent (Mirus, Madison, WI1) according to the manufacturer’s
instructions. The pRL-TK vector (Promega, Madison, WI) was cotransfected to normalize
for transfection efficiency. Transfected cells were then starved overnight in serum-free
DMEM, followed by exposure to the NTHi (1 pg/ml) lysate with and without rh1L-10 (50
ng/ml) for 8 h before harvesting. All transfections were carried out in triplicate. After
washing with PBS, cells were dissolved in lysis reagent (Promega). Luciferase activity was
measured using a luminometer (BD Monolight™, 3010) after adding the necessary
luciferase substrate (Promega). Results were expressed as a fold change of luciferase
activity, taking the value of the non-treated group as 1. For silencing of IL-10R1 expression,
cells were transfected with IL-10R1-specific SIRNA (s138796: 5’-
CGCUGGAUGUCUAUCCCAALt-3’, Life Technologies) using SiPORT™ NeoFX™
transfection agent (Life Technologies), according to the manufacturer’s instruction. As a
control, the negative control siRNA (AM4635, Life Technologies) was transfected in
parallel. Silencing of IL-10R1 expression was determined with quantitative RT-PCR
analysis.

Immunoblotting and ELISA

After overnight starvation with a basal medium, RSL cells were treated with the NTHi lysate
(1 pg/ml) for 8 h with and without rhiL-10 (50 ng/ml). Cells were lysed with cell lysis buffer
(Cell Signaling Technology, Danvers, MA) supplemented with a protease inhibitor cocktail
and 1 mM PMSF (Calbiochem). The lysates were then centrifuged at 12,000 x g for 15 min,
and the supernatants were collected. An equivalent amount of 20 ug of protein was loaded
onto 10% Tricine gels (Life Technologies). After electrophoresis, the proteins were
transferred onto PVDF membranes (Bio-Rad) and washed three times for 5 min each in
Tris-buffered saline plus 0.05% Tween 20 (TBST). 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 1:200 dilution of a polyclonal antibody against MCP-1/CCL2 (sc-28879) and a-
tubulin (sc-53646, Santa Cruz Biotechnologies, Inc). After washing, membranes were
incubated with a HRP-conjugated secondary antibody in a blocking buffer. Membranes were
then incubated with a SuperSignal substrate (Pierce Biotechnologies, Rockford, IL) for 1
min at room temperature, and chemiluminescence signals were detected by exposure to X-
ray films. Protein levels of MCP-1/CCL2 and IL-10 were measured using a rat MCP-1
ELISA kit (BD Bioscience, San Diego, CA) and a mouse IL-10 ELISA kit (R & D systems,
Minneapolis, MN), following the manufacturer’s instructions. For silencing of HMOX1
expression, cells were transfected with HMOX1-specific siRNA (5127884, Life
Technologies) using SiPORT™ NeoFX™ transfection agent.

Immunolabeling

To determine the translocation of NRF2, cells were cultured on a 4-chamber microscope
slide and treated with rhIL-10 (50 ng/ml) for 2 h. After fixation with 4% paraformaldehyde
and permeabilization of cell membranes with 0.15% Triton X-100 (Sigma-Aldrich), cells
were blocked using 10% goat serum and subsequently incubated in the presence of rabbit
anti-NRF2 antibody (1:200, Santa Cruz) overnight at 4 °C. Alexa Fluor 488® goat anti-
rabbit 1gG (1:500, Life Technologies) was used as the secondary antibody. For paraffin
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sections, paraffin was removed with a series of washes with xylene, ethanol and phosphate
buffered saline. Sections were then blocked with 10% goat serum and incubated with rat
anti-1L-10R1 antibody (1:200, Thermo Scientific) overnight at 4 °C and then incubated with
rhodamine-conjugated goat anti-rat 19gG (1:200, Life Technologies). Sections were then
mounted with anti-fade mounting media (Life Technologies). Samples were then viewed
and photographed using a TCS SP5 confocal microscope (Leica, Buffalo Grove, IL).

Chromation immunoprecipitation (ChlIP)

Statistics

Results

Binding of p65 NF-kB to the enhancer region of the MCP-1/CCL2 gene was determined as
described (11). Briefly, the RSL cells were treated for 2 h with the NTHi lysate in the
presence or absence of rhIL-10 and fixed with 1% formaldehyde for 10 min. After lysis of
cells with 1 ml of an ice-cold lysis buffer supplemented with a protease inhibitor cocktail
and PMSF, the nuclear fraction was collected using Nuclear Extract Kit (Active Motif,
Carlsbad, CA). After resuspending of the nuclear extract, enzymatic shearing of chromatins
was conducted. The sheared DNA samples were centrifuged at 18,000 x g for 10 min at 4
°C, and the supernatant was collected (Input DNA). Input DNA samples were incubated
with 2 ug/ml of the polyclonal rabbit anti-NF-xB p65 antibody (Abcam, Cambridge, MA),
and 25 pl of protein G magnetic beads overnight at 4 °C. The samples were placed on the
magnetic stand to pellet the beads, and the supernatant was discarded carefully. After
washing, the pelleted beads were resuspended and named “ChIP DNA”. To reverse cross-
links, ChIP DNA samples and Input DNA samples were incubated at 95 °C for 10 min and
then were mixed with 1 pg/ul of proteinase K and incubated at 37 °C for 1 h. Conventional
PCR was performed on Input DNA and ChIP DNA samples using the following primer
pairs: distal NF-xB motif (223 bp), 5’-~AGCATCTGGAGCTCATATTCCAGC-3’ and 5’-
CAGTTAGCATACGATGCAACACAGT-3’; proximal NF-xB motif (200 bp), 5’-
GCAGCTTCATTTGCTCCCAGTAGT-3’ and 5°-
TTATTGTAAGCCAGAGGGTGGAGTCAGG-3’. (29)

All experiments were carried out in triplicate and repeated twice independently. For
quantitative RT-PCR analysis, luciferase assays and ELISA, results were analyzed using
Student’s t-test and ANOVA followed by Tukey’s post hoc test using the R2.14.0 software
for Windows (The R Foundation for Statistical Computing). A value of p<0.05 was
considered significant. For histological analysis of cochlear inflammation, we performed
mixed model analysis and Fisher’s Exact test using SPSS 12.0 (IBM, Armonk, NY). A value
of the Bonferroni corrected p<0.025 was considered significant.

IL-10 receptors are expressed in the cochlear lateral wall

SLFs, which reside in the cochlear lateral wall (Fig. 1A), play an important role in cochlear
inflammation through up-regulation of chemokines (10-12), but it is unclear if SLFs are
able to respond to a potent anti-inflammatory cytokine, 1L-10. To determine if IL-10
receptors (IL-10Rs) are expressed in SLFs, we performed RT-PCR analysis using the
isolated rat cochlear lateral wall (CL) tissues and the RSL cells. The CL tissues and RSL

J Immunol. Author manuscript; available in PMC 2016 April 15.
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cells expressed both IL-10R1 and 2 (Fig. 1B). Notably, IL-10R1, not IL-10R2, was found to
be up-regulated by treatment with the lysate of NTHi, a middle ear pathogen. Consistently,
immunolabeling showed the expression of IL-10R1 in the RSL cells (Fig. 1C). Next, we
sought to determine IL-10R1-expressing cochlear cells in the murine temporal bone
sections. IL-10R1 was expressed in the spiral ligament area and stria vascularis (Fig. 1D).
Particularly, the type Il SLFs were found to markedly express IL-10R1 after NTHi injection.
In addition to the CL, IL-10R1 was expressed in the organ of Corti and the Reissner's
membrane (data not shown), suggesting that the cochlea largely consists of IL-10-
responding cells.

IL-10 inhibits NTHi-induced MCP-1/CCL2 up-regulation in SLFs

We sought to determine if IL-10 is expressed in the CL in response to the NTHi lysate.
ELISA showed that IL-10 protein was expressed in the isolated CL tissues (42.03 + 11.27
pg/ml/ug) and splenocytes (85.30 + 31.66 pg/ml/ug) of wild-type mice, but not in IL-10-
deficient mice (Fig. 2A). RT-PCR analysis showed that 1L-10 was up-regulated only in the
isolated rat CL tissues, but not in the RSL cells, in response to the NTHi lysate (Fig. 2B),
which indicates that IL-10-expressing cells reside in the CL. In contrast, MCP-1/CCL2 was
up-regulated in both isolated rat CL tissues and RSL cells. Since macrophages are known to
reside in the mouse cochlea (30-32), we performed RT-PCR analysis to determine
localization of macrophages in the rat CL. As shown in Figure 2C, CD68 (a marker for
monocytes/macrophages) and Aif-1 (a marker for resident macrophages) were found to be
expressed in the isolated rat CL tissue, but not in the RSL cells, which suggests that cochlear
resident macrophages are a potential source of 1L-10 in the CL. However, further studies are
necessary to localize and characterize I1L-10-producing cells in the cochlea. Next, we sought
to determine if IL-10 affects MCP-1/CCL2 regulation in SLFs, which may contribute to
modulation of cochlear inflammation. Quantitative RT-PCR analysis and luciferase assays
showed that the RSL cells inhibit NTHi-induced transcriptional regulation of MCP-1/CCL2
up-regulation upon exposure to recombinant IL-10 (Fig. 2D, 2E). Interestingly, 1L-10
appeared to shift a peak of MCP-1/CCL2 up-regulation to 12 h later, compared with the
IL-10-untreated control. Moreover, immunoblot analysis showed the inhibitory effect of
IL-10 on NTHi-induced MCP-1/CCL2 production in the RSL cells (Fig. 2F). In contrast to
IL-10, IL-18 and TNFa rather enhanced NTHi-induced MCP-1 up-regulation in the RSL
cells (Fig. 2G). Since SLFs were found to release monocyte-attracting molecules in response
to NTHi (12), we sought to determine if IL-10 affects chemoattraction of RSL-derived
molecules. Migration assays showed that recombinant IL-10 suppresses migration of THP-1
cells by reduction of NTHi-induced RSL-derived chemoattractants (Fig. 2H). Moreover,
IL-10-deficient splenocytes appeared to migrate more actively in response to NTHi-induced
SLF-derived molecules, compared to wild-type splenocytes (Fig. 21). To further determine
the involvement of IL-10R1 in IL-10-mediated inhibition of MCP-1/CCL2 regulation, RSL
cells were transfected with a sSiRNA specific to IL-10R1. Luciferase assays showed that
silencing of IL-10R1 significantly suppresses an inhibitory effect of IL-10 on NTHi-induced
MCP-1/CCL2 up-regulation (Fig. 3A). Quantitative RT-PCR analysis showed siRNA-
mediated silencing of IL-10R1 expression (Fig. 3B). Collectively, these results suggest that
the IL-10/IL-10R1 axis is involved in modulation of cochlear inflammation through
attenuation of MCP-1/CCL2 expression in SLFs.

J Immunol. Author manuscript; available in PMC 2016 April 15.
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HMOX1 mediates IL-10-dependent inhibition of NTHi-induced MCP-1/CCL2 regulation in

SLFs

The anti-inflammatory effect of IL-10 is mainly mediated by SOCS3 (33, 34) and HMOX1
(35). In our previous studies, HMOX1 was found to protect the cochlea from cisplatin
ototoxicity through down-regulation of pro-inflammatory cytokines (22), which led us to
further determine the involvement of HMOX1 in modulation of cochlear inflammation.
First, we sought to determine if SLFs activate NRF2, a basic leucine zipper transcription
factor regulating HMOX1 (36), in response to IL-10. As shown in Figure 4A,
immunolabeling showed that NRF2 is translocated into the nucleus upon exposure to 1L-10
in the RSL cells. To determine the involvement of HMOX1 in IL-10 signaling in the
cochlea, quantitative RT-PCR analysis was performed using the primers specific to
HMOX1. IL-10 was found to up-regulate HMOXZ1 expression in the primary rat SLFs (Fig.
4B). Furthermore, silencing of HMOX1 suppressed an inhibitory effect of IL-10 on NTHi-
induced MCP-1/CCL2 regulation in the RSL cells (Fig. 4C). ELISA analysis showed that
the RSL cells reduce NTHi-induced MCP-1/CCL2 production when HMOX1 expression is
depleted (Fig. 4D). Taken together, these findings suggest that HMOX1 is required for the
IL-10-mediated modulation of cochlear inflammation.

Carbon monoxide is involved in IL-10/HMOX1 signaling in SLFs

HMOX1, which catalyzes the initial and rate-limiting step in heme metabolism, degrades
heme into carbon monoxide (CO), free iron and biliverdin (37). Since CO gas (10 to 500
ppm) has a potent anti-inflammatory effect (38, 39), we determined if CO serves as a key
molecule in IL-10/HMOX1 signaling in SLFs. Quantitative RT-PCR analysis showed that
CoPP, an HMOX1 inducer augmenting endogenous CO generation, markedly inhibits
NTHi-induced MCP-1/CCL2 regulation (~70%), mimicking the inhibitory effect of 1L-10
(Fig. 5A). Furthermore, we found that exogenous CO generated by CORM-2, a ruthenium-
based CO releaser, inhibits NTHi-induced MCP-1/CCL2 up-regulation in a dose-dependent
manner (Fig. 5B). Consistently, ELISA analysis showed that RSL cells significantly reduce
NTHi-induced MCP-1/CCL2 production (~50%) upon exposure to CORM-2 (Fig. 5C).
Altogether, it is suggested that HMOX1/CO signaling is critically involved in IL-10-
mediated modulation of cochlear inflammation.

IL-10 inhibits NTHi-induced binding of p65 NF-xB to distal NF-xB motifs of the MCP-1/

CCL2 gene

In our previous study, we demonstrated that p65 NF-xB binds to the distal NF-xB binding
motif of the rat MCP-1/CCL2 gene in response to the NTHi lysate (10), but it is unclear if
IL-10 affects NTHi-induced NF-kB activation in SLFs. Luciferase assays using a reporter
construct of NF-xB activity showed that RSL cells reduce NTHi-induced NF-«xB activation
upon exposure to IL-10 (Fig. 6A). Consistently, exogenous CO generated by CORM-2 was
found to inhibit NTHi-induced NF-kB activation (Fig. 6B). Analysis of transcription factor
binding sites in the 3’-flanking region (—3000 base pairs) of the MCP-1/CCL2 gene
predicted six NF-xB binding motifs in humans, but only three in mice and rats (Fig. 6C).
Interestingly, multiple sequence alignment analysis with Clustal Omega showed that the
distal NF-xB binding motifs (D-xB1 and D-xB2) between —3000 and —2000 base pairs of
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the MCP-1/CCL2 gene are highly preserved in humans, mice and rats (Fig. 6D). This
finding led us to further determine if IL-10 affects NTHi-induced binding of p65 NF-«xB to
the promoter region of the MCP1/CCL2 gene. ChIP analysis showed that RSL cells inhibit
NTHi-induced binding of p65 NF-xB to D-xB1 and D-xB2 of the MCP-1/CCL2 gene (Fig.
6E, 6F). In contrast, IL-10 appeared to insignificantly affect NF-xB binding to the proximal
NF-xB motif (P-xB). Collectively, it is suggested that IL-10/CO signaling attenuates NTHi-
induced MCP-1/CCL2 regulation in the SLFs through inhibition of p65 NF-xB binding to
the distal NF-xB maotifs of the MCP-1/CCL2 gene.

IL-10 deficiency affects cochlear inflammation secondary to middle ear infection

Since our result showed that IL-10 inhibits NTHi-induced MCP-1/CCL2 regulation in the
SLFs, we sought to determine if IL-10 is involved in modulation of cochlear inflammation
invivo. Live NTHi was injected into the middle ear cavity of IL-10-deficient mice, and
histological analysis was conducted. H & E staining of the mid-modiolar sections of the
temporal bone showed that intratympanic injection of live NTHi leads to accumulation of
serous substances and infiltration of inflammatory cells in the scala tympani of the mouse
cochlea, particularly in the cochlear basal turn (Fig. 7A). According to the number of
infiltrated inflammatory cells, cochlear samples were divided into 4 groups from 0 to 3+.
Fisher’s Exact test showed that inflammatory cells infiltrate into the cochlea more in IL-10-
deficient mice than wild-type mice on post-injection day 2, but not on post-injection day 6
(Table 1). To further quantify cochlear inflammation, an inflammation index was
determined through the counting of nucleated inflammatory cells across the cochlear turns
and compartments at the mid-modiolar sections (Fig. 7B). The mixed model analysis
showed more severe cochlear inflammation in IL-10-deficient mice than wild-type mice on
both post-injection day 2 and 6 (p=0.016). Altogether, this study suggests that I1L-10/
HMOX1-mediated CO production plays a critical role in modulation of tympanogenic
cochlear inflammation through inhibition of MCP-1/CCL2 regulation in the SLFs
(Supplemental Figure).

Discussion

In our previous studies, we showed that SLFs play a pivotal role in cochlear inflammation
through regulation of chemokines (10-12). In this study, we aimed to determine if 1L-10
modulates cochlear inflammation via down-regulation of a model chemokine, MCP-1/
CCL2, in SLFs. We found that SLFs down-regulate NTHi-induced MCP-1/CCL2
expression in response to IL-10 through IL-10R1/HMOX1-mediated signaling. Exogenous
and endogenous CO inhibited NTHi-induced MCP-1/CCL2 up-regulation through
suppression of NF-xB activation. Interestingly, IL-10 inhibited NTHi-induced binding of
p65 NF-xB to the distal NF-xB motifs of the MCP-1/CCL2 gene, but not to the proximal
motif. Moreover, we found that 1L-10 deficiency exaggerates tympanogenic cochlear
inflammation in the murine model, implying the protective role of 1L-10 against
inflammation-mediated cochlear damage.

Cochlear inflammation is frequently associated with acquired SNHL such as cisplatin
ototoxicity (5) and acoustic trauma (4). However, like the brain and the retina, the cochlea is
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protected from immune-mediated tissue damage because the cochlea is an essential organ
for survival in mammals. For example, the cochlea is relatively isolated from the immune
system by a blood-labyrinthine barrier (BLB) (18). Cochlear Hensen’s cells were found to
release a large amount of annexin Al, a potent inhibitor of leukocyte migration, in response
to glucocorticoids (19). Recently, it has been reported that CX3CR1-expressing cochlear
macrophages play a protective role in aminoglycoside ototoxicity (40). In addition to these
cochlear protections, our study introduces the molecular mechanism involved in IL-10-
mediated modulation of cochlear inflammation. Interestingly, IL-10 is known to inhibit
CDB80/CD86 expression in the CX3CR1-expressing myeloid cells, resulting in prevention of
T-cell-dependent colitis (41), but further studies are needed to determine if cochlear
protection by CX3CR1-expressing cochlear macrophages are mediated by 1L-10.

SLFs, the most abundant inner ear cell type, express a variety of ion channels serving as a
part of the potassium recycle pathway required for normal hearing (42, 43). In our prior
studies, we have demonstrated that SLFs are involved in cochlear inflammation through
TLR2/NF-xB-mediated MCP-1/CCL2 regulation and ERK2/c-Jun-mediated CXCL2
regulation (10, 11). However, our understanding about negative regulation of chemokines in
SLFs is limited. This study provides us with an insight into IL-10-mediated modulation of
chemokine regulation via HMOXZ1/CO signaling. Furthermore, we found that IL-10R1 is
expressed in the cochlear lateral wall, particularly in the area of type Il SLFs. The type Il
SLFs are positive for Na*, K*-ATPase (9) and selectively activate NF-xB in response to
inflammatory stress (44). In contrast, the type | SLFs, negative for Na*, K*-ATPase, are
known to respond to acoustic stress, resulting in NF-xB activation. An immunological role
of each type of SLF remains to be revealed.

IL-10 is mainly produced by immune cells such as macrophages, T regulatory cells and
dendritic cells (45). Non-immune cells such as keratinocytes are able to express IL-10 (46),
but it is unclear if cochlear cells express IL-10. Since bone marrow-derived cells, including
Iba-1-positive cells (31) and perivascular macrophage-like melanocytes (30), are found in
the cochlear lateral wall, we hypothesize that these cells may serve as a cochlear source of
IL-10 before recruitment of inflammatory cells. We found that the isolated CL tissue
constitutively expresses IL-10 protein and up-regulates IL-10 mMRNA upon exposure to the
NTHi lysate. However, immunolabeling hardly localized IL-10-expressing cells in the CL
(data not shown), suggesting a paucity of cochlear IL-10-producing cells and a narrow
window of IL-10 induction. We plan to further localize and characterize IL-10-producing
cochlear cells using IL-10 reporter animals.

IL-10-deficient mice spontaneously develop a chronic inflammatory bowel disease due to
uncontrolled cytokine production (47, 48). They are abnormally sensitive to bacterial
lipopolysaccharide (49) and to infections with Psuedomonas aeruginosa (50) and
Toxoplasma gondii (51). Since IL-10 is required for resolution of inflammatory reactions,
we expected that 1L-10 would affect cochlear inflammation in a relatively later phase.
Accordingly, SLFs appeared to delay and suppress a peak of MCP-1/CCL2 regulation upon
exposure to IL-10 in vitro. However, IL-10 deficiency was found to significantly exacerbate
cochlear inflammation in an early phase in vivo, suggesting an important anti-inflammatory
role of cochlear resident immune cells before recruitment of inflammatory cells. Further
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studies are necessary to determine an immunological difference in IL-10 derived from
cochlear resident immune cells and recruited inflammatory cells.

IL-10 exerts a dual effect (i.e., stimulation and inhibition) on p38 MAPK signaling (52),
which is involved in cytokine production and HMOX1 induction (35). Therefore, we
hypothesize that there is an alternative pathway contributing to IL-10-induced HMOX1 up-
regulation. Previously, we have shown that NRF2-mediated HMOX1 regulation is involved
in protection from cisplatin ototoxicity (22, 36), which led us to focus on NRF2 signaling.
NRF2 (or NFE2L2), a leucine zipper transcription factor, translocates to the nucleus in
response to oxidative stress and binds to the antioxidant response element, resulting in
transcription of various anti-oxidative genes such as HMOX1 (53). Moreover, NRF2 is
involved in protection of hearing from aging and aminoglycosides (54). This study
demonstrated that NRF2 translocates into the nucleus in response to IL-10 in SLFs, but it is
still unclear if NRF2 deficiency affects 1L-10-mediated modulation of cochlear
inflammation.

Recombinant IL-10 has been clinically tested for the management of various chronic
inflammatory diseases (55, 56), but further clinical application has been hindered by a
number of obstacles such as induction of neutralizing antibodies and its short half-life in
vivo (57). Therefore, targeting of specific molecules downstream of IL-10 signaling such as
HMOX1 and CO may represent better “drugable” approaches. Despite a potential risk of
prenatal CO exposure (58), CO has been emerging as a promising drug target for the
treatment of vascular dysfunction and immune-mediated diseases (38, 39). Ruthenium-based
CO-releasing molecules (CORMs) are able to directly liberate a small quantity of CO in
biological systems (59, 60). Our result demonstrated that CORM-2 inhibits MCP-1/CCL2
up-regulation via suppression of NTHi-induced NF-xB activation. Since CORM-2 is hardly
soluble in water, we will further determine therapeutic potential of a water-soluble CORM-2
derivative, CORM-3 (61), for the management of cochlear inflammation.

In conclusion, we demonstrated that IL-10/HMOX1 signaling is protective for cochlear
inflammation through inhibition of MCP-1/CCL2 regulation. This study is expected to
provide us with a scientific basis for a novel non-steroidal approach to manage
inflammation-associated cochlear diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
IL-10 receptors are expressed in the cochlear fibrocytes. (A) Schematic illustration showing

the cochlear lateral wall (CL) of the right inner ear. AN: auditory nerve, OW: oval window,
RW: round window, ST: scala tympani, *: scala vestibuli, L: lateral, P: posterior, S:
superior. (B) RT-PCR analysis shows the IL-10 receptors (IL-10R1 and IL-10R2) are
expressed in the rat CL tissue and RSL cells. Note that IL-10R1, not IL-10R2, is up-
regulated upon exposure to NTHi lysate. 18s: 18s rRNA. (C) Immunolabeling shows the
expression of IL-10R1 (red) in the RSL cells. Blue: DAPI. Scale bar: 25 ym. (D)
Immunolabeling of the murine CL shows that IL-10R1 is expressed highly in the spiral
ligament type 1l region (#) and the stria vascularis. Con: no injection. Saline: intratympanic
injection of saline. NTHi: intratympanic injection of live NTHi. OC: otic capsule. Original
magnification: x40.
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Figure 2.
IL-10 inhibits NTHi-induced MCP-1 up-regulation in SLFs. (A) ELISA shows the

expression of IL-10 protein in the cochlear lateral wall tissues (CL) and splenocytes (S) of
wild-type mice (WT). IL-10 was not detectable (ND) in the CL of IL-10-deficient mice
(IL-107). (B) Rat CL tissue, not RSL cells, up-regulated IL-10 expression in response to
NTHi. 18S: 18S rRNA. (C) RT-PCR analysis shows that CD68 and Aif-1 are expressed in
the isolated rat CL tissue, but not in the RSL cells. S: splenocytes as a positive control.
Quantitative RT-PCR analysis (D), luciferase assays (E) and immunoblot analysis (F) show
that IL-10 inhibits NTHi-induced MCP-1 up-regulation. pMCP-1-Luc: a luciferase-
expressing reporter construct of rat MCP-1. (G) Luciferase assays show that NTHi-induced
MCP-1 up-regulation is reduced by IL-10, but is enhanced by IL-18 and TNFa. IL-10: 50
ng/ml. IL-1B: 20 ng/ml. TNFa: 20 ng/ml. (H) Migration assays show that the RSL cells
inhibit NTHi-induced release of THP-1-attracting molecules upon exposure to 1L-10. (I)
Migration assays with Giemsa staining (Left panel) and cytometry (Right panel) show that
IL-10-deficient splenocytes (IL-107~) migrate more in response to NTHi-induced SLF-
derived molecules, compared with the wild-type splenocytes (WT). Con: conditioned
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medium from the NTHi-unexposed RSL cells, NTHi: conditioned medium from the NTHi-
exposed RSL cells. The experiments were performed in triplicate and repeated twice
independently. Values are given as the mean + standard deviations (n = 3). *: p < 0.05.
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Figure 3.

IL-10R1 is involved in IL-10-mediated inhibition of NTHi-induced MCP-1 up-regulation in
the RSL cells. (A) Luciferase assays show that silencing of IL-10R1 attenuates an inhibitory
effect of 1L-10 on NTHi-induced MCP-1 up-regulation. (B) Quantitative RT-PCR analysis
showing siRNA-mediated inhibition of IL-10R1 expression. NC: a non-specific sSiRNAs.
Results were expressed as a fold induction, taking the value of the non-treated group as 1.
Experiments were performed in triplicate and repeated twice independently. Values are
given as the mean * standard deviations (n = 3). *: p<0.05.
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Figure 4.

HMOX-1 is involved in IL-10-mediated inhibition of NTHi-induced MCP-1 up-regulation
in SLFs. (A) Confocal microscopic images show that NRF-2 is translocated into the nucleus
by IL-10 in the RSL cells. Con: a negative control without IL-10 treatment. Original
magnification: x630. (B) Quantitative RT-PCR analysis shows that primary rat SLFs up-
regulate HMOX1 in response to IL-10. Quantitative RT-PCR analysis (C) and ELISA
analysis (D) show that silencing of HMOX1 suppresses an inhibitory effect of IL-10 on
NTHi-induced MCP-1 up-regulation. NC: a non-specific SiRNA. Results were expressed as
a fold induction, taking the value of the non-treated group as 1. Experiments were performed
in triplicate and repeated twice independently. VValues are given as the mean * standard
deviations (n = 3). *: p< 0.05.
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Figure 5.

NTHi-induced MCP-1 up-regulation is inhibited by CoPP and CORM-2. (A) Quantitative
RT-PCR analysis shows that RSL cells suppress NTHi-induced MCP-1 up-regulation upon
exposure to CoPP. (B) Luciferase assays show that CORM-2 inhibits NTHi-induced MCP-1
up-regulation in a dose-dependent manner. (C) ELISA analysis shows that RSL cells inhibit
NTHi-induced MCP-1 production in response to IL-10 and CORM-2. Experiments were
performed in triplicate and repeated twice independently. Values are given as the mean +
standard deviations (n = 3). *: p< 0.05.
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Figure 6.

IL-10 inhibits NTHi-induced NF-xB binding to the promoter of the MCP-1 gene. Luciferase
assays show that IL-10 (A) and CORM-2 (B) inhibit NTHi-induced NF-kB activation in the
RSL cells. Results were expressed as a fold induction, taking the value of the non-treated
group as 1. Experiments were performed in triplicate and repeated twice independently.

Values are given as the mean + standard deviations (n = 3). *:

p<0.05. (C) NF-kB binding

motifs (solid bars) in the 5’-flanking region of the MCP-1 gene in humans, mice and rats.
(D) The distal NF-xB binding motifs (D-xB1 and D-kB2) between —3000 and —2000 base
pairs are preserved in humans, mice and rats. (E, F) Chromatin Immunoprecipitation
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analysis shows that IL-10 inhibits NTHi-induced binding of p65 NF-xB to D-xB1 and D-
kB2 of the rat MCP-1 gene. In contrast, IL-10 insignificantly affects NTHi-induced binding
of p65 NF-xB to the proximal NF-«xB binding motifs (P-xB).
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Figure 7.

IL-10 deficiency affects tympanogenic cochlear inflammation. (A) H & E staining of the
representative temporal bone sections shows that intratympanic injection of live NTHi
induces more severe inflammatory responses in the cochlea of IL-10-deficient (1L-107")
mice (n=7), compared with wild type (WT) mice (n = 7). Serous substances (#) were
accumulated in the scala tympani of the cochlear basal turn in both IL-107~ and WT mice.
In contrast, massive infiltration of the inflammatory cells (arrows) was noted only in the
IL-10~/~ mice. Ac: an acoustic nerve, M: a middle ear cavity, T: scala tympani, V: scala
vestibuli, *: scala media. Original magnification: x100. (B) Inflammation index of the
cochlea is significantly higher in 1L-10~"mice than WT mice. Inflammation index: a mean
of the nucleated inflammatory cells across the cochlear turns and compartments at the mid-
modiolar section. #: significant interactions of the mouse group and time, estimated from the
mixed model analysis. Values are given as the mean =+ standard error.
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