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Abstract
Objectives—Middle ear mucins are associated with otitis media (OM), contribute to hearing loss
and are regulated by cytokines. This work investigates the regulation of mucin secretion from human
middle ear epithelial cells (HMEEC) by inflammatory cytokines interleukin-1β (IL-1β), tumor
necrosis factor-α (TNF-α) and cytokine inhibitors interleukin-1 receptor antagonist (IL-1ra) and anti-
tumor necrosis factor-α antibody (TNFab).

Methods—HMEEC were exposed to IL-1β and TNF-α in a dose- and time-dependent manner.
Cytokine stimulated HMEEC were also exposed to IL-1ra and TNFab in a dose-dependent manner.
Mucin secretion was characterized by exclusion chromatography and liquid scintillation.

Results—HMEEC exposed to IL-1β and TNF-α demonstrated significant upregulation of mucin
secretion in a dose-dependent fashion. Cultures exposed to IL-1β at 100ng/ml and TNF-α at 200ng/
ml showed increased mucin secretion in time-dependent experiments at 16 hours (P=0.00008) for
TNF-α and 8 (P=0.028) and 16 hours (P=0.00001) for IL-1 β. IL-1ra and TNFab inhibited the effects
of increased mucin secretion by IL-1β and TNF-α.

Conclusions—IL-1β and TNF-α upregulate mucin secretion from HMEEC in a dose- and time-
dependant manner and these effects can be inhibited by cytokine blockade. Improved understanding
of these mechanisms has the potential to alter the approach and management of OM and lead to novel
therapeutic interventions.
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1.0 Introduction
Otitis media (OM) is the most common diagnosis in children who visit physicians for illness
in the United States [1]. Along with this disease prevalence is an economic burden of treatment
in the billions of dollars per year in the US [2]. A more thorough understanding of the
pathophysiology and the inflammatory events that occur during this disease process is needed
to provide novel solutions in the treatment of OM. In particular, although antibiotic treatment
has been the mainstay of otitis media treatment, the increasing prevalence of microbial
resistance will make the singular use of antibiotics challenging. Additionally, evidence has
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been generated suggesting that chronic inflammatory responses to middle ear pathogens may
be important in the development of otitis media with effusion (OME) and raises the possibility
that control of this response may reduce otitis media related morbidity [3].

The persistence of middle ear effusion (MEE) following OM has the potential for significant
morbidity and hearing loss for the developing child. The effusion contains mucins, which are
responsible for the high-viscosity fluid that can prevent normal mucociliary clearance [4,5].
Several cytokines have been found in a high percentage of these effusions, including TNF-α
and IL -1β [6]. In addition to the general inflammatory regulatory mechanisms associated with
these cytokines evidence exists that TNF-α and IL-1β are also integral in the inflammatory
response in otitis media and regulate mucin production and secretion from middle ear
epithelium [7-11]. Previous investigations in our laboratory using primary culture chinchilla
middle ear epithelial (CMEE) cells have laid the ground work for the current investigations
[12]. In these studies, CMEE exposed to both IL-1β and TNF-α responded with an increase in
mucin secretion in a time and dose dependent manner. The present study was designed to
investigate the response of human middle ear epithelial cells (HMEE) to inflammatory
cytokines.

2.0 Methods
2.1 Establishment of Cultures

Cells used in the cultures were human middle ear epithelial (HMEE) cells from a transformed
cell line stored in liquid nitrogen. (These cells were generously provided by Dr D. Lim, House
Ear Institute). From the stock supply of HMEE cells, aliquots were thawed and grown in a
50/50 mixture of Bronchial Epithelial Cell Basal Medium (Gibco, Carlsbad, California) and
Dulbecco’s Modified Eagle Medium (Gibco, Carlsbad, California). Each 500 ml portion of
media was supplemented with antibiotic/antimycotic solution (1000 U/ml of penicillin G
sulfate, 100 μg/ml of streptomycin sulfate, and 250 ng/ml of amphotericin B; Invitrogen,
Carlsbad, California) and BEGM aliquots (Clonetics, San Diego, California) which contain 2
ml 13 mg/ml bovine pituitary extract, 0.5 ml 5 mg/ml insulin, 0.5 ml 0.5 mg/ml hydrocortisone,
0.5 ml 0.1 mg/ml retinoic acid, 0.5 ml 10 mg/ml transferrin, 0.5 ml 6.5 mg/ml triiodothyronine,
0.5 ml 0.5 mg/ml epinephrine, 0.5 ml 0.5 mg/ml epinephrine, and 0.5 ml 0.5 mg/ml human
epidermal growth factor. When the cells reached approximately 70% confluency, they were
removed from the flask using Trypsin/EDTA passaging.

The cells were counted by hemocytometer and plated in 12 well plates at approximately 1 ×
105 cells per cm2. The cells were grown in a humidified atmosphere at 37° C containing 95%
air and 5% carbon dioxide. Cells were grown to confluency and prepared for experimentation.

Using methods well-characterized in our laboratory [14,15], tritiated glucosamine was used to
radioactively label the mucin within the samples for analysis. The radioactivity was applied to
the cells when 70% confluent. The cells were incubated 5 μCi of tritiated glucosamine per 1
ml of growth media for 24 hours before being with removed to allow for experimentation.

2.2 Experimental Conditions
2.21 Dose Dependency—After metabolic labeling, cell cultures were incubated with media
containing scaled concentrations of TNF-α or IL-1β (R&D Systems, Minneapolis, MN). Past
experiments conducted in our lab, using chinchilla middle ear epithelial (CMEE) cells treated
with TNF-α or IL-1β guided the dose treatments for the present study [12-14]. The dose found
to maximally stimulate CMEE mucin secretion was 200 ng/ml of TNF-α and of 100 μg/ml
IL-1β. Concentrations of 0, 5, 25, 50, 100, 200, 300 ng/ml of TNF-α and 0, 2.5, 5, 10, 50, 100,
and 200 ng/ml of IL-1β were used. Each plate of treated cells was incubated for 16 hours at
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37° C in 95% air - 5% carbon dioxide. A minimum of 4 data points were performed for each
experimental condition. Controls were labeled and incubated with growth media only. Cell
viability was assessed by Trypan blue exclusion.

2.22 Time Dependency—After metabolic labeling, paired cell cultures were incubated with
and without TNF-α at 200 ng/ml or IL-1β at 100 ng/ml for 4, 8, 12, 16, 24, and 48 hours. Past
experiments conducted in our lab using CMEE cells treated with TNF-α or IL-1β guided the
time treatments for the present study [12-14]. The time found to maximally stimulate CMEE
mucin secretion was 16 hours for both TNF-α and IL-1β. A minimum of 4 data points were
found for each experimental condition. Control wells were not treated with IL-1β or TNF-α
and were used to demonstrate a base-line secretion of mucin. Cell viability was assessed using
Trypan blue exclusion.

2.23 Inhibitors of TNF-α and IL-1β—After metabolic labeling, cell cultures were
incubated in media containing increasing doses of anti TNF-α antibody or IL-1 receptor
antagonist (R&D Systems, Minneapolis, MN) with and without 200 ng/ml TNF-α or 100 ng/
ml IL-1β. IL-1ra is the recombinant form of the naturally occurring IL-1ra and binds to both
IL-1 receptor type I and II. TNF-α ab is a monoclonal antibody that is specific for TNF-α.
Concentrations of 0, 2, 20 and 40 μg/mL of antiTNF-α antibody and 0, 100, 200, and 400 ng/
mL of IL-1 receptor antagonist were used. Controls were labeled and incubated with growth
media only, TNF-α or IL-1β only, and antiTNF-α antibody or IL-1 receptor antagonist only.
Each plate of treated cells was incubated for 16 hours at 37° C in 95% air - 5% carbon dioxide.
A minimum of 4 data points were found for each experimental condition. Cell viability was
assessed by Trypan blue exclusion.

2.3 Quantification of Mucin Secreted
Mucin was quantified using exclusion chromatography as previously described [14,15,].
Briefly, after exposure to the experimental conditions 0.9 ml media/cytokine mixture was
drawn from each well of cells. Aspirates were stored at -80° C for no more than 2 weeks. Upon
thawing of the aspirate, 100 μl of testicular chondroitinase ABC (Sigma-Aldrich Corp) was
added to the aspirate to digest the proteoglycans. This digestion mixture was incubated for 5
hours at 37° C. After incubation the mixture was applied to a Sepharose CL-4B column (0.7
× 50 cm). The column was eluted with phosphate-buffered saline solution containing 0.02%
(wt/vol) sodium azide (Sigma-Aldrich Corp), 0.9% sodium chloride, and 5 mM dithiothreitol
(Sigma-Aldrich Corp) at a constant flow rate of 0.5 ml/min to collect 2-ml fractions. These
fractions were mixed with 8 ml of scintillation fluid (Ecosint A; National Diagnostics, Atlanta,
GA). Radioactivity was counted using a liquid scintillation system (Tri-Carb 4530; Perkin
Elmer, Inc, Downers Grove, IL). The radioactivity was compared to the appropriate control to
determine the amount of mucin produced.

2.4 Statistical Analysis
ANOVA models were used to assess concentration dependence data and Tukey adjustments
were used for multiple comparisons, but not presenting all pair wised comparisons. Dose
dependent and cytokine inhibitor data was analyzed with paired t-tests. Means with standard
error of the mean were calculated for statistical analysis. The analysis was carried out using
SigmaStat statistical software and in consultation with Biostatistics Department of the Medical
College of Wisconsin.

2.5 Funding Source
The funding source, National Institutes of Health, reviewed the initial grant which assisted in
the ability to perform this work but played no role in the study design; in the collection, analysis,
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and interpretation of data; in the writing of the report; or in the decision to submit the paper
for publication

3.0 Results
3.1 Cell Culture Morphology

Cell culture morphology was consistent with homogenous pure middle ear epithelial cultures
assessed with histologic staining as previously described [14,15].

3.2 Concentration Dependency
IL-1β and TNF-α stimulated mucin secretion in a concentration dependent manner, with an
increase in mucin secretion observed with increased concentrations of IL-1β or TNF-α in the
culture media. For IL-1 β this was statistically significant at concentrations of 5, 10, 50 and
100ng/ml (all P≤0.001). For TNF- α this was statistically significant at concentrations of 100
and 200ng/ml (all P≤0.001) The greatest mucin secretion was stimulated by a concentration
of 100 ng/ml for IL-1β and 200 ng/ml TNF-α (Figures 1 and 2).

3.3 Time Dependency
IL-1β and TNF-α stimulated mucin secretion in a time dependent manner, with an increase in
mucin secretion observed with increased concentrations of IL-1β or TNF-α in the culture
media. There was a trend towards and increase of mucin secretion at all time points, but the
greatest mucin secretion was stimulated by incubation with IL-1β for 16 hours (P=0.00008)
and TNF-α for 16 hours (P=0.00001). By 24 hours the effects dissipated (Figures 3 and 4).

3.4 Inhibitors of IL-1β and TNF-α
IL-1β receptor antagonist inhibited mucin secretion in a dose dependent manner. IL-1βra
induced a significant reduction in mucin secretion when compared to stimulation of mucin by
100ng/ml IL-1β (all P≤0.04) (Figure 5). IL-1βra alone did not block the basal mucin secretion
from the HMEE. TNFab inhibited mucin secretion in a dose dependent manner (Figure 6).
TNFab induced a significant reduction in mucin secretion at 20μg (P=0.014) and 40μg
(P=0.0014) when compared to stimulation of mucin by 200ng/ml TNF-α alone. TNFab did not
block the basal mucin secretion from HMEE.

4.0 Discussion
Mucins are high-molecular-weight glycoproteins with a variety of functions in the middle ear
space including protecting the underlying mucosa and assisting with mucociliary clearance.
The mucins in MEE are the components that are responsible for determining the viscosity of
the effusion [5,12]. In patients with OME mucins are not removed from the middle ear space
and contribute to hearing loss and other potential developmental delays. In addition, mucins
interact with middle ear pathogens to limit their adherence and invasion of the middle ear
mucosa; necessary steps in the development of acute otitis media [12,16]. 20 different human
mucins have been identified; most of which are expressed in MEE [17]. These mucins vary in
size and can be membrane bound or secreted. The process of defining the specific functions
of each of these mucin products in the middle ear is still ongoing.

There is currently a growing body of evidence demonstrating that a cytokine mediated
inflammatory response is important in the pathophysiology of acute and chronic otitis media
[8-15]. This study, along with similar studies conducted in our laboratory using chinchilla
middle ear epithelial cells, shows clear evidence of this cytokine mediated inflammatory
response particularly as it relates to mucin pathophysiology and regulation. The dose and time
dependent responses of HMEE to TNF-α and IL-1β in these experiments corroborate our
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findings in CMEE and lend further weight to the argument that mucin secretion in the middle
ear is regulated by the inflammatory cytokines TNF-α and IL-1β, which in turn can lead to
mucin hypersecretion in chronic otitis media (Figures 1-4).

Cytokine inhibitors establish the possibility of inhibiting the undesired effects of inflammatory
cytokines, such as increased mucin secretion. This study demonstrates that interleukin-1
receptor antagonist (IL-1ra) and anti-TNF antibody (TNF ab) significantly inhibited TNF-α
and IL-1β stimulated mucin secretion. TNF-α and IL-1β blockade has been used in animal
models to reduce shock and mortality in sepsis, reduce the inflammatory response in arthritis,
reduce mortality and inflammation in pancreatitis and reduce the inflammatory response in
inflammatory bowel disease [18-24]. In our laboratory, cytokine inhibition has also been
employed in a chinchilla model to effect a more rapid and complete resolution from
Haemophilus influenzae induced otitis media compared with antibiotic treatment alone [13].
More recently, cytokine inhibition has also been used clinically to successfully manage
rheumatoid arthritis and inflammatory bowel disease [25-27]. The results of this current
investigation would suggest that cytokine inhibition may be a fertile ground for investigations
examining novel methods to regulate mucin hypersecretion in chronic otitis media.

These current experiments also continue to develop and characterize human models to study
otitis media on a cellular and molecular level, specifically in regards to inflammatory mediators
and mucin responses. Attempts at creating primary cell cultures using human material have
been hampered by lack of availability of human middle ear tissue for the primary cells and
when this tissue is available, difficulty in initiating, and maintaining uniform cultures for
experimentation. Other respiratory epithelial tissues that closely resemble the epithelium of
the middle ear cytologically, such as tracheal and bronchial epithelium, have been used as
surrogates for middle ear epithelium, but obviously lacked the specificity of being from middle
ear origin [28]. However, recently, a method for specifically studying human middle ear
epithelium in culture has been developed [29]. This immortalized human middle ear epithelial
cell line (HMEE), used in these experiments, provides significant advantages over primary cell
culture techniques. The need for tissue harvest is eliminated, a large amount of cell culture
material can easily be generated for experimentation, cell uniformity is ensured to allow for
comparative results over multiple experiments, reagents to allow for investigations are
compatible with the human tissue and applicability of transferring ex vivo findings from human
middle ear tissue to human pathophysiology is enhanced.

The findings in this investigation and their close resemblance to our previous work in the
chinchilla animal model with primary middle ear cell [14] provides further evidence that the
HMEE cell model is a reliable and worthwhile model in the study of middle ear inflammatory
and mucin physiology and pathophysiology on a cellular and molecular level.

The experiments performed in this investigation establish a framework for additional studies
ongoing to further our understanding of the relationship of inflammatory cytokines, mucins
and otitis media pathophysiology. Importantly, it is clear that inflammatory cytokines have a
differential effect on the various mucin types expressed in any given tissue [12]. The expression
profile of each of the 20 identified human mucin genes in the middle ear space has recently
been characterized [17]. Ongoing experiments will more specifically elucidate the responses
of each of these mucin genes in HMEE to inflammatory cytokines as well as the secretory
responses of these specific mucins. Additionally, investigations into the linkage between
specific mucins and middle ear epithelial defenses, mucociliary clearance, immune
surveillance, mucosal integrity, epithelial-pathogen adherence and biofilm formation are
ongoing in an effort to provide a more thorough understanding of the role mucins and
inflammatory cytokines play in otitis media pathophysiology.
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Conclusion
The prevalence, cost, and morbidity of otitis media coupled with the declining efficacy of
current treatment methods mandate a better understanding of the pathophysiology of otitis
media and subsequent generation of new treatment strategies. This study provides further
evidence of the importance of IL-1β and TNF-α in the pathophysiology of otitis media. Both
the stimulation of mucin by these cytokines and the inhibition of mucin secretion through use
of specific inhibitors of these cytokines aids in the understanding of the inflammation
associated with otitis media. Understanding the relationship between mucin production and
inflammatory cytokine stimulation may present novel treatments for otitis media.
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Figure 1.
Graphical representation of the dose-dependent effects of TNF-a on mucin secretion in HMEE.
TNF-a concentrations at 100 and 200ng/ml were significantly greater than controls.
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Figure 2.
Graphical representation of the dose-dependent effects of IL-1ß on mucin secretion in human
middle ear epithelial cells. IL-1ß concentrations at 5, 10 50 and 100ng/ml were significantly
greater than controls.
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Figure 3.
Graphical representation of the time-dependent effects of IL-1ß on mucin secretion in HMEE
cells. Incubations of 100ng/ml IL-1ß with HMEEC for 8 and 16 hours were significantly greater
than controls.
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Figure 4.
Graphical representation of time-dependent effects of TNF-a on HMEE cell mucin secretion.
Incubations of 200ng/ml TNF-a with HMEEC for 16 hours was significantly greater than
control.
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Figure 5.
Graphical representation of the dose-dependent effects of IL-1ßra on mucin secretion in human
middle ear epithelial cells. IL-1ß induces a significant increase compared with control. IL-1ßra
concentrations at 100, 200, and 400ng/ml significantly reduced mucin secretion compared with
IL-1ß induced mucin secretion.
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Figure 6.
Graphical representation of the dose-dependent effects of TNFab on mucin secretion in human
middle ear epithelial cells. TNF-a induces a significant increase compared with control. TNFab
concentrations at 20 and 400ug/ml significantly reduced mucin secretion compared with TNF-
a induced mucin secretion.
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