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Abstract

Background

Chronic Otitis Media with effusion (COME) develops after sustained inflammation and is
characterized by secretory middle ear epithelial metaplasia and effusion, most frequently
mucoid. Non-typeable Haemophilus influenzae (NTHi), the most common acute Otitis Media
(OM) pathogen, is postulated to promote middle ear epithelial remodeling in the progression
of OM from acute to chronic. The goals of this study were to examine histopathological and
quantitative proteomic epithelial effects of NTHi challenge in a murine middle ear epithelial
cell line.

Methods

NTHi lysates were generated and used to stimulate murine epithelial cells (IMMEEC) cul-
tured at air-liquid interface over 48 hours— 1 week. Conditional quantitative Stable Isotope
Labeling with Amino Acids in Cell Culture (SILAC) of cell lysates was performed to interro-
gate the global protein production in the cells, using the SuperSILAC technique. Histology
of the epithelium over time was done to measure bacterial dependent remodeling.

Results

Mass spectrometry analysis identified 2,565 proteins across samples, of which 74 exhibited
differential enrichment or depletion in cell lysates (+/-2.0 fold-change; p value<0.05). The
key molecular functions regulated by NTHi lysates exposure were related to cell prolifera-
tion, death, migration, adhesion and inflammation. Finally, chronic exposure induced signifi-
cant epithelial thickening of cells grown at air liquid interface.

Conclusions

NTHi lysates drive pathways responsible of cell remodeling in murine middle ear epithelium
which likely contributes to observed epithelial hyperplasia in vitro. Further elucidation of
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these mediators will be critical in understanding the progression of OM from acute to chronic
at the molecular level.

Introduction

Otitis Media (OM) is one of the most common conditions of early childhood accounting for a
very high proportion of all pediatric physician office visits annually [1] at a national health care
cost estimated to be greater than $1 billion[2,3]. In the first years of life, a majority of children
at some point will experience OM[4,5]. Tympanostomy tube placement to treat OM is the
most common pediatric surgical procedure requiring anesthesia in the United States[6]. Acute
Otitis Media (AOM) is defined as acute onset of middle ear effusion along with signs and
symptoms of middle ear inflammation and infection. Chronic Otitis Media (COM) subse-
quently results as a long term sequelae of the acute middle ear infection, and is characterized by
secretory epithelial metaplasia and persistence of middle ear effusion, most frequently mucoid
[7,8,9].

NTHi is the most common infectious pathogen in AOM[10,11]. Previous work from our
group and others has demonstrated that middle ear NTHi challenge in mice leads to chronic
epithelial mucosal metaplasia and over-expression of inflammatory mediators[12] [13]. Exact
mechanisms of epithelial hyperplasia, however, remain markedly understudied.

We hypothesized that NTHi lysate stimulation results in measureable altered protein levels
in mMEEC over time. We postulated that induced mediators are likely to be important in cell-
to-cell interactions and epithelial remodeling. Further, we aimed to determine whether this
response correlated to middle ear thickening and metaplasia, similar to what we observed in
vivo[13]. For this purpose, we developed an in vitro model of differentiated mouse middle ear
epithelial cells cultured at air-liquid interface (ALI) and treated chronically with NTHi lysates
in order to mimic chronic otitis media events and characterize and observe the remodeling of
the epithelium. We evaluated quantitatively the proteome of mMEEC using the SuperSILAC
technique after 1 treatment (48hrs), 2 treatments (96hrs) or 3 treatments (1 week) to NTHi
lysates. These studies were completed by the histological observation of cells after chronic
treatment.

Methods
Bacteria culture and preparation of lysates

NTHi was grown on chocolate agar at 37°C in 5% CO2 overnight and inoculated in brain heart
infusion (BHI, BD Laboratories, Franklin Lakes, NY), broth supplemented with 10 mg of nico-
tinamide adenine dinucleotide per ml (Sigma-Aldrich, Saint Louis, MI). After overnight incu-
bation, bacteria were subcultured into 500 ml of fresh BHI; upon reaching log phase growth,
bacteria were centrifuged 10 min at 10,000g at room temperature and suspended in Ham’s F-
12 Nutrient Mix supplemented with L-Glutamine (Life Technologies, Carsbad, CA). Sonica-
tion was then performed 15 times 15 seconds by 4mL batches in 15mL tubes staying in ice.
Then the lysates were centrifuged at 10,000g for 10 min at 4°C to remove the remaining not
lysed bacteria as well as debris of cells. Stock solutions of 3 to 8mg/ml were aliquoted by 1mL
and stored at -20°C. The usage of lysates was chosen as this is what is released in children after
antibiotic treatment for acute otitis media, and is what the vast majority of groups have used to
study middle ear and respiratory inflammation effects[14,15]. Indeed we have revently
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reported on the protein make-up of NTHi lysates[16] and that bacterial lysate preparations are
often more pro-inflammatory that live bacteria[17].

Cell lines and treatments

The mouse middle ear epithelial cell line mMEEC was graciously provided by Dr. Jizhen Lin
(University of Minnesota, Minneapolis, MN). These cells are immortalized by a temperature
sensitive simian virus 40 (SV40), allowing for a proliferative phenotype at 33°C and for differ-
entiation at 37°C [18]. mMEEC were maintained and passaged in full growth media (FGM) as
previously described [19]. Prior to experimentation, cells were transferred to a 37°C, 5% CO2
humidified atmosphere to inactivate the SV-40 virus. For experimentation, cell lines were cul-
tured under differentiating conditions after three weeks of growth on collagen coated trans-
wells at air-liquid interface (ALI) as previously described[19]. Six wells were done for each
expermiental and control condition. nMEEC were treated at the apical side of the membrane
with 1ml of serum free medium with 200 pg/ml NTHi lysates during only 2 hour maximum to
avoid cell death. The cells were recovered after 1 treatment (48hrs), 2 treatments (96hrs) or 3
treatments (1 week). For the histopathological observations, the cells were treated longer times:
1, 2 or 3 weeks with 3 treatments per week.

SuperSILAC

mMEEC cell line was cultured at ALI in Ham’s without arginine and lysine (Thermo Scientific,
Belfonte, PA) supplemented with'*Cg, '°N,-Labeled Lysine and '*C4-labeled Arginine (Cam-
bridge Isotope Laboratories, Andover, MA) with supplements (see Cell culture part) for 5 cell
passages until complete incorporation of the labeled amino-acids (verified by LC-MS/MS pre-
liminary experiment). The labeled cells were rinsed 6 times with HBSS with calcium and mag-
nesium (Thermo Scientific, Belfonte, PA) and the cell lysates were recovered in RIPA buffer
with 1% of anti-protease inhibitor cocktail (Sigma-Aldrich, Saint Louis, MI), this was called the
SuperSpike-in standard. In parallel, nMEEC were cultured in regular medium at ALI and with
200 pg/ml of NTHi lysates or control vehicle for 2 hours once and some cells were lysed 48hrs
after. In some cells, at 48 hours, NTHi vs. control treatment was repeated for another 2 hours
and some cells were then lysed at 96 hours. Finally, after 96 hours, NTHi vs. control treatment
was repeated for another 2 hours and these cells were then recovered at 1 week (Fig 1). The cell
lysates were recovered in RIPA buffer with 1% anti-protease inhibitors (Sigma-Aldrich, Saint
Louis, MI). 30 pg of total proteins from not labeled cells (conditions of interest) were spiked
with 30 pg of total proteins from labeled cells (SuperSpike-in standard) and processed for
SDS-PAGE. In-gel digestion was performed cutting protein bands and LC-MS/MS was ran on
the peptides generated as previously described[17,20]. The overall protocol and the protein
quantification calculation are illustrated in the Fig 2 and as previously described[21]. Briefly,
raw files were processed for protein identification and quantification using Integrated Proteo-
mics Pipeline (IP2) version 1.01 software developed by Integrated Proteomics Applications,
Inc. (http://www.integratedproteomics.com/). Mass spectral data were uploaded into IP2 soft-
ware and searched against the forward and reverse Uniprot murine database for tryptic pep-
tides allowing two missed cleavages, possible modification of oxidized methionine (15.99492
Da) and heavy arginine (6.0204 Da) and heavy lysine (8.0142 Da). IP2 uses the Sequest 2010
(06_10_13_1836) search engine. Mass tolerance was set at £30 ppm for MS and +1.5 Da for
MS/MS. Data were filtered based on a 1% protein false discovery rate. All the bands from each
lane were summed in the analysis. Census software version 1.77, built into the IP2 platform,
was used to determine the ratios of unlabeled and labeled peptide count (PC) pairs using

an extracted chromatogram approach. Then each treatment ratio was divided by the
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Fig 1. Experimental Design for the SuperSILAC experiments. MMEEC were differentiated at air-liquid interface (ALI) on membranes during 3 weeks.
Cells were treated one time on Monday only; Monday and Tuesday; or Monday, Tuesday and Friday for 2 hours in serum free medium with medium alone or
supplemented with 200 pg/ml of NTHi lysates at the apical side. Cells were recovered 48 hours (1 treatment), 96 hours (2 treatments) or 1 week (3
treatments) after the first treatment. Cell lysates were recovered after rinsing 6 times with HBSS to remove any trace of serum.

doi:10.1371/journal.pone.0148612.g001

corresponding control ratio, thereby cancelling out the SuperSILAC common denominator,
and enabling comparison of the effect of NTHi treatment over time, with the number of PC
corresponding to each identified protein specified. Proteins with a fold change +/- 2 were
retained for further evaluation.

Histopathological evaluation of middle ear cells grown at ALI

mMEEC cells were cultured on transwells at air-liquid interface and treated with serum free
medium vs. 200 ug/ml NTHi lysates in serum free medium as explained before. For histology,
cells were fixed with 10% formalin for 24h, embedded in paraffin and processed for H&E
(hematoxylin and eosin) coloration by the Pathology service of Children’s National. The slides
were observed with a BX51 Olympus microscope (Olympus, Rocklin, CA) with the objective
40X. The anti-pan Cytokeratin antibody [AE1/AE3] (ab27988) (Abcam, Cambridge, MA) at
1:1000 was used for immunohistochemical staining of epithelial keratins by the Pathology Ser-
vice of Children’s National. For quantification of thickness the epithlelial layer was measured
in 3 different areas per slide at 20x magnification. There were 5 slides per condition.

Western blot analyses

A previously described protocol was used for the western blotting[22] of selected proteins for
validation. Briefly, 15yl of each effusion sample was separated by electrophoresis on NuPAGE
Novex 4-12% Bis-Tris gels (Life technologies, Carlsbad, CA). The molecular weight marker
Kaleidoscope was used as a standard (Bio-Rad, Hercules, CA). The proteins were then trans-
ferred to a nitrocellulose membrane (Invitrogen). Membranes were blocked with 5% non-fat
dry milk in PBS with 0.05% Tween-20 (PBST), and incubated used to incubate primary anti-
mouse antibodies for Plakoglobin (PG-11E4, Thermo Scientific, Waltham, MA), periplakin
(C-20, Santa Cruz, Dallas, TX), Histone H1 (C-17, Santa Cruz, Dallas, TX), keratin 10 (K-14,
Santa Cruz, Dallas, TX), keratin 15 (G-12, Santa Cruz, Dallas, TX). Secondary antibody anti-
goat at 1:5000 coupled to horseradish peroxidase (SigmaAldrich, St. Louis, MO). Detection was
performed with a SuperSignal ® West Dura Extended Duration Substrate kit (Pierce, Rock-
land, IL) according to the manufacturer’s instructions.

PLOS ONE | DOI:10.1371/journal.pone.0148612 February 9, 2016 4/13
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Fig 2. SuperSILAC technique applied to our experiments. Differentiated mMMEEC were cultured with labeled arginine and lysine (SILAC mMEEC on the
right) or in regular medium (not labeled mMMEEC). The lysates of mMMEEC with labeled proteins were recovered and called Super spike-in standard, or SILAC
standard. Unlabeled mMEEC were treated with NTHi lysates vs. control at the depicted times and the lysates were recovered after 48 hours, 96 hours or 1
week. 30 pg of unlabeled proteins (conditions of interest) were spiked with 30 ug labeled standard, a SDS PAGE was performed followed by in gel digestion
to generate peptides for LC-MS/MS detection. The results were expressed as ratios of light proteins (condition of interest) over heavy proteins (standard).
With each sample being expressed over the same reference, time point ratios of treated over control were then calculated.

doi:10.1371/journal.pone.0148612.9002

Statistical analysis

The statistical difference between experimental and control groups for all experiments was
determined by two-tailed paired Student T-tests. Significance level was set at p<0.05.
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Results
SILAC

Mass spectrometry analysis identified and quantitated 2565 proteins across samples, of these
1596 proteins were identified with a total peptide count of at least 6 across all samples (S1
Table). The 30 most overall abundant proteins identified were not regulated by NTHi treat-
ment across time points. Clathrin heavy chain, a peptide implicated in the formation of vesi-
cles, was the most abundant protein overall. Several cytoskeletal and cytoskeletal binding
proteins also demonstrated a high PC, such as actin, spectrin, filamin, plectin and myosin-9.
Two heat shock proteins (HSP), HSP71 and HSP90 were detected in high abundance, as well
as ubiquitin proteins (polyubiquitin-B and polyubiquitin-C) and metabolic enzymes (pyruvate
kinase isoenzymes M1/M2 and ATP synthase).

Among the 1596 proteins detected, 74 proteins exhibited differential enrichment or deple-
tion in cell lysates (+/-2.0 fold-change; p value<0.05) in at least one of the time points with
NTHi lysates relative to control.

In order to better understand the intracellular effects of NTHi over time we analyzed the
most dysregulated proteins in mMEEC at each time point, with the highest PC. Table 1 lists
the 35 most abundant proteins that were either significantly enriched or depleted across time
points (p<0.05). Among these 35 proteins, 14 were enriched and 21 were depleted by NTHi
lysates treatment. At 48 hours, the most abundant proteins that were statistically enriched by
NTHi lysate treatment were the cytokeratin subtypes keratins 16, 6, 75, 17, 15, 79 and 5. Collec-
tively, this group of cytokeratins is typically expressed during epithelial basal layer activation
and cellular proliferation. Other mediators significantly up-regulated at 48 hours included
CD44, Na+/H+ exchange regulatory co-factor, and Nuclear Pore Complex Protein 133. At 96
hours, ferritin, CD-44, and gamma-synuclein were key mediators enriched while Histone HI,
involucrin, plakoglobin, periplakin, and retinal dehydrogenase were key mediators depleted at
96 hours. At 1 week, a majority significantly regulated proteins were depleted. Notably, keratin
10, a marker for suprabasal terminal differentiation and keratinization, was one of the few,
(and the most) enriched mediator at 1 week. Depleted proteins again included many of the pla-
kin group of proteins, involucrin, and Histone H1 along with nucleolin, and glutahione
transferase.

The diseases and biological functions associated with our conditional proteomics results
were then generated through the use of QIAGEN’s Ingenuity Pathway Analysis (IPA® QIA-
GEN Redwood City, www.qiagen.com/ingenuity). Fig 3 demonstrates results of this analysis.
At early time points (48 and 96 hours) there was increase noted in “growth of epithelial tissue”,
“inflammation of organ”, “proliferation of connective tissue/cells, and “metastasis” with a
decrease in “apoptosis”. At the late time point (1 week), no biological functions were noted to
be increased, however there were decreases in “proliferation of connective tissue/cells”, “growth
of epithelial tissue”, and “inflammation”.

Histology of MMEEC grown at ALI

mMEEC were cultured at ALI and treated until longer time points (1, 2 and 3 weeks) to better
observe epithelium remodeling. From 1-3 weeks of NTHi exposure there is a progressive and
marked degree in the thickness of the epithelial layer, with the lysates inducing a dramatic 2-3
fold increase in the thickness of mMEEC cultures at ALI over control (Fig 4). Moreover, the
histology demonstrates a significant difference in the organization of the epithelium, with the
treated epithelium looking progressively “looser”, with increased intracellular spaces, along
with the deposition of cellular debris and keratinacious material on the surface (Fig 5).

PLOS ONE | DOI:10.1371/journal.pone.0148612 February 9, 2016 6/13
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Table 1. 35 most abundant proteins significantly regulated by NTHi lysate treatment.

Protein
symbol
K2C6A
K1C17
K2C5
K2C75
K1C15
K1C16
SYUG
K2C79
FRILA1
PURB
CD44
K1C10
NHRF1
NU133
PEPL
NUCL
EVPL
H12
H13
LEG3
GSTM2
H14
INVO
PLAK
PURA2
AL1A1
GSTM1
G6PD1
CES1D
EPIPL
RMXLA
H11
PP2BA

5NTD

HNRPC

Fold change ratios represent treated with NTHi lysates over control (N/C). (n = 6 replicates for each condition; bolded numbers represent p<0.05)

Description

Keratin, type |l cytoskeletal 6A

Keratin, type | cytoskeletal 17

Keratin, type Il cytoskeletal 5

Keratin, type Il cytoskeletal 75

Keratin, type | cytoskeletal 15

Keratin, type | cytoskeletal 16
Gamma-synuclein

Keratin, type Il cytoskeletal 79

Ferritin light chain 1

Transcriptional activator protein Pur-beta
CD44 antigen

Keratin, type | cytoskeletal 10
Na(+)/H(+) exchange regulatory cofactor NHE-RF1
Nuclear pore complex protein Nup133
Periplakin

Nucleolin

Envoplakin

Histone H1.2

Histone H1.3

Galectin-3

Glutathione S-transferase Mu 2

Histone H1.4

Involucrin

Junction plakoglobin

Adenylosuccinate synthetase isozyme 2
Retinal dehydrogenase 1

Glutathione S-transferase Mu 1
Glucose-6-phosphate 1-dehydrogenase X
Carboxylesterase 1D

Epiplakin

RNA binding motif protein, X-linked-like-1
Histone H1.1

Serine/threonine-protein phosphatase 2B catalytic subunit alpha
isoform

5'-nucleotidase
Heterogeneous nuclear ribonucleoproteins C1/C2

doi:10.1371/journal.pone.0148612.t001

Western blots

Total peptide
counts

376
314
303
196
169
106
56
36
34
32
24
24
19
15
327
283
98
85
85
74
73
72
68
61
55
54
52
48
32
29
25
21
20

18
16

N/C 48

hrs

2.32
2.19
2.01
2.31
2.00
2.4
1.66
2.19
1.15
0.97
2.09
1.55
2.12
1.19
0.76
1.04
0.68
0.88
0.88
0.98
0.87
0.85
0.59
0.84
0.91
0.60
0.67
0.79
0.53
1.82
1.12
0.00
0.45

0.84
ND

N/C 96

hrs

0.93
1.14
0.91
0.94
1.00
1.25
1.73
1.04
2.27
3.02
1.57
1.00
0.80

ND
0.75
0.95
0.85
0.29
0.50
0.80
0.66
0.42
0.45
0.51
0.77
0.51
0.59
0.81
0.67
0.49
1.16
0.18
0.85

0.42
0.82

N/C 1
wk
0.91
0.95
0.83
0.99
0.80
ND
2.40
0.67
1.89
0.94
1.15
16.51
0.90
6.53
0.50
0.47
0.44
0.36
0.36
0.50
0.41
0.36
0.29
0.52
0.48
0.25
0.29
0.48
0.35
0.50
0.41
0.44
0.72

0.29
0.38

On order to validate the SILAC findings, western blots were performed and added as Fig 6.
Five separate mediators found to significantly change by SILAC were assayed by immunoblot-
ting. We noted that keratin 15- a proliferative keratin, overall mildly increased with NTHi
lysates by Western blot at all time points. Keratin 10-a differentiation keratin, was found to
markedly increase at 1 week with treatment, consistent with the 16-fold change noted on

PLOS ONE | DOI:10.1371/journal.pone.0148612 February 9, 2016
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Fig 3. Diseases and biological functions associated with conditional proteomics results. The diseases and functions associated with the expression
patterns of the regulated proteins during the treatment were generated by Ingenuity Pathway Analysis and scored.

doi:10.1371/journal.pone.0148612.9003

SILAC. Periplakin, plakoglobin, and hsitone H1, were all found to decrease with NTHi treat-
ment at 96 hours and 1 week, also consistent with the quantitative proteomics result.

Discussion

A key component of OM progression from acute to chronic is epithelial remodeling during
middle ear inflammation, or upon bacterial exposure. Normally middle ear mucosa is com-
prised by a simple squamous epithelium, which during the acutely infected and inflamed state
has the capacity to grow and proliferate to many times its original thickness, into a thick, often
pseudostratified, columnar epithelial complex[7,23]. Several groups including ours have dem-
onstrated that the middle ear infection in animals by NTHj, S. Pneumoniae, or lipopolysaccha-
ride results in middle ear mucous metaplasia similar to that seen in human tissue samples
[12,13,24,25]. To our knowledge, no groups have directly studied these events in vitro using
middle ear cell lines. Characterizing and quantifying intracellular changes at the protein level
during the process of bacterially induced mucosal hyperplasia, could help elucidate key mecha-
nisms contributing to the progression of OM. This was the goal of our study and we are the
first group using a differentiated middle ear epithelial cell culture model permitting chronic
exposures to bacterial components over long periods of time. We are also the first ones

A. Control Treated B.

w
o
]

epithelial thickness (um)
° 3 ¥
:| X
T
I
X
[
(o)

Fig 4. Histopathology of nMEEC at ALI exposed to NTHi lysates over time. A. mMMEEC were differentiated and treated or not with NTHi lysates 3 times a
week for 1, 2 or 3 consecutive weeks. At the end of the treatments, the cells were fixed 24 hours in 10% formalin, dehydrated, embedded in paraffin, cut and
stained by the Pathology Service of Children’s National Health System. B. Measurements of epithelial thickness demonstrated statistically significant
increases at each time point relative to control (***p<0.001).

doi:10.1371/journal.pone.0148612.9g004
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Control NTHi lysates

1 week

2 weeks

3 weeks

Fig 5. Pan cytokertin expression in mMEEC. Anti-pan Cytokeratin antibody [AE1/AE3] (ab27988) was used to identify localization of epithelial keratins.
With treatment, an abundance is seen at 1 week in the suprabasal staining. Over time the epithelium gets looser, with release of keratin from the epithelial
surface.

doi:10.1371/journal.pone.0148612.g005

employing powerful proteomics techniques such as SILAC to explore this question. Impor-
tantly we used immunoblotting to validate the SILAC results, and indeed found that SILAC
appears to be more sensitive for quantification changes in protein levels than Western Blot.
Large fold changes in protein levels are needed before obvious changes in western blot signal is
noted (as is the case for keratin 10 at one week).

Our time course conditional quantitative proteomics data of abundant intracellular proteins
uncovered some interesting and key findings, the first one being the regulation of the keratins
by NTHi lysates treatment in mMEEC. First, at 48 hours Keratins (K) 16, 6, 75,17, 15and 5
are overabundant after NTHi treatment relative to control. As part of the epithelial cytoskele-
ton, keratins are important for the mechanical stability and integrity of epithelial cells and tis-
sues[26]. Importantly, keratin expression patterns not only characterize cells as “epithelial”,
they are also characteristic for distinct stages during cellular epithelial differentiation. K17/16/
15/5 are all expressed in the basal layer of epithelia. K5 is strongly expressed in the undifferenti-
ated basal cell layer containing the stem cells, is down-regulated in the differentiating supraba-
sal cell layers and is known to be absent in simple/one-layered epithelia[27]. Similarly K15 is
known to be restricted in expression to the basal layer of stratified epithelium[28]. K16 and 6
are both constitutive keratins of stratified epithelia built up by cells of relatively high prolifer-
ative state. They are known to be induced during pulmonary respiratory epithelium metaplasia

C NCNOC N

periplakin (190kDa) -g!:f.!
plakoglobin (85kDa) s~
keratin 10 (60kDa) * — —

keratin 15 (45kDa) - ———

histone H1 (33kDa) e s =

l1week 96 hrs 48 hrs

Fig 6. Western Blots for selected proteins of note. C = control, N = NTHI lysates, note the times are
depicted as 1 week at the left, 96 hours in the middle, and 48 hours on the right of the images.

doi:10.1371/journal.pone.0148612.g006
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[29,30]. K17 is also a marker of “activated” basal epithelium, and is inducible upon cell injury
an event critical in epithelial wound injury repair. K17 knockout mouse embryos show a delay
in the closure of surface ectoderm wounds [31]. K16/6/17 are all inducible upon stress, injury,
or inflammation, and as it is not surprising that squamous cell carcinomas express these three
keratins[32]. Sparse expression of K75, typically a hair follicle keratin, has also been identified
in proliferative tissues, such as squamous cell carcinoma[26]. Collectively, the enriched finding
of these keratin sub-types in bacterially challenged middle ear epithelium is highly suggestive
of basal cell activation and proliferation upon NTHi exposure. Conversely, K10 which we iden-
tified to be significantly upregulated at the 1 week time point, is typically expressed in supraba-
sal epithelial layers, and represents inhibited cell proliferation and decreased cell cycle
progression[33,34]. A loss of K10 increases keratinocyte turnover, and as such K10 is thought
to represent the major keratin of epithelial cell terminal differentiation and keratinization[26].
Conclusively, our data show that NTHi induces a transition of the epithelium ranging from
activation of proliferation of epithelial cells at early time points, to terminal differentiation of
suprabasal cell layers at chronic time points, highlighted by a profound change in keratin sub-
type expression.

Along the same lines, a second key finding in our data is the collective depletion of the pla-
kin group of proteins, including periplakin (0.5 fold change at 1 week), envoplakin (0.44 fold
change at 1 week), junction plakoglobin (0.51 fold change at 96 hours) and epiplakin (0.49 and
0.50 fold change at 96 hours and 1 week respectively). The plakins are a family of proteins that
crosslink cytoskeletal filaments and attach them to membrane-associated complexes at cell
junctions. As such, they play an important role in maintaining the integrity of the epithelial
layer and comprise the molecular link between the cytoskeleton and the extracellular matrix.
Periplakin and envoplakin have been identified as important elements of the epithelial corni-
fied layer and of desmosomes. Together with epiplakin they function to bundle and assemble
intermediate filaments[35,36]. Plakoglobin is a key constituent of desmosomes, which are
important cell to cell adhesion complexes. Plakoglobin is the linker between intracellular inter-
mediate filaments and the desmoplakin molecule of the desmosome complex[36]. Without
these important linkers epithelial organization and integrity is affected. Knockout mice defi-
cient in involucrin, envoplakin, and periplakin have a markedly defective ultrastructure of epi-
thelium, with impairment of the epidermal barrier, and a change in the T-cell composition of
their skin[37]. This goes along with the findings of our histopathology showing that with bacte-
rial treatment, although the epithelium is thicker, there is a dramatic increase in intracellular
spaces and breaks in the layer, giving the appearance of a ‘looser’ lining.

A third significant finding of our SILAC data was the consistently decreased levels of His-
tone H1 at 96 hours and 1 week. Histones are highly conserved proteins which primarily func-
tion to form nucleosomes and compact chromatin in the cell. Recent evidence also has found
that histones can be released extracellularily where they act as key pro-inflammatory mediators
in a plethora of disease processes such as sepsis[38]. H1 specifically is a linker histone in chro-
matin (not a core histone), and is known to be released from cells upon injury and apoptosis.
As such, it is quite possible that the histones are being released from the epithelium over time
upon the bacterial insult, and therefore they were found to be depleted in the cell lysates.

The protein gamma-synuclein was also shown to be induced by NTHi lysates at all time
points. This protein has been suggested to modulate the keratin network and to play a role in
cell adhesion and microtubule structure[39], which seems relevant with the keratin regulation
discussed above. The silencing of the gamma-synuclein gene was also shown to inhibit cell pro-
liferation and migration[40], which goes along with the differentiation hypothesis explained
before. Interestingly, nucleolin was also downregulated at 1 week of exposure, this protein is
the major nuclear protein of eukaryotic cells, and is a chaperone of histones; its overexpression
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is characterized in proliferative cancer cells[41]. Finally, results uncovered the regulation of
several glutathione-S-transferases (mu 1, mu 2 and A3) that are antioxidant proteins and the
galectin-3 that has a high affinity to the beta galactosidases of bacteria. They are all downregu-
lated especially at 1 week, which might signify an immunosuppressor effect of NTHi lysates on
mMEEC.

Conclusion

In conclusion, quantitative proteomics reveals that NTHi lysates drive events resulting in cell
remodeling in murine middle ear epithelium. The remodeling is characterized by an initial pro-
liferative response followed by terminal differentiation and decreased epithelial integrity. These
factors all play a role in observed epithelial hyperplasia in OM progression from acute to
chronic. Further elucidation of these mediators will be critical in understanding this progres-
sion at the molecular level.

Supporting Information

S1 Table. Mass spectrometry of identified proteins in mMEEC expressed as peptide counts
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