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Abstract of Thesis

Comparative Global Protein Profiling of Pediatric Sinonasal Secretions from Healthy and
Chronic Rhinosinusitis Patients

Chronic rhinosinusitis (CRS) is a highly prevalent disease of the upper respiratory
tract and is characterized by mucous overproduction and hyperplasia of the submucosal
glands in the sinus mucosa. The composition of sinonasal secretions, however, is
minimally characterized. In this study, proteomic analyses were performed to identify the
protein components, including specific mucin glycoproteins (mucins), in the sinonasal
secretions of control and CRS pediatric patients. Secretions were collected at Children’s
National Medical Center (CNMC) from (a) CRS patients undergoing functional
endoscopic sinus surgery and (b) control patients without CRS undergoing surgical
procedures un-related to CRS. Secretions were processed for proteomic analysis using
established protocols in the CNMC Proteomics Core. Proteins were separated by
electrophoresis on SDS-polyacrylamide gels, bands were excised, digested with trypsin,
and analyzed using liquid chromatography tandem mass spectrometry (LC-MS/MS).
Proteins were identified using the Sequest algorithm in the Bioworks Browser Software
against the UniProt database. Fold-change significance was calculated using the QSpec
algorithm. Western blot analysis was performed to validate proteomic findings and to
determine whether MUC5B, a glandular mucin, was semi-quantitatively increased in
CRS sinonasal secretions.

Five samples from CRS patients and three from non-CRS patients have been
analyzed by proteomic profiling to date. A total of 294 unique proteins were identified

across all samples, some of which were common to both CRS and control samples
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andothers that were differentially expressed, including proteins previously reported to be
associated with CRS [BP1 fold-containing family A member 1 (BPIFA1), MUCS5B, and
chitinase-3-like protein 1 (CHI3L1)]. The protein with the most significant negative
fold-change (decreased abundance in CRS samples) was retinal dehydrogenase 1
(ALDH1ALl, log; fold-change = -4.39). The protein with the highest significant positive
fold-change in CRS samples was BPIFA1 (log, fold-change = 3.93). Glycoprotein-340,
BPIFB1, S100-A9, and serpin Al were validated by western blot analyses and showed
overall increased expression in CRS samples compared to control samples. Proteomic
analyses identified MUC5B mucin in all CRS samples and in two control samples.
MUCS5AC mucin was identified in three CRS samples and two control samples. The
relative abundance based on spectral count data of MUC5B compared to MUC5AC in the
CRS samples was significantly higher for MUC5B (p < 0.05). Based on western blot
analyses, there was no significant increase in the proportion of MUC5B to MUC5AC
expression in CRS samples compared to controls, although there was a trend towards a
higher ratio of MUC5B to MUCS5AC. Data analysis using protein knowledge database
tools revealed that proteins showing the most significant expression in CRS samples
compared to non-diseased samples were involved in biological processes such as
biological regulation, cellular processes, response to stimuli, and immune system
response. Proteomic data suggest that MUCS5B is significantly more abundant than
MUCS5AC in CRS patients, likely reflecting the increased glandular hyperplasia in these
patients. Further investigation by proteomic analysis and validation by western blot
analysis of proteins present in CRS secretions may provide more insight into the

pathogenesis of CRS in pediatric patients.
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Chapter 1: Introduction

1.1. Chronic Rhinosinusitis

Chronic Rhinosinusitis (CRS) is a common chronic upper respiratory illness that
affects more than 16% of the US population.! The disease accounts for more than 18
million office visits and direct healthcare costs of over 4 billion dollars a year.>” The
major physical signs that account for this significant morbidity in patients with (CRS) are
mucus overproduction and secondary obstruction in the nasal cavity and paranasal
sinuses.*™® CRS is a multifactorial disease process of chronic inflammation of the mucosa
of the nose and paranasal sinuses that is characterized by mucus hypersecretion®®, a
dysfunction that is common in almost all inflammatory diseases of the upper and lower
respiratory tracts. Patients typically present with rhinorrhea, nasal congestion, facial pain
and headache and are diagnosed with CRS if these symptoms persist for a minimum of

116

12 weeks duration refractory to medical management.”™ While diagnosis is usually

10-11 there are a wide

confirmed by computed tomography scan and/or nasal endoscopy,
variety of symptoms that lead to a diagnosis of CRS, with the most common symptoms
in children being nasal discharge (purulent or mucoid-like) and congestion. When there
is lack of nasal discharge, it can be indicative of post-nasal drip that leads to cough in 50-
80% of pediatric patients. Nasal congestion in pediatric patients with CRS often leads to
sleep trouble (and therefore fatigue) and sore throat in the mornings.**** Other pediatric
symptoms include odorous breath and poor appetite.’> There many different clinical
manifestations of the disease, but the most common subsets are CRS with nasal polyposis

and CRS without nasal polyposis.**®> Because of the variability in clinical manifestations,

there is not one standard effective treatment. Endoscopic surgery along with



corticosteroids, antibiotics, and immune modulating medications are generally utilized.'®

The complete pathogenesis of CRS, especially in children, remains elusive.

Most of the proposed theories on the etiology of CRS underscore inflammation as
a trigger and state that fungus®’ and/or bacteria play a role in the development of the
disease.'® Studies have shown that cultures of sinonasal samples from CRS patients
contain coagulase-negative Staphylococcus species. Species identified in the cultures are
distinct from the set of healthy individuals and individuals with acute rhinosinusitis.*®
Other investigators have implicated the Alternaria fungi species to play an important role
in generating antigens that mediate inflammatory responses (and thus the mucosal
changes) seen in CRS." Interestingly, Suzuki, et al. have shown a correlation with CRS
and otitis media with effusions (OME) or obstructive adenoid hypertrophy in children.
50% of the children who are diagnosed with OME or obstructive adenoid hypertrophy
have sinusitis. Furthermore, sinusitis is a more prevalent diagnosis in children with OME
compared to children without.?> ® Studies have even shown similarities in bacterial

etiology between pediatric chronic otitis media with effusions and CRS. *

Nasal secretions protect the sinuses from inhaled infectious agents. Innate
immune system proteins are present in nasal secretions or are activated to respond to
pathogens. Specific inflammatory mediators and cytokines respond to the inflammatory
process in CRS, which damages the respiratory epithelium and leads to the infiltration of
inflammatory type cells such as eosinophils, neutrophils, mast cells, macrophages, and
lymphocytes. Increased levels of inflammatory mediators and cytokines identified in the
sinonasal epithelium of patients include interleukin (IL) 5,** ?° IL8, interferon-gamma,

(TNF-alpha), regulated on activation, normal T cell expressed and secreted (RANTES),*:



I ‘major basic protein (MBP), eosinophil cationic protein (ECP),%° epidermal growth

factor (EGF),” granulocyte-macrophage colony stimulating factor (GM-CSF), and

programmed death ligand 1 and 2 (PD-L1/2).%*

1.2. Respiratory Tract Mucus

Mucus covers the apical surfaces of epithelial tissues such as the respiratory,
gastrointestinal and reproductive systems and functions to provide protection, lubrication,
transport, and epithelial homeostasis. Mucus acts as a “sticky glue” to catch harmful
pathogens or toxins. In the respiratory tract, mucus traps foreign substances, e.g. bacteria,
viruses, dust and smoke. With the help of cilia that line epithelium, mucus clears
particles from the airways, via mucociliary clearance, which is now recognized as a vital

contributor to innate immunity.*’

When mucus is hypersecreted in many chronic airway
diseases like CRS, OME, cystic fibrosis (CF) the mucociliary clearance mechanism
becomes slower or “faulty” and therefore contaminants cannot be cleared from the
respiratory system leading to long terms effects that can decrease overall quality of life,

i.e. morbidity.?>%

Airway mucus is made of two layers. The outer layer, known as the gel phase, is
the layer that foreign particles stick to and is therefore the layer that is cleared during
mucociliary clearance. The clearance rate varies within the airways,**’ but Pandya and
Tiwari determined the mean nasal mucociliary clearance in children to be 11.1
34, 117

mm/min.**® The inner layer, known as the sol phase or the paraciliary layer, is

closest to the cilia. The inner layer gives enough space for the cilia to maintain their



asymmetric rhythm during mucociliary transport while the gel phase is more viscous than
the sol phase layer.'”* In healthy maxillary sinuses, the rate of mucus clearance is
estimated to be every 20 to 30 minutes. Individuals with respiratory diseases have a
slower rate of mucus clearance thus creating an environment where viruses and bacteria

can thrive.?% 3

1.3.  Mucin Glycoproteins

® which are

The major components of lung mucus are mucin glycoproteins™
responsible for the viscoelastic properties of mucus.*® This is likely true for upper
respiratory tract mucus, but has not been demonstrated. Mucins are high molecular
weight glycoproteins that are expressed in epithelial cells. A schema for a mucin
molecule is shown in Figure 1.1 The protein backbone, which is typically rich in serine,
threonine and proline, is encoded by a MUC gene. Mucin mRNA is translated into a
MUC protein, which is post-translationally O-glycosylated in the Golgi, prior to mucin
assembly and storage in secretory granules. The O-glycosides can account for up to 90%
of the mass of a mucin, which have molecular weights that can range from 2 to 20 x 10°
Daltons. Mucins are stored in a highly condensed form in secretory granules and are
secreted at the apical surface via exocytosis.?® ** Determinants of mucus expansion and
gel formation include factors such as water and ion availability. In diseases such as CF,

ionic imbalance and water availability influence mucin physical properties including

expansion hindrance.*® Important components that can affect the physical properties of



mucus and their role in airway immunity include both mucus and antimicrobial

proteins.®”*® These are discussed separately below.



Figure 1.1. Generic model of a mucin glycoprotein. A mucin protein backbone central
domain (yellow) contains O-glycans attached to threonine and serine residues. Central
domain contains proline, threonine, and serine tandem repeat regions. Amino (blue) and

carboxyl (green) terminal domains are indicated.
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Figure adapted from Rose, M. C., & Voynow, J. A. (2006). Respiratory tract mucin genes and mucin
glycoproteins in health and disease. Physiological Reviews, 86(1), 245-278.



1.4. Mucins are Characterized by their Protein Backbone

A total of 20 mucin genes have been identified in humans. Except for MUC14,
MUC15, and MUC18, mucin genes encode tandem repeat domains. Mucins are defined
as secretory or membrane tethered based on the protein backbone. The membrane bound
type mucins are MUC1, MUC3A, MUC3B, MUC4, MUC11, MUC13, MUCs 15-18, and
MUC20. Amongst the secreted type of mucins are the gel-forming mucins that
contribute to the visco-elastic properties of mucus, i.e. MUC2, MUC5AC, MUC5B,
MUC6 and MUC19. The MUC7, MUCS8, and MUC9 mucins are secreted, but are
cysteine-poor and do not have gel-forming properties, 208 3031, 35.44

The protein backbone of membrane tethered and secreted mucins share similar
structural domains, (Figure 1.1) as they contain tandem repeat domains of proline,
threonine and/or serine (PTS regions). Membrane bound mucins contain a
transmembrane domain, a cytoplasmic tail, and glycosylated extracellular domains.
Secreted type or secretory mucins contain glycosylated tandem repeat domains as well as
cysteine rich domains, including Von Willebrand factor type D domains, a cysteine knot
domain, and cysteine-rich domains as shown in Figure 1.2 for MUC2, MUC5AC and
MUCSB.

The specific positions of cysteine residues are highly conserved among the gel-
forming mucins. The cysteine domains allow for mucin oligomerization of dimers and
multimers through disulfide bonds. The cysteine residues in the cysteine domains of

mucins are not only responsible for intercellular disulfide bonds that generate mucin



polymers, but also act as secondary structure stabilizers in gel-forming mucins through

intracellular disulfide bonds. *°4°



Figure 1.2. Representation of specific types of domains and regions found on cysteine-
rich secreted type mucins (MUC2, MUC5B, MUC5AC). Mucins shown are mucins that

are expressed in the airways.
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Figure adapted from Rose, M. C., & Voynow, J. A. (2006). Respiratory tract mucin genes and mucin
glycoproteins in health and disease. Physiological Reviews, 86(1), 245-278.
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1.5. Mucin Glycosylation

Mucin protein backbones are highly O-glycosylated and the O-glycans can be a
major contributor to their physical properties and serve various biological roles. O-
glycosylation is the addition of N-acetylgalactosamine via the glycosyltransferase to
serine or threonine residues through alpha linkage. Other carbohydrates- including N-
acetylglucosamine, galactose, fucose, sialic acid, and sulfate- are added stepwise by
specific glycosyltransferases.*

The tandem repeat domains in mucins contain a high number of threonine, and
serine amino acids, resulting in regions that are highly O-glycosylated making it difficult
for proteases to access the protein backbone. Sulfate and sialic acid distribute a negative
charge to the O-glycans so that the carbohydrate chains repel one another and the
glycosylated regions become very stiff. This results in mucin molecules expanding to a
large volume, which contributes to their gel-like properties. 228303140

Mucin glycosylation patterns can vary greatly between and within species. Mucin
investigators have speculated that the heterogeneity reflects the ability of mucins to adapt
to their environment by changing glycosylation patterns to adapt to specific pathogens
that frequent a particular tissue/organ.?® Gycosylation is thought to have a major role in
protecting the epithelium from foreign agents as bacteria can bind to specific glycans on
mucins. For instance, in the gastric epithelium, specific O-glycans on gastric MUC5AC
mucin bind to Helicobacter pylori** and terminal glycan residues on MUC6 have

demonstrated antibiotic abilities against H. pylori as well.*®

12



1.6.  Mucins in Respiratory Diseases

In inflammatory airway diseases mucins are hypersecreted causing airway
obstruction along with other physiological changes. When rheological properties change,
it can lead to impairment in mucociliary clearance observed in chronic airway diseases.
Mucins are expressed and secreted mainly by goblet cells and secretory cells in
submucosal glands.”’ In diseases like CRS, asthma, and CF, mucus is hypersecreted
reflecting epithelial changes characterized by goblet cell hyperplasia and submucosal
gland hypertrophy.?” *® Immunohistochemical and in-situ hybridization studies have
shown that, in the airways of healthy individuals, goblet cells express MUC5AC>*® and
submucosal glands express MUC5B,***® MUC7,°® and MUC8.>® Trace amounts of
MUC2 have been detected in goblet cells lining the epithelium of nasal mucosa (33) and
intestinal epithelium® as well as in airway sputum.>’ However MUC5B and MUCS5AC
have been shown to be the pre-dominant gel-forming mucins in airway mucus,
specifically during inflammation. For example, MUC5B and MUCSAC are the
predominant mucins identified in CF airway secretions, asthmatic, and chronic bronchitis
samples.> > ¢7- % Expression of mucin genes can change in diseased airways: MUC5AC
is expressed in submucsoal glands in COPD,*”® and MUC5B in goblet cells.'*
Interestingly, Thornton, et al. has suggested the presence of two different glycoforms of
MUCS5B- a low density and high density form- that have different glycosylation patterns.
They propose that each glycoform can vary in its level of expression in respiratory

secretions from patients with inflammatory diseases of the airway.®” ® The two

13



glycoforms have been identified in respiratory secretions from individuals with asthma ®®
and chronic bronchitis.>

There is a marked increase in inflammatory mediators in lung diseases and can
upregulate mucin gene expression, which contributes to mucus hypersecretion. This can
be triggered by various factors including proteases, bacterial endotoxins, and pro-
inflammatory cytokines. For example, MUCS5AC expression is up-regulated by TNF-
alpha, and neutrophil elastase. MUC5B and MUCS5AC expression are both up-regulated

by IL6 and IL17 reviewed in 27 and 122

1.7. MUCS5AC and MUC5B Mucins in CRS

The paranasal sinuses and maxillary sinus mucosa and the mucosa of the nasal
passages are lined with a ciliated, pseudostratified columnar epithelium that contains
goblet cells. The nasal and sinus mucosa are also lined with subepithelial tubuloacinar
glands® that are minimally present in healthy individuals but predominate in the nasal
mucosa of CRS patients®® and in the sinus mucosa of adults'?® or children®* with CRS. In
normal nasal tissue MUCS5AC is expressed in goblet cells and MUC5B is highly
expressed in the mucosal glands.® In the sinus mucosa, MUC5AC and MUCSB are both
expressed in goblet cells in the sinus mucosa but only MUC5SB is expressed in the glands
from both control and CRS patients.®™ ** Given the morphology of the sinus and nasal
cavities, the primary secreted mucins in sinonasal secretions are predicted to be

MUCS5AC and MUC5B and may be the key players in the pathology of CRS. In general,

14



these two mucins are the primary gel-forming mucins present in normal and pathological

secretions from the lower respiratory tract.>" > > 6768

Studies using reverse transcription polymerase chain reaction, or RT-PCR, (a
technique used to detect RNA expression levels), have demonstrated increased mRNA
levels of MUC5AC and MUCS5B in sinus mucosa of patients with CRS compared to non-
diseased controls. % As aforementioned, mucin secreting cells and glands in respiratory
diseases where mucus is hypersecreted can exhibit hyperplasia and there can be
alterations in cellular localization where mucins are expressed, e.g. MUCS5AC can be
expressed by glandular cells and MUC5B in goblet cells.®®d i" 122 Qyr |abs have

published data showing lack of goblet cell hyperplasia***

but a significant increase in the
submucosal gland area in pediatric CRS sinus mucosa.’’ These results support the
etiology of mucus overproduction due to the manifestation of hyperplasia of the
submucosal glands in the sinus and nasal mucosa of patients with CRS.®" ®® We have

suggested that the manifestation of glandular hyperplasia in pediatric patients with CRS

is an innate protective immune response that results in mucus hypersecretion.®*

The discrepancies between mucin localization and expression data in CRS that
have been reported may reflect the various analytical approaches used to elucidate the
role mucins play in the pathology of CRS, which may be different between children and
adults. One study on mucin expression in the sinus mucosa of adults with CRS reported
significantly higher mRNA expression for MUCS5AC in goblet cells of patients with CRS
compared to control.®® However, similar studies from our lab in children show no
statistical significance in MUC5AC expression.®® Furthermore, Viswanathan, et al. report

no significant difference in MUC5AC mucin levels in adult patients with and without
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CRS.'? Therefore, it is important to consider the possibility that mMRNA expression does
not necessarily reflect protein expression. For example, decreased mMRNA expression of
S100A8 has been demonstrated in tissue from patients with CRS with nasal polyps
compared to controls,®® yet another lab has shown increased expression of S100A8

protein in CRS patients with nasal polyps using proteomic techniques.®*

There are challenges in studying gene expression and immunohistochemistry of
sinus mucosa tissue from CRS patients. Studies have shown that the number of secretory

.72 and sometimes it is

cells in sinus mucosa is not consistent between or within patients
difficult to obtain intact epithelium.®* Therefore, immunohistochemical staining of
MUCS5AC and MUC5B as well mRNA expression studies of sinus mucosa tissue from
CRS patients may vary within and between samples, so that further analysis is needed to

obtain a better understanding of the contribution of mucins, as well as of the other

components in mucus, to the pathology of CRS.

1.8.  Additional Approaches to Investigate Components in CRS Secretions

To compensate for the limitations that some of the previously mentioned tissue
studies might present, studying the differential expression of proteins, specifically in
pathological secretions and not tissue and using semi-quantitative and quantitative
techniques could help contribute to a better understanding of the role of mucins and other
proteins in CRS. Interestingly, in patients with CRS one study has shown no significant

correlation between mucus viscosity and mucin abundance in CRS patients, suggesting
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that other proteins or modified post-translational modifications affect mucin viscosity in
CRS.'? Another contributing factor to the discrepancies reported above is the differences
in histopathology in the sinus mucosa of pediatric CRS versus adult.”® Most of the CRS
studies mentioned previously were done in adults, and histopathological differences
between adults and children could implicate different mechanisms driving the disease in
each group. Therefore, it is difficult to apply conclusions made in adult studies to

children, and CRS should be studied extensively in both groups.

Obtaining a global protein profile of differentially expressed proteins between
CRS and non-CRS patients will allow us to determine whether the abundance of certain
protein(s) has an effect on disease state. This could potentially help elucidate the role
that proteins play in mucus viscosity and in the pathogenesis of CRS. Identifying
biomarkers or molecular pathways associated with CRS could help come up with
alternative therapies.® It is our hope that by studying the differential expression of
proteins in sinonasal secretions from healthy and CRS pediatric patients we can facilitate
the development of better treatment and thus improve the overall quality of life for

children with CRS.

1.9.  Overview of Proteomics with Clinical Applications

Proteomics is a burgeoning field for the study of proteins in biological samples
and has become a critical tool in the discovery of disease biomarkers.”* " Proteomics by
definition is the systematic analysis of proteins in a sample. In clinical applications, these

are biological samples such as tissue, urine, serum, sputum or nasal secretions.> " ™ 7" |n
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addition to helping the biomedical community gain a better understanding of the
mechanisms of debilitating diseases such as cystic fibrosis’® or to identify biomarkers for
diseases, proteomics can identify post-translational modifications that affect protein

function or act as markers for a disease.””’

Proteomics has been used to study secretions in nasal lavage fluid from healthy
individuals and CRS patients, which studies are relevant to this project. Casado, et al.
used a proteomics approach to characterize the proteome of nasal lavage fluid in healthy
individuals, thus enabling the development of a proteome of healthy nasal lavage fluid. "
The establishment of such a proteome is important because it can be used to compare
nasal lavage fluid from diseased individuals in order to help identify any abnormalities in
protein expression that might contribute to the pathogenesis of the disease of interest.
Moreover, performing studies analyzing bodily fluid before and after pharmacological
treatment is particularly useful in developing more effective drugs for diseases where no

effective standard treatment is available, such as CRS."®

There are many ways to go about performing proteomic analysis depending on the
properties of the biological sample and equipment available. However, there is a standard
overall approach to the technique. Shot-gun proteomics (or bottom-up) is a proteomic
approach that is based on using multidimensional liquid chromatography (LC) combined
with tandem mass spectrometry (MS) to identify proteins in a complex mixture.®® The
key steps for executing a proteomic approach involve the following: protein separation
using 1-dimensional (1D), 2-dimensional (2D) gel electrophoresis, or high-performance

liquid chromatography (HPLC), mass spectrometry to generate mass spectra (analysis of
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peptides) which can be used to compare to mass spectra databases to identify proteins,

and finally interpretation of resulting data (identified proteins) using bioinformatics tools.

The dynamic range of detection for mass spectrometers has greatly improved over
the past decade, especially the ability to couple sample injection with liquid
chromatography (LC) for further peptide separation and tandem mass spectrometry (i.e.
LC-MS/MS).”” It is important to use separation techniques prior to sample injection to
reduce sample complexity to increase the dynamic range of detection of proteins in
complex biological samples.2® After fractionation, samples are normally subjected to a
protease digestion- typically with trypsin.®* A mass spectrometer can identify proteins at
a concentration up to 10*® M.”" % However, relatively large amounts of protein
(compared to other techniques such as western blot analysis) are required to analyze
samples by proteomics. Clinical studies have limited access to patient samples, this in
turn limits the sample size for statistical analysis.”” Nevertheless, proteomics can provide
insight into understanding the pathogenesis of diseases, and aid in the discovery of

diagnostic biomarkers for diseases such as CRS.

1.10. Proteomic Studies in CRS

There have been several proteomic studies that analyzed nasal lavage fluid
samples from adults with various forms of sinusitis.”® ™ 8 ® Casado, et al. published
several studies on nasal lavage fluid from adults.”® ™ One study characterized the
proteome of nasal lavage fluid from healthy individuals,” and the other was a proteomic

analysis on nasal lavage fluid from patients with sinusitis.” In the analysis of nasal
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lavage fluid from healthy individuals, nasal lavage fluid was collected before and after
provocation with hypertonic saline. They did not perform any form of protein separation,
such as 1D or 2D gel electrophoresis before MS analysis and used capillary LC coupled
to electrospray ionization quadrupole time-of-flight (ESI-Q-TOF) MS/MS to generate
mass spectra. 111 proteins were identified, the majority of which were reported as
functioning in cytoskeleton, innate immunity, and acquired immunity. Approximately
30% of the proteins were of vascular origin, although it is unclear whether
immunoglobulins were produced in the nose itself or infiltrated from the blood vessel
walls.”® In another study, the same group identified proteins in nasal lavage fluid
collected from adult patients with sinusitis before and after 6 days of pharmacological
treatment (antibiotics and nasal steroid spray). As before, they used LC ESI-Q-TOF
MS/MS to identify proteins. They identified less protein after treatment compared to
before, and they did not identify inflammatory markers after the 6 day treatment.”® They
were able to utilize proteomics to study changes in protein profiles of nasal lavage fluid
from patients with sinusitis before and after pharmacological treatment, an approach that

can potentially identify disease markers.

In a study from a different lab that analyzed nasal lavage fluid from patients with
allergic rhinitis and asthmatic CRS, LC-MS/MS was used to identify proteins, but keratin
and plasma proteins masked signals for low abundance proteins despite the utilization of
techniques that depleted plasma proteins in samples. Investigators detected a total of 129
proteins.®” Ghafouri, et al. also published a proteomic study on nasal lavage fluid, but

from adult patients with seasonal allergic rhinitis (SAR) and controls. Proteins were
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separated by 2DE and analyzed by MALD-TOF-MS. From the 2D gel, investigators

excised 21 spots to quantify in both groups.®®

Nasal mucus has also been the center of some proteomic studies in CRS. Tewfik,
et al. focused on proteomic studies using nasal mucus and used isobaric tags for relative
and absolute quantitation, iTRAQ labeling, to label proteins followed by 2 dimensional
capillary LC-MS/MS using a Q-TRAP MS to identify proteins in nasal mucus from adult
patients with CRS with nasal polyps. They were only able to identify 35 proteins
confidently, 21 of which were common in both CRS and control samples. Lysozyme C
precursor, clara cell phospholipid-binding protein, and anti-leukoproteinase protein were
all down-regulated in CRS patients, and calgranulin B, bactericidal/permeability-
increasing protein-like 1 and MUC5B were up-regulated.®® The same group analyzed
nasal mucus from patients with CRS with nasal polyps again, but used a different
proteomics approach, multiple reaction monitoring (MRM) mass spectrometry? to study
the expression of specific innate immunity proteins.®® This time around, they reported
that lysozyme c precursor protein was up-regulated and calgranulin B and bactericidal
were both down-regulated in nasal mucus from CRS patients® (Table 1.1), contrary to
the previous study.®® A larger sample size was analyzed in the MRM study compared to
the iITRAQ study. MRM has high sensitivity, high reproducibility, and enables accurate
quantification of proteins in a complex mixture,*?® making it a more reliable technique
than iTRAQ. Larger sample size and high accuracy in the MRM study could account for

the differences in detected protein expression.
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Table 1.1. Differential expression of proteins involved in innate immunity identified by
the same lab®™ ® in nasal mucus from adult patients with CRS with nasal polyps
compared to control samples. Differential expression was determined by two different

proteomic approaches.
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Min-man, et al. was the first lab to do proteomic studies on nasal mucosa tissue,
rather than nasal lavage fluid, from patients with CRS. They compared protein
expression in nasal mucosa tissue from patients with nasal polyposis, CRS, and healthy
individuals using 2DE separation followed by MALDI-TOF-MS and ESI-Q-TOF-MS.
They identified 30 differentially expressed proteins amongst the 3 cohorts. Histamine-
releasing factor had the highest expression in CRS tissue.” Another lab analyzed tissue
samples of mucosa that lines the paranasal sinuses from healthy adults and adults with
CRS with nasal polyp and utilized 2DE followed by MALDI-TOF analysis. They
identified over-expression of eosinophil lysophospholipase in CRS tissue compared to
healthy tissue,” a protein identified by Ghafouri, et al. in nasal lavage fluid from patients
with SAR,* implicating a role for this protein in nasal inflammation and thus the
pathogenesis of various forms of sinusitis. Keratin type I1-8 (K8) had minimal expression

in CRS with nasal polyps compared to control.™*

This finding was contrary to results by
Wau, et al. who suggested that K8 is a good biomarker for nasal polyps.*> Upton, et al.
was able to show that decreased mRNA expression in CRS with nasal polyps of the
protein S100A8,%* which has proinflammatory function in respiratory epithelium and is
overexpressed in many other inflammatory diseases such as COPD and CF, is not
reflective of the level of protein expression discovered by their proteomic methods.*
Upton, et al. observes that tissue samples from control and CRS patients with nasal

polyps were obtained from different regions of the sinonasal cavity and suggest there

might be differential protein expression in different regions of the sinuses.”

Although the accuracy and high throughput technology for MS has improved,

there are advantages/ disadvantages to every technique so it is important to choose a
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method that utilizes the instruments available and the specific conditions of the samples
of interest. For instance, 2DE, a method that is usually coupled with ESI-Q-TOF or
MALDI-TOF MS analysis, has several disadvantages when it comes to identifying
specific protein components in complex sample mixtures. When using 2DE, there is
generally poor separation of acidic, basic, high molecular weight and hydrophobic
proteins. Proteins with a pl on either tail end of the pH scale (pH < 3 or pH > 10) as well
proteins with high (MW > 150 kD) or low (MW < 15 kD) molecular masses are not
easily detected. 2DE is limited by the small dynamic range of protein stains, so low
abundant proteins, such as cytokines, are hard to detect.**®" Thus, 2DE is not ideal when
trying to generate a global proteome for a specific biological sample because many
proteins may not be accounted for during MS detection. 2DE has its strengths if an
investigator is interested in studying protein features such as post-translational
modifications that might possibly “mark” a disease, or comparing gel profile of two
different samples using software that can over-lay 2DE gel images to identify any extra
or missing protein spots or spots with higher or lower intensities.”” Protein labeling with
ITRAQ, for example, is beneficial when trying to quantify up to 4 different samples
simultaneously in a complex mixture. iTRAQ labeling requires enzymatic digestion
before injection into an MS which increases sample complexity. The more complex the
sample, the more powerful the multidimensional fractionation method required before
MS analysis.”® * MALDI-TOF MS measures the mass of fragments, but it cannot be
used directly to determine amino acid sequences, only tandem mass spectrometers can do

that, such as MALDI TOF/TOF. Proteins must be isolated by a fractionation method,
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such as 2DE, before being injected in to a MALDI-TOF MS for detection. Complex

mixtures can reduce sensitivity of MALDI and ESI ionization techniques.'®

Label free proteomics is an approach that is used to determine the relative amount
of proteins in multiple biological samples without the use of a stable isotope to label
proteins. The approach usually involves protein digestion, followed by a form of LC that
can be one or two-dimensional.®” The approach has been used in many studies for
biological sample analysis and biomarker discovery.’®** Any type of soluble biological
sample can be used, and it is a fast and easy approach that has a high dynamic range of
protein detection.'® The label-free approach is a logical choice for biomarker discovery
using complex clinical biological samples.’®” Label free approaches have been performed
in biomarker analysis of samples from patients with diseases such as Crohn’s disease,'*

1

lung cancer,*® bladder cancer,*! kidney dysfunction,"'> pancreatic cancer,**

autoimmune uveitis,'®* and colorectal cancer.***
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Figure 1.3. Schematic of label-free proteomic approach for protein analysis of biological
samples. In clinical applications of proteomics non-diseased vs. diseased or non-treated
vs. treated samples are separated via 1-D or 2-D gel electrophoresis followed by in gel-
digestion of protein using a protease (trypsin) and MS/MS analysis which is usually

combined with another separation technique such as LC MS/MS.
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1.11. Purpose and Significance of this Study

To our knowledge, a global protein profile using a shot-gun label-free proteomic
approach comparing sinonasal secretions from pediatric patients with chronic
rhinonsinutis to healthy patients has not been performed (based on PubMed search).
Furthermore, as mentioned previously, there is conflicting evidence about mucin

26,61, 66,12 5¢ t9 which mucins

expression in sinonasal tissues based on various approaches
are predominantly expressed or secreted in the sinuses of patients (adults and children)
with CRS. Since CRS is characterized by over-production of mucus and mucins are the
major components of mucus, learning more about the specific mucin composition of
mucus in this pediatric disease should be informative. It may help elucidate the role that

molecular components play in the physical properties of mucus in CRS and lead to more

effective treatments.

Our lab has shown an increased number of submucosal glands in pediatric CRS
sinus mucosa (Figure 1.4).** Since MUCS5B is the predominant mucin produced in
submucosal glands, we predict that it will be the predominant mucin in the sinonasal
secretions of patients with CRS. Further supporting this hypothesis are the results from a
proteomic study our lab has done on chronic otitis media with effusions (COME) in
pediatric patients. MUC5B and MUCS5AC were both identified by proteomic analysis as
well as western blot analysis, but MUC5B was established as the predominant mucin.**
We are choosing to specifically study sinonasal secretions from children with CRS
because a CRS secretome has not yet been determined. As previously stated, there are
also clear histopathological differences in the sinuses of adults versus children’, so it is

important to study CRS in both groups.
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Figure 1.4. Micrograph of control and CRS sinus mucosa following AB/PAS and
hematoxyline staining. Submucosal glands were identified following staining with
AB/PAS (black arrows). Statistically significant increase of submucosal glands in

pediatric CRS sinus mucosa was observed.
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Histochemical Staining of Sinus Mucosa

Control Sinus Mucosa CRS Sinus Mucosa

Figure adapted from Penia, M. T., Aujla, P. K., Zudaire, E., Watson, A. M., Przygodzki, R.,
Zalzal, G. H., et al. (2007). Localization and expression of MUC5B and MUC7 mucins in
pediatric sinus mucosa. The Annals of Otology, Rhinology, and Laryngology, 116(5), 389-397.

31



Our other goal is to compare the protein expression profile of non-mucin proteins
in CRS and healthy sinonasal secretions so as to begin to characterize those secretomes
and allow comparison with secretomes of various respiratory tract secretomes, both in

vitro and in vivo.*?’

Additionally, other proteins besides mucins may be contributing to
mucus viscosity in patients with CRS.* The conflicting biomarker studies for CRS*" %
and mRNA versus protein expression studies for particular proteins (such as S100A8

mentioned earlier)” % 2>

may be resolved by analysis of protein expression in CRS
patients. A label free approach using 1D gel electrophoresis and LC-MS/MS is ideal for
identifying the most proteins in a biological sample that can have albumin contamination,
mucins, and salts. It is our hope that by utilizing this approach in combination with
western blot analysis, we can determine the predominant mucin in mucus from pediatric

CRS patient as well as reveal any major protein expression changes in diseased vs. non-

diseased patients that could be identified as biomarkers for CRS.
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Chapter 2: Methods

2.1. Collection of Sinonasal Secretions

Sinonasal secretions were collected from pediatric patients according to the
institutional guidelines at Children’s National Medical Center (CNMC). The IRB
protocol (Maria Pena, P.1.) was approved by the Institutional Review Board of CNMC.
Control sinonasal secretions were obtained from patients without known CRS disease
that underwent craniofacial and/or neurosurgical surgery. Samples from CRS patients
were collected while undergoing functional endoscopic sinus surgery. Samples (Table
2.1) were listed as they were procured over a 3 year time period. Initial samples were

used for proteomic analyses and later samples for validation.
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Table 2.1. Demographics on subjects used in study
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Sample # CRS/C Gender Age (yrs.)*
1 CRS M 14
2 CRS M 8
3 CRS F 16
4 CRS F 16
5) CRS M 4
6 C M 18
7 CRS F 2
8 F 14
9 C M 2

10 M 16
11 CRS M 11
12 CRS F S)
13 C M 14
14 C M 15
15 C M 2
16 C M 2
17 C F 5
18 C F 4
19 C M 15
20 C M 3
21 CRS F 9
22 CRS F 13

C = control; M = male; F = female; yrs = years
*at time of surgery
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Samples were collected, put on ice, and brought to the lab where they were
immediately processed. Nasal secretions from the left and right sinuses were combined
and centrifuged at 1100 rpm at 4° C for 5 minutes to remove cells and debris. The
supernatant was transferred to a clean tube to which 1 mL of ice cold PBS was added.
The sample was centrifuged at 1500 rpm for 10 minutes at 4° C. Supernatant from this

tube was collected and stored at -20° C until use.

2.2. Protein Concentration Assay

The protein concentrations of control and diseased samples previously collected
were determined using the bicinchoninic acid (BCA) protein assay per the manufacturer’s
instructions (Thermo Scientific, Pierce, Rockford, IL) A protein assay dye reagent was
prepared at a 1:50 dilution of Reagent A and Reagent B. Albumin standards were
prepared in serial dilutions starting with 2 mg/ml. 10 uL of albumin standards or 10 uL
of sample were loaded into wells of a flexible 96 well assay plate in triplicate. 150 uL of
the 1:50 reagent assay dye was added to each well containing standard and sample. The
plate was placed in an incubator, away from light, and allowed to incubate at 37°C for 30
minutes. The absorbance of each well was measured using a ThermoMax plate reader
(Molecular Devices) at 570nm and then analyzed using SOFTmax PRO software v2.6.1

(Molecular Devices).
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2.3. Preparation of Samples for Proteomic Analysis

In a pilot experiment, samples 1, 3, 5, 6, and 7 (Table 2.1) were initially selected
for proteomic analyses. Approximately, 15-19 ug protein was used, except for Sample 6
where 35 ug of protein was used. Sample 6 clearly exhibited blood contamination, which
can account for 50% or more of protein in biological samples. Based on the experience of
the Proteomics Core at Children’s National, 2x more protein was loaded to compensate
for the detection of other non-blood proteins. Samples were dissolved in Laemili buffer
containing 2.5% freshly added B-mercaptoethanol and denatured in a hot water bath at
95°C for 10 minutes. The samples were subjected to 1D SDS gel electrophoresis
fractionation using a 4-12% Bis-Tris gel (Invitrogen Life Technologies, Carlsbhad, CA) at
200V for 50 minutes. The gel was incubated on a shaker for 30 minutes at room
temperature in a fixing solution made of 50% methanol, 45% ddH,0, and 5% acetic acid.
The gel was rinsed with ddH,O 3 times (5 minutes each rinse) and then stained with Bio-
Safe Coomassie for 1 hour. ddH,O was used to destain for 1 hour at room temperature
and then overnight at 4°C. The next day, the gel was incubated for 1 hour at room
temperature in ddH,O. A scan was taken of the gel and bands were excised. The lanes
containing samples 1, 5, 6 and 7 were excised into 50 gel pieces (each lane) and sample 3
lane into 48 pieces. The gel pieces were placed in eppendorf tubes with 200 uL of ddH,O

and stored at 4°C or -20°C until further processing, as described below.

Gel pieces were washed two times with 50% acetonitrile (ACN) for 15 minutes
each wash. Liquids were removed and 100 pL (or enough to cover the gel pieces) of

100% ACN was added; gel pieces were allowed to shrink and become white (after a few
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minutes). ACN was removed and gel pieces were rehydrated in 100 uL of 100 mM
NH4HCO; for 5 minutes. An equal volume of 100% ACN was then added (1:1 ACN:
NH4HCO3) and the gel pieces were allowed to incubate for 15 minutes with periodic
vortexing. All liquids were removed and gel pieces were rehydrated with 100 uL 100%
ACN; gel pieces were allowed to shrink and become white. All liquids were removed
before the gel pieces were rehydrated in 10-20 uL of digestion buffer containing 12.5
ng/uL of MS grade Trypsin Gold (Promega Corp., Madison, WI1) for 45 minutes on ice.
Excess digestion buffer was removed and replaced with 5 uL of 50 mM NH4HCO;3 and
gel pieces incubated at 37°C in a water bath or incubator overnight. After overnight
incubation, tubes were briefly spun down and 30 pl of 25 mM NH;HCO3; was added
before gel pieces were further incubated for 15 minutes with periodic vortexing. The
same volume of ACN was added and gel pieces incubated for 15 minutes with periodic
vortexing. The supernatant (containing extracted peptides) from each tube was
transferred to a new eppendorf tube. Pipette tips were changed between every sample to
avoid cross contamination of peptides. The gel pieces were re-extracted with 30 uL of
5% formic acid and 50% ACN (1:1, v/v). Gel pieces incubated for 10 minutes with
vortexing. Supernatant was recovered and added to the previous supernatant. This
procedure was repeated again and supernatants were then dried completely in a SpeedVac
(ThermoScientific). Dried samples were resuspended in 10 puL of 0.1% TFA and

transferred to MS tubes.

To correct for insufficient amount of loaded protein, inconsistent amount of
loaded protein, visual contaminants of blood, and visible salt saturation on the gel

observed in the pilot experiment, proteomic analysis was repeated on some of the
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previously analyzed samples and additionally on newly obtained patient samples. The

schema for the protocol used is shown below.

All control and diseased samples that were obtained by a previous lab member as
well as newly obtained samples were desalted and concentrated using Amicon Ultra-4 3K
filter units (Millipore, Billerica, MA). Samples were added to the filter tubes and volume
was brought up to 4 mL with ultrapure ddH,O. The tubes were centrifuged using a
Beckman Coulter centrifuge with a J-12 rotor at 7,500 rcf (g) at 4°C for 20 minutes. If
samples were not concentrated to at least 500 uL they were centrifuged again following
the same procedure. Samples were transferred to eppendorf tubes and a BCA protein
assay was performed on all samples after being desalted per the procedure described
above in section 2.2. Samples 1, 3, 6, 7, 10, 11, 12, and 13 (Table 2.1) were chosen for
analysis based on their high protein concentration and remaining volume amounts. The
samples were separated using 1 dimensional (1D) SDS gel electrophoresis and processed
for proteomic analysis per the procedures described above with the following changes:
50 ug of protein from samples 3, 7, 10, 11, 12, and 13 was loaded onto a gel, and 100 ug
of samples 1 and 6 was loaded due to a slightly visible contamination of blood in the
samples. All samples were dried using the SpeedVac and samples were prepared using
the manufactures reagents or 4-12% Tris-Acetate and 3-8% Bis-Tris gels. 4X NuPAGE
LDS Sample Buffer was used to give a final dilution of 2.5X and 10X NuPAGE
Reducing Agent was used to give a final dilution of 1X. 500 uL NuPAGE Antioxidant
was added to upper buffer chamber of the electrophoresis apparatus. Samples 6, 7, 12,
and 13 were loaded on one gel and samples 1, 3, 10 and 11 were loaded on another gel.

Both gels were run at the same time and subsequent scans of the gels were taken. 33
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bands from each sample lane were excised for samples 1, 3, 10 and 11 and 26 bands were

excised for samples 6, 7, 12, and 13.

2.4. MS Analysis and Data Processing and Searching

MS analysis and data processing was carried out using methods well established
in the Proteomics Core at Children’s National. The following protocol was adapted from
the Proteomics Core’s standard protocol, similar to one used in our previously published
study.® Briefly, concentrated peptides from each band were injected via an autosampler
(6 uL) and loaded onto a Symmetry C18 trap column (5mm, 300 um i.d. x 23 mm,
Waters) for 10 min at a flow rate of 10 mL/min, 100% A. The sample was subsequently
separated by a C18 reverse-phase column (3.5 um, 75 mm x 15 cm, LC Packings) at a
flow rate of 250 nL/min using an Eksigent nano-hplc system (Dublin, CA). The mobile
phases consisted of water with 0.1% formic acid (A) and 90% acetonitrile (B). A 65
minute linear gradient from 5 to 40% B was employed. Eluted peptides were introduced
into the mass spectrometer via a 20 mm inner diameter, 10 um silica tip (New Objective
Inc., Ringoes, NJ) adapted to a nano-electrospray source (ThermoFisher Scientific). The
spray voltage was set at 1.4 kV and the heated capillary at 200 °C. The LTQ
(ThermoFisher Scientific) was operated in data-dependent mode with dynamic exclusion
in which one cycle of experiments consisted of a full-MS (300-2000 m/z) survey scan
and five subsequent MS/MS scans of the most intense peaks using collision-induced
dissociation with the collision gas (helium) and normalized collision energy value set at

35%.
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Each file was searched for protein identification using the Sequest algorithm in
the Bioworks Browser 3.3.1 software (ThermoFisher Scientific) against the Uniprot
database indexed for human species and for fully tryptic peptides, 2 missed cleavages and
potential modification of oxidized methionine (15.9949 Da). DTA generation parameters
were Peptide Tolerance of 1.5 Da and Fragment lon Tolerance of 1 Da. Search result files
were loaded into ProteolQ software (NuSep, Bogart, GA) and filtered based on the
following: XCorr > 1.9, peptides > 6 amino acids, 2 spectra per peptide, 0.98 peptide
probability and 0.95 protein probability. Scan counts were normalized based on total
sample intensity. Protein fold-change values were calculated by using the ratio of scan
counts for each sample versus its paired control. Protein annotations were acquired using
the Keyword and GO terms in the Uniprot Protein Knowledgebase

(http://www.uniprot.org/). A summary of proteomic methods is illustrated in Figure 2.1.
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Figure 2.1. Overview of label free proteomic approach used to analyze CRS and non-

CRS sinonasal secretion samples from pediatric patients.
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2.5. Statistical Analysis and Protein Classification

In order to determine which proteins had the most significant fold-change, the
QSpec algorithm was used through the QSpec web submission page

(http://www.nesvilab.org/gspec.php/). QSpec is statistical analysis software established

by Choi et al that analyzes differential protein expression using spectral count data
generated from label-free proteomic approaches.*' The algorithm accounts for small
sample sizes (an issue many clinical studies face where a conventional T-test cannot be
used) as well as protein size. Proteins were considered to be up-regulated in CRS samples
or non-diseased sample based on the following stringent statistical parameters: p-value
(or false discovery rate, FDR) < 0.0001 and an absolute fold-change (generated by
QSpec) > 1.5. In order to analyze of the categories of proteins that were expressed mainly
in CRS compared to non-diseased secretions, the UniProt database was used to analyze
the roles of the significantly differentially expressed proteins by Gene Ontology (GO)

terms.

2.6. Validation of Proteomic Data by Western Blot Analyses

LPLUNC1, GP340, SERPINAL, and S100A9 were selected for validation by
western blot analyses because they were shown by MS to be present in abundance in all
CRS samples compared to control.  Sinonasal secretions were separated by
electrophoresis on precast Novex NUPAGE 4-12% Bis-Tris or 3-8% Tris-Acetate
polyacrylamide gels (Invitrogen Life Technologies). 20 ug of sample was dried down and

re-suspended in LDS buffer (Invitrogen). Samples were denatured in a hot water bath at
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95°C for 10 minutes. The samples that were separated on the 4-12% Bis Tris gel were run
in a 1X NuPAGE MOPS SDS running buffer and those that were separated on the 3-8%
Tris Acetate gel were run in 1X Novex Tris-Acetate SDS Running Bufffer (Invitrogen).
Both gels were run in a Novex Mini cell, Xcell SureLock vertical gel apparatus
(Invitrogen) at a constant voltage of 200V for 50 minutes, after which tthe gel cassettes
were opened and the gels removed and prepared for transfer in a 1X NuPAGE transfer
buffer with 10% methanol. Gels were transferred onto nitrocellulose membranes using a
Novex western transfer apparatus in a XCell 11 Blot Module in the minicell vertical gel
apparatus (Invitrogen) at 30V for 1 hour. Immunostaining was carried out thereafter in
the following way. Membranes were blocked in 5% nonfat milk in 1X PBST for 1 hour at
room temperature on a shaker. The membrane containing proteins from the 3.8% gel was
first incubated with an antibody to GP340 (mouse monoclonal a-glycoprotein-340;
Abcam, Cambridge, UK) at 1: 1000. The membrane containing proteins from the 4-12%
gel was incubated with an antibody to SERPINA1 (mouse monoclonal o-alpha-1-
antitrypsin; Santa Cruz Biotechnology, Santa Cruz, Ca) at 1:300 in 2.5% nonfat milk in
1X PBST solutions on a shaker at 4°C overnight. After overnight incubations the
membranes were washed 6 times for 5 minutes in PBST. The membranes were then
incubated in a goat anti-mouse antibody labeled with horseradish peroxidase (Sigma, St.
Louis, MO) at a dilution of 1:2500 for 1 hour at room temperature. The positive controls
used for SERPINAL and S100A9 was NHBE secretions, and for GP340 and LPLUNC1
human saliva. Chemiluminescence was carried out using SuperSignal West Dura
Chemiluminescent Substrate (Thermoscientific) or ECL Western Blotting Detection

Reagents (Amersham GE, Piscataway Township, NJ) and visualized on Blue Ultra
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Autrad film (GeneMate, Kaysville, UT). Membranes were then washed with PBST and
stripped with stripping buffer (0.500g SDS, 0.247g TrisHCI, and 0.175mL fresh B-ME)
for 30 minutes at 67°C. Membrane that was stripped of GP340 antibody was
immunostained with rabbit polyclonal o-LPLUNC1 (long palate, lung, and nasal
epithelium clone 1 protein) antibody that was generously donated to by Dr. Colin D
Bingle, The University of Sheffield (United Kingdom), at a dilution of 1:500 in 2.5%
nonfat milk in PBST at 4°C. The membrane that was stripped of SERPINAL anitbody
was immunostained with mouse monoclonal a-S100A9 (a-calgranulin-B; Santa Cruz
Biotechnology) at a dilution of 2.5% nonfat milk in PBST at 4°C overnight. Secondary
antibody detection was carried out by incubating the membranes in goat anti-rabbit at
1:20,000 for LPLUNC1 detection and goat anti-mouse antibody at 1:2500 for S100A9
detection for 1 hour at room temperature. Chemiluminescence was carried out as

described above. Scans of films were taken.

2.7. Western Blot Analyses of MUC5AC and MUC5B mucins

Western blot analysis was performed using previously described protocols
established in our group'®**. Briefly, samples containing 40 ug total proteins were
separated by electrophoresis on a 1.0% (wt/vol) agarose (molecular biology grade;
GIBCO BRL) gels. The electrophoresis buffer [1X Tris-acetate-EDTA (TAE)], contains
0.1% (wt/vol) SDS, 1mM EDTA, and 40mM Tris acetate (pH 8.0). Samples were
solubilized in sample buffer consisting of 2.5% (wt/vol) SDS, 4.5 M urea, 5% (vol/vol)

[B-mercaptoethanol, 25% (vol/vol) glycerol, 0.005% (wt/vol) bromophenol blue, and 0.08
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M Tris HCI at pH 7.5. Samples were then denatured at 95°C for 10 minutes and loaded
into sample wells in a horizontal gel apparatus (GIBCO BRL). The electrophoresis ran at
room temperature at 35 V for several hours, and then at 15 V overnight. Proteins were
transferred under positive pressure at 75 mmHg for 2.5 hours from the gel onto a
polyvinylidine difluoride (PVDF) membrane (Millipore, Bedford, MA) in a 4X saline-
sodium citrate (SSC) buffer made from a 20X stock (Invitrogen). The membrane was
allowed to dry overnight (or for at least 2 hours) and then submersed in methanol and
rinsed 2x with ddH,O. The membrane incubated for 1 hour at room temperature in a
milk blocking solution made of 5% non-fat dry milk in 40 mL of 1X PBS containing
0.05% Tween-20 which was added immediately prior to use (PBST). Immunostaining
was carried out with the appropriate antibody (see below) in a 2.5% milk blocking
solution for 1 hour at room temperature, and then at 4°C overnight. This was followed by
secondary immunodetection using an appropriate secondary antibody labeled with
horseradish peroxidase for 1 hour at room temperature. Chemiluminescence was carried
out using 6 mL (1:1 v/v) of SuperSignal West Dura Chemiluminescent Substrate
(Thermoscientific) with a 2 minute incubation time (manual shaking). The membrane
was visualized on Blue Ultra Autrad film (GeneMate). All scans of films are taken using

a GS-800 Calibrated Densitometer and PDQuest software (Bio-Rad, Hercules, CA).

The MUC5B and MUCS5AC positive biologic controls were human saliva to
which protease inhibitor cocktail (Sigma) was added at a 1:100 dilution on collection, and
A549 lung carcinoma cell lysates, respectively. The membrane was first probed using for
MUCS5AC using rabbit polyclonal anti-MUC5AC antibody generously provided by Dr.

Mehmet Kesimer, University of North Carolina at Chapel Hill at a 1:4,000 dilution in
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2.5% milk solution in PBST for 1 hour at room temperature followed by incubation at
4°C overnight while shaking.®” The antibody (LUM5-1 epitope) was raised against the
sequence RNQDQQGPFKMC in the cysteine rich non-tandem repeat domains of
MUCS5AC. The membrane was then washed 6 times (5 minutes each wash) using PBST.
Primary antibody was detected using a horseradish peroxidase labeled goat-anti rabbit
antibody at a 1:20,000 dilution (KPL, Inc., Gaithersburg, MD) in 40 mL of 2.5% milk
solution with PBST. The membrane was then washed 6 times (5 minutes each wash)
using PBST. The blot was then developed using a horseradish fluoro-illuminescene
detection protocol wusing SuperSignal West Dura Chemiluminescent Substrate
(Thermoscientific). The membrane was stripped and blocked in a 5% milk solution with
PBST. MUC5B expression was detected in a 1:300 rabbit polyclonal a-MUC5B H-300
(Santa Cruz Biotechnology) antibody solution. The epitope for the a-MUC5B antibody
corresponds to amino acids 1201-1500 near the C-terminus of Mucin 5b of human origin.
The secondary antibody was the same one as used previously for MUC5AC detection- a
horseradish peroxidase labeled goat-anti rabbit antibody at a 1:20,000 dilution in 40 mL
of 2.5% milk. Three films were used when developing the membrane for MUC5AC and
MUCS5B expression for the same exposure times (15 seconds and 30 seconds). The
respective intensities of each MUC5AC or MUCS5B positive band relative to the positive
control in the resulting images were densitometrically semi-quantified with Quantity One

4.3.1 image processing software (Bio-Rad) using equal sized box-shaped markers.
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Chapter 3: Results

3.1. Sinonasal Secretion Samples

A total of 22 sinonasal secretion samples (Table 3.1) were collected at from (a)
CRS patients undergoing functional endoscopic sinus surgery (n= 10) and (b) control
patients without CRS undergoing surgical procedures un-related to CRS (n=12).
Samples 1-14 were available for proteomic analysis initially, while samples 15-22 were
collected at later times. All samples were desalted and a BCA assay for protein was
performed post-desalting. Based on the results from the protein assay on samples 1-14,
samples 1, 3, 6, 7, 11, 12, and 13 were chosen for proteomic analysis due to both a high
protein concentration (ug/ul) and sufficient volume to ensure adequate protein for
proteomic studies. . Samples 1, 3, 7, 10, and 12 were sinonasal secretions from pediatric
patients with CRS, while samples 6, 10, and 13 were samples from patients without CRS

and served as control samples.

3.2. Protein Profiling of Sinonasal Secretions

Eight samples were selected for proteomic analysis and were electrophoresed (50
Hg protein) on SDS-polyacrylamide gels. For samples that were observed to be
contaminated with blood (CRS #1 and control #6), 100 pg of protein were
electrophoresed. Gels were stained with Coomassie blue and observed to exhibit similar

electrophoretic patterns, and distinct protein bands which indicated that the secretion
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samples were successfully de-salted (Figure 3.1). Bands (26 or 33) were excised from

the gels, trypsin digested, and processed for proteomic analysis.
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Table 3.1. Protein assay of sinonasal secretions post desalting
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Sample
Number

© o0 ~N o o1 B~ W

11
12
13
14
15
16
17
18
19
20
21
22

Disease State

CRS

CRS

CRS
CRS
CRS
Non-Diseased
CRS
Non-Diseased
Non-Diseased
Non-Diseased
CRS
CRS
Non-Diseased
Non-Diseased
Non-Diseased
Non-Diseased
Non-Diseased
Non-Diseased
Non-Diseased
Non-Diseased
CRS
CRS

Physical
Properties

Light orange
tint

Clear

Clear
Clear
Clear
Bloody
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear

Bloody

52

Protein
Concentration

(ng/uL)
0.971

0.009

0.435
0.128
0.060
1.465
0.203
0.001
0.000
0.282
0.969
0.509
0.145
0.002
0.476
4.014
1.401
0.069
2.267
0.194
0.596
5.585

Sample
Volume

(uL)
500

500

500
1000
500
400
500
500
500
500
1500
500
400
300
400
1000
500
400
500
400
200
1000

Total
Protein

(1)

485.5

4.5

217.5
128
30
586
101.5
0.5

141
1453.5
254.5
58
0.6
190.4
4014
700.5
217.6
1133.5
77.6
119.2
5585



Figure 3.1. Coomassie stained 4-12% gels with desalted sinonasal secretions samples.
The first lane of each gel contains molecular weight markers, shown on left (kDa). One
lane was skipped between each sample. (A) Each sample lane was divided into 33 band
pieces and placed into separate eppendorf tubes for proteomic processing. 50 pug of
sample was loaded into each well except sample 1 from which 100 ug was loaded. (B)
Each sample lane was divided into about equal 26 band pieces and each piece was placed
into separate eppendorf tubes for proteomic processing. 50 ug of sample was loaded into

each well, except sample 6 from which 100 pg was loaded.
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3.3.  Analyses of Proteomic Data

A total of 294 unique proteins were identified by LC MS/MS amongst all 8
samples analyzed. To account for any blood contamination, data was normalized to
albumin and hemoglobin. In order to calculate the fold-change, the average spectral count
for each protein identified over all CRS samples (n=5) and non-diseased samples (n=3)
was determined. Then, fold-change (FC) was calculated by taking the average spectral
count for a given protein in all CRS samples over the average spectral count for a given
protein in all non-diseased samples (FC = average CRS/average non-diseased). Of the
294 proteins identified, 38 were present only in non-diseased samples (FC = 0) while 14

were present only in CRS samples (Figure 3.2).

The data is presented in several ways in the following figures. In Figure 3.3 the
LOG:; fold-change distribution for all 294 proteins identified in all samples is shown. The
fold-change for proteins unique to non-diseased samples (negative fold-changes) subtly
increases to no fold-change (proteins equally distributed in non-diseased and CRS
samples) to a higher fold-change where proteins represented are mostly found only in
CRS samples. As expected, since all the samples are sinonasal secretions, there is a
normal distribution of proteins in the center of the curve where the majority proteins have
similar expression in CRS and non-diseases samples. The top 5 proteins with the highest
positive fold-change (those that are more abundant in CRS samples), are shown at the top
end of the curve in Figure 3.3 by their common gene names: BPIFA1l (BP1 fold-
containing protein family A member 1), CHI3L1 (Chitinase-3-like protein 1), LCP1

(Plastin-2), SERPINBG6 (Serine protease inhibitor B6), and BPIFB1 (BP1 fold-containing
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protein family B member 1). The top 5 proteins with the highest negative fold-change
(those that had the highest spectral count in non-diseased samples), are listed at the
bottom end of Figure 3.3: AKR1C2 (Aldo-keto redcatase family 1 member C2), ATP5B
(ATP synthase subunit beta, mitochondrial), KRT7 (Keratin, type Il cytoskeletal 7),
PLEC (Plectin), and SPTANL1 (Spectrin alpha chain, non-erythrocytic 1). Proteins with
spectral counts only in diseased or control samples are not represented as LOG, fold-
change cannot be calculated for these fold-change values. In other words, proteins that
were only identified in either control or CRS are not represented. Not all proteins unique
to CRS or control were considered to have significant fold-change. Those proteins that
were determined to have a significant fold-change value in CRS or control samples are

elaborated in the next section and are listed in Table 3.2.

3.4. Determination of Proteins with Significant Fold-change in Control and CRS

Samples

To identify which proteins were the most significant in abundance, the differential
expression of each protein was calculated using the QSpec algorithm.**! The QSpec
algorithm is tailored for label-free methods and takes into account spectral count and
protein length. Proteins were considered to be increased in CRS samples or non-diseased
samples based on the following stringent statistical parameters: p-value (or false
discovery rate, FDR) < 0.0001 and an absolute fold-change (generated by QSpec) > 1.5.
The 46 proteins that met these criteria are listed in Table 3.2. Proteins with negative are

significantly more abundant in control samples, whereas proteins with a positive fold-
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change are significantly more abundant in CRS samples. The most significant protein in
samples from patients without CRS was retinal dehydrogenase 1 (ALDH1A1l) and in
samples from patients with CRS was BP1FAL1. ALDH1ALl is not represented in Figure
3.3 as it had a fold-change of 0, and a LOG; value cannot be derived from this value.
Although some proteins had a very high spectral count in either control or diseased
sample, and are represented on either tails of the Figure 3.3 (only if they had a fold-
change value that could be converted into a LOG; value), some were not shown to have
statistically significant fold-change and are therefore not displayed in Table 2. For
example, AKRIC2 and ATP5B were up-regulated in control samples, but were not

significantly up-regulated after QSpec analysis.

Nine of the proteins in Table 3.2 have been previously reported to be over-
expressed in the sinus mucosa or nasal washings from adult patients with CRS. These
include Protein S100-A9"%%" (sinus mucosa® and nasal lavage fluid”®®"), and MUC5B*.
BP1 fold-containing family 1 member 17°, lactotransferrin”®®’, protein S100-A8, Ig
alpha-1 chain C region, and myosin-9%” have been shown to be over-expressed in nasal

132,134’ and

fluid secretions. BP1FA1 has also been identified in nasal mucosa tissue
DMBT1 (GP340) has been identified in ethmoid sinus mucosa®. These proteins are also
over-expressed in CRS pediatric samples, as shown by comparing the average spectral
count in CRS versus non-diseased samples (Figure 3.4). Most (7 out of 9) of these
previously identified over-expressed proteins in adult CRS samples are involved in

immune system processes as classified by the human UniProt database by gene ontology

terms.
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Figure 3.2. Venn diagram showing the distribution of the 294 proteins (non-significant
and significant) identified in CRS (n=5) and non-diseased (n=3) sinonasal secretion

samples.
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Figure 3.3. Distribution of the fold-change of proteins identified in CRS and non-
diseased samples. Bottom tail has 5 top most abundant proteins in control samples, and

top tail has 5 top most abundant proteins in CRS samples.
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Table 3.2. Proteins with significant fold-change identified in sinonasal secretions from

patients with and without CRS
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Protein Name

Common Gene

UniProt Accession

Fold-change*

Name No.

rIil:rlnlt‘)(zlrdicontaining family A BPIFAL QINP55 3.93
Chitinase-3-like protein 1 CHI3L1 P36222 3.78
Plastin-2 LCP1 P13796 3.76
Serpin B10 SERPINB10 P48595 3.72
rI?ql:rlnlg)(zalrdicontaining family B BPIFB1 Q8TDLS 3.69
Aminopeptidase ANPEP P15144 3.25
Protein S100-A8 S100A8 P05109 3.19
Serpin B6 SERPINB6 P35237 3.08
Myeloperxodiase MPO P05164 3.03
Prominin-1 PROM1 043490 2.95
Cathepsin G CTSG P08311 2.74
Carcinoembryonic antigen-

related cell adhesion molecule CEACAMS P31997 2.70
8

Annexin A6 ANXAG P08133 2.56
Galectin-3-binding protein LGAL Q08380 2.54
Brain acid soluble protein 1 BASP1 P80723 2.44
Leukocyte elastase inhibitor SERPINB1 P30740 2.33
Mucin-5B MUCS5B Q9HC84 2.23
Transketolase TKT P29401 2.2
Myeloblastin PRTN3 P24158 2.14
Protein S100-A9 S100A9 P06702 211
ﬁé/nr?;)lg(;)egngranule protein 16 2G16B Q96DAD 185
Ig alpha-2 chain C region IGHA2 P01877 1.62
Lactotransferrin LTF P02788 1.61
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Ig alpha-1 chain C region

Polymeric immunoglobulin
receptor

Myosin-9

Deleted in malignant brain
tumors 1 protein

Peroxiredoxin-6

Phosphatidylethanolamine-
binding protein 1

Keratin, type Il cytoskeletal 8

6-phosphogluconate
dehydrogenase,
decarboxylating

Selenium-binding protein 1

Ubiquitin-like modifier-
activating enzyme 1

Bisphosphoglycerate mutase

Inter-alpha-trypsin inhibitor
heavy chain H1

Spectrin alpha chain,
erythrocyte

Aldehyde dehydrogenase,
dimeric NADP-preferring

Inter-alpha-trypsin inhibitor
heavy chain H2

Apolipoprotein A-1V
Vinculin

Alcohol dehydrogenase
[NADP+]

Keratin, type Il cytoskeletal 7
Plectin
Spectrin alpha chain, brain

Retinal dehydrogenase 1

IGHA1

PIGR

MYH9

DMBT1

PRDX6

PEBP1

KRT8

PGD

SELENBP1

UBA1

BPGM

ITIH1

SPTA1

ALDH3A1

ITIH2

APOA4
VCL

AKR1A1

KRT7
PLEC
SPTAN1
ALDHI1A1
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P01876
P01833
P35579

QIUGM3
P30041
P30086

PO5787

P52209

Q13228
P22314
P07738

P19827

P02549

P30838

P19823

PO6727
P18206

P14550

P08729
Q15149
Q13813
P00352

1.60

1.56

1.54

1.52

-1.55

-1.68

-1.69

-1.71

-1.71

-1.71

-1.75

-1.79

-1.83

-2.16

-2.22

-2.30
-2.39

-2.64

-2.87
-3.25
-3.49
-4.39



*Fold-change: Generated by Qspec algorithm. Proteins with positive fold-change are proteins with
significant abundance in CRS samples, and proteins with negative fold-change are proteins with significant
abundance in control samples. Statistical parameters for significant fold-change: p < 0.0001. Fold-change
parameter: absolute fold-change > 1.5.
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Figure 3.4. Comparison of proteins in sinosanasal secretions from CRS and non-CRS
patients that have been previously reported to be over-expressed in nasal lavage fluid or
sinus tissues from adult CRS patients with CRS. Proteins with statistical significance (p
< 0.0001 and | fold-change | > 1.5 (Table 2) are represented based on average spectral
count (used in QSpec algorithm for statistical significance). Two bar graphs with
different y axes were generated to differentiate protein abundance between non-diseased

and CRS samples.
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3.5. Categorization of Differentially Expressed Proteins in Sinonasal Secretions

In order to obtain an overview of the categories of proteins expressed in CRS and
non-diseased secretions, the UniProt database was used to analyze the roles of
significantly differentially expressed proteins (Table 2) by Gene Ontology (GO) terms.
We focused on proteins classified by GO based on their classification in biological
processes and not cellular components or molecular function because we were interested
in studying the percent of immune response type proteins in the samples. Furthermore,
we wanted to obtain a general overview of the physiological processes of the proteins
found in control versus CRS secretions. The top 7 over-represented biological processes
for CRS and non-CRS samples are shown in Figure 5A, B. Of the 28 proteins with
significant fold-change (represented in Table 3.2) in CRS samples, 25 were classified by
biological process and proteins could be classified under more than one type of process.
The 7 over represented biological process in CRS were biological regulation (19),
cellular processes (18), single-organism processes (17), stimulus response (15), immune
system processes (14), metabolism (12), and single-multicellular organism processes (11)
(Figure 3.5A). In comparison, the majority of proteins identified in non-diseased samples
with significant fold-change (18 proteins, represented in Table 3.2) had roles in cellular
processes (15), single-organism processes (13), metabolism (12), biological regulation
(20), stimulus response (7), cellular component organization (7), and single-multicellular
organism processes (5) (Figure 3.5B). One over-represented process identified in CRS
samples and not over-represented in control samples was immune system process. Only 3

proteins were classified (not shown in Figure 3.5B) as playing a role in immune system
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process out of those proteins that were significantly up-regulated in control samples,
compared to 14 in CRS. Proteins in CRS samples associated with six specific immune
system processes were identified and illustrated in Figure 3.6. In decreasing order they
are: immune response, immune effector processes, leukocyte migration and activation,
hemopoiesis, and activation of immune responses. The main proteins involved in immune
system processes were DMBT1, MYH9, CTSG, MPO, LCP1, BPIAl, CEACAMS,

IGHA1L, IGHA2, LCN2, S100A8, S100A9, and LTF.
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Figure 3.5. Significant proteins (p < 0.0001 and | fold-change | > 1.5) identified in CRS
and non-diseased sinonasal secretion samples were compared to the human UniProt
Database and the top 7 protein enriched gene ontology terms (biological processes) in (A)

CRS samples and (B) non-diseased samples are represented.
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Figure 3.6. Representation of specific immune system processes for significant proteins

identified in CRS samples
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3.6.  Western Blot Analysis of Proteins GP340 (DMBT1), LPLUNCL1 (BPIFB1),
S100A9 and SERPINAL in Sinonasal Secretions

Several proteins that were significantly expressed in CRS sinonasal secretions
compared to non-CRS samples (represented in Table 3.2) were of interest due to their
function and/or physiological localization and were evaluated by Western blot analysis.
They include GP340 (DMBT1), LPLUNCI, (recently renamed BP1 fold-containing
family B member 1 or BPIFB1), and S100A9. GP340 has been suggested to physically
associate with MUC5B mucin in respiratory mucus™ and has been implicated in immune
responses.’*® PLUNCSs are a family of host defense proteins that are normally expressed
in the respiratory and salivary tracts. The Bingle laboratory, which has extensively
studied this protein and its different isoforms, has shown that various isoforms localize
to serous cells of salivary glands (SPLUNC2), mucous cells of salivary glands
(SPLUNC1), goblet cells of the airway epithelium (LPLUNC1), mucosal glands of the
salivary glands (SPLUNC2), and submucosal glands of the airway (LPLUNC1).*¥
PLUNC (BPIFAL) has also been reported to be expressed in human neutrophils.**®
S100A9 is is a member of the S100 family of proteins and considered to be a pro-
inflammatory protein'**. Another protein that was evaluated was SERPINA1, which did
not have a statistically significant fold-change in CRS samples, but has been association

with respiratory diseases. Initially it was associated with emphysema’ and has now been

associated with diseases such as COPD***'* and CRS.1#

Western blot analyses for selected proteins identified by MS/MS in sinonasal
secretions were carried out using samples 1, 3 and 11, which had been analyzed by

proteomics. Due to a limited amount of secretions, especially of non-CRS secretions not
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all the samples that had been analyzed by proteomics could be analyzed by western blot.
Additional samples that had not been analyzed by mass spectroscopy were also
evaluated. The following results pertain to Figure 3.7. The same membrane was used for
immunoblots of proteins GP-340 and BPIFBL1 (Figure 3.7A, B), and for proteins S100A9
and SERPINAL (Figure 3.7C, D). Blot A (GP-340) showed that CRS samples 1 and 3,
which had higher unique peptide counts (8 and 7) compared to sample 11 (5), had
stronger signals for GP-340, which is thus consistent with the proteomic data. Non- CRS
samples 15 and 17 expressed GP340 and sample 15 had higher expression levels
compared to sample 17. These non-CRS samples were not analyzed using MS/MS. CRS
Sample 3, which had the highest spectral count of the samples tested on the blot,
exhibited the highest expression of GP340 overall. Western blot observations are
consistent with data in Table 3.2 which reports that GP340 (DMBT1) is significantly up-
regulated in CRS samples. However, the trend of expression of GP340 in CRS samples
compared to control did not reach statistical significance which could be attributed to the
fact that of all statistically significant up-regulated proteins, it had the least significance

(Table 3.2).

Analysis of LPLUNCL1 (Blot B) showed strong expression of LPLUNCL1 in CRS
samples 1 and 3. These two samples also had a high unique peptide count of 28 and 21.
However, there was no LPLUNC1 expression for CRS sample 11 even though it had a
unique peptide count of 13. This sample was tested a second time for LPLUNC1
expression and there was still no expression (data not shown). CRS samples 1 and 3 had
some of the highest unique peptide counts for LPLUNC1 (28 & 21), and non-diseased

samples 13 and 6 had some of the lowest unique peptide counts (only 1 unique peptide
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detected). Densitometry analysis indicated that over-expression of LPLUNCL1 reached
statistical significance (p < 0.05) in CRS samples compared to control, consistent with
proteomic data. The positive control, saliva, did not show any LPLUNC1 expression.
However, this protein seems to be minimally expressed in saliva- a large-scale MS study

on saliva only detected 1 peptide for LPUNC1*®.

S100A9 and SERPINA1 expression were evaluated in Blots C and D. The data
showed weaker expression for S100-A9 in the non-CRS samples (samples 15 and 17)
compared to the CRS samples (samples 1, 11, and 21). This observation was in
agreement with the data represented in Table 3.2 that indicated that S100A9 was
significantly up-regulated in CRS samples compared to control. CRS samples 1 and 11
were analyzed by proteomics and expressed S100A9, with a unique peptide count of 7
and 8 respectively. Densitometry analysis indicated that over-expression of S100A9 in
CRS samples compared to control reached statistical significance (p < 0.05). SERPINAL,
shown in immunoblot D, expression follows the trend of that of S100A9, but
densitometry analysis indicated that there was no significant difference in expression of
this protein in CRS compared to control. Although SERPINAL is not reported as having a
significant fold-change in CRS sample according to the statistical parameters set (p <
0.0001) the overall spectral count average was higher in CRS samples compared to
control. Non-CRS samples 15 and 17 had weaker expression compared to CRS samples
1, 11 and 21. CRS Samples 1 and 11, which were analyzed by proteomics, had unique
peptides counts of 16 and 17 respectively, and showed SERPINAL protein expression

when analyzed by western blot, in contrast to the non-CRS samples.
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In conclusion, Western Blot Analysis of proteins S100A9 and SERPINAL in
sinonasal secretions validated the proteomic findings of increased expression of these
proteins in CRS secretions. Data suggests similar findings for GP340 (DMBT1) and
LPLUNCL1 (BPIFBL1) in CRS secretions, but further analysis of these proteins, especially

in non-CRS samples, is required.
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Figure 3.7. Sinonasal secretions from patients with or without CRS were evaluated for
specific proteins by western blot analysis. 20 pg of protein was loaded. Each sample
number is listed. Unique peptide counts are indicated for samples that were also analyzed
by mass spectroscopy. A: GP-340; positive control saliva. B: LPLUNC1. C: S100A9
with NHBE secretions used as the positive control. D: SERPINAL. Molecular weight
markers are indicated.

N: Non-diseased

78



GP-340, LPLUNC1, S100A9, and SERPINA1 Western Blots

CRS CRS CRS N N

3 11 1 15 17 +
A
GP-340
250 kDa
8 5 7

Peptide Count
N N CRS CRS CRS
B 17 15 1 11 3
75 kDa
LPLUNC1
<+—— 50 kDa
<+ 37kDa
Peptide Count 28 13 21
N N CRS CRS CRS
+ 15 17 1 11 21
C
S100-A9 15 kDa
Peptide Count 7 8

CRS CRS CRS N N

21 11 1 17 15
D
SERPINA1

<+«——50kDa

Peptide Count 17 16



3.7. Proteomics Analysis of Mucins in Sinonasal Secretions

Proteomic analyses typically identify membrane tethered mucins (MUC1, MUC4,
MUC16) and secretory mucins (MUC5AC, MUC5B, MUC?2) in respiratory tract
epithelial secretions.?® In our analyses only MUC5B and MUCSAC were confidently
identified with the data generation and filtration parameters that were set.** Therefore,
proteomic analyses focused on MUC5AC and MUCSB, as they are the major secretory
mucins expressed in secretory cells of the sinus mucosa (see Introduction).Variability
was expected due to the nature of the samples (mucosal, bloody or watery) and the
methods by which they were obtained from pediatric patients. Analyses utilized
normalized (to hemoglobin and albumin) spectral count values as a monitor of MUC5AC
and MUCS5B levels in sinonasal secretions. The spectral counts for the 5 CRS and 3 non-
CRS samples analyzed by proteomics are shown in Table 3.3. No MUC5B or MUC5AC
peptides were detected for sample 6. MUCS5AC peptides were not detected in two CRS

samples (samples 7 and 11).

In order to determine the abundance of MUC5B and MUCS5AC in CRS samples,
the normalized spectral count values for MUC5B in all CRS samples were compared to
the spectral counts for MUCS5AC in all CRS samples (Figure 3.8). Comparing average
spectral count data is not an absolute method of quantitation. However, both mucins have
similar weights and therefore average spectral count can be used as an estimate of relative
abundance. Using the Wilcoxon signed-rank test, MUC5B abundance was significantly
higher compared to MUCS5AC (p = 0.043). However, there was no significant difference

between the spectral counts for MUC5B compared to MUC5AC in non-diseased samples
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(p = 0.180) or the average spectral count ratio of MUC5AC:MUCS5B in each sample in
CRS versus non-diseased samples (p = 0.190). Therefore, the average spectral count
ratio of MUC5AC to MUCSB in CRS versus non-diseased samples was analyzed. Since a
few samples had a spectral count of 0 for MUC5AC, we used MUC5AC as the numerator
in ratio calculations. Sample 6 was not included in this analysis as it had no peptide
counts for neither MUC5AC nor MUCS5B. There was a trend towards a higher ratio of
MUCS5AC:MUCS5B in non-diseased samples relative to CRS samples (Figure 3.9),
indicating that MUC5B was significantly more abundant compared to MUC5AC in CRS

samples

For proteomic analyses, sinonasal samples were electrophoresed on 4-12%
polyacrylamide gels, which are not amenable to loading of large molecules like mucins.
Thus, in order to assess the coverage of mucin in our samples, we utilized the sinonasal
secretion samples that had the highest unique peptides and good spectral counts (Table
3.3). Sample 1, a CRS sample, contained the highest number of unique peptides (27) and
spectral counts (6419.41) for MUC5B compared to all samples. Sample 10, a non-
diseased sample, contained the highest number of unique peptides (24) and spectral
counts (241.00) for MUC5AC compared to all other samples. The specific unique
peptides that were identified by LC MS/MS for MUC5B and MUCS5AC in all samples are
reported in Figures 3.10 and 3.11. The domains in the protein backbone of each mucin to
which the peptide is located, based on the analysis of tryptic peptides in mucins is
specified as well.**® Sites without o-glycans, such as the Von Willebrand domains and
cysteine rich domains are accessible for proteolytic cleavage, and therefore we expect to

see the most unique peptides in these regions.
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The 27 unique peptides identified for MUC5B in CRS sample 1 were located in
the Von Willebrand Factor D Like Domains (18 unique), Unique Regions (6 unique), and
cysteine-rich regions (3 unique) of the mucin. One unique peptide was identified in the
trypsin inhibitory like domain. One peptide identified in the Von Willebrand Factor D
like domain, SMDIVLTVTMVHGK, was not identified by the proteomics mucin
coverage study done by Cao et al.'*® The majority of the unique MUCSAC peptides
identified in non-diseased sample 10 were located in the Von Willebrand Factor D Like
Domains (8 unique), Unique Regions (7 unique), and cysteine-rich regions (5 unique).
One unique peptide was identified in each of the following domains: trypsin inhibitory
like domain, Cysteine Knot Domain, VVon Willebrand Factor C Like Domain, and heavily
O-glycosylated mucin domain. Cao et al. who has performed the latest proteomic peptide
coverage study on MUC5AC and MUCS5B did not identify any unique peptides in the
glycosylated domains on MUC5AC™ whereas we were able to identify the peptide
TSGPGTTPSPVPTTSTIFAPR. Taken together, this data indicates complete coverage by
known tryptic peptides in MUC5B in sample 1 and MUCS5AC in sample 10, indicating
that proteomic analysis of mucins in samples electrophoresed on polyacrylamide gels can
be informative. However, in some samples mucin, spectral counts and unique peptides
are low or absent, suggesting that mucins may not have entered polyacrylamide gels,
were fragmented by endogenouse proteinases in vivo, or are absent. To address this, we

carried out Western blot analyses on agarose gels, as described in the next section.
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Table 3.3. Unique peptide count and normalized* spectral count for MUC5B and

MUCS5AC in each sample.
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State

Unique Spectral Unique Spectral
Peptides Count Peptides Count

1 CRS 27 6419.41 10 394.28
3 CRS 15 1625.80 2 43.94
Non-

£ diseased L L L L

7 CRS 1 1253 0 0

10 NGl 25 496.00 24 241.00
diseased

11 CRS 19 2316.48 14 0

12 CRS 3 1625.80 0 0

13 InJeim- 11 182.69 5 39.50
diseased

*to hemoglobin and albumin
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Figure 3.8. Average normalized spectral count of MUC5B peptides compared to
MUCS5AC in sinonasal secretions from pediatric CRS and non-CRS patients. There was
significantly more MUCGSB detected compared to MUC5AC in CRS samples (p < 0.05),

but not in non-CRS samples
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Figure 3.9. Average ratio of MUC5AC to MUC5B using normalized spectral count
values obtained from LC-MS/MS analysis in non-diseased (samples 10 and 13) and CRS
sinonasal secretions (samples 1, 3, 7, 11, 12). There was a trend towards lower ratios of
MUCS5AC:MUC5B in CRS samples compared to non-diseased samples, but no
significant difference between ratios in each sample of MUC5AC:MUCS5B in CRS

samples versus non-diseased samples (p = 0.190).
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Figure 3.10. Unique peptides identified in CRS sample 1 analyzed by LC MS/MS and

their sequence location in the protein MUC5B.

MUCS5B protein backbone figure reprinted with permission from Cao, R., Wang, T. T.,
DeMaria, G., Sheehan, J. K., & Kesimer, M. (2012). Mapping the protein domain
structures of the respiratory mucins: A mucin proteome coverage study. Journal of

Proteome Research, 11(8), 4013-4023 Copyright 2012 American Chemical Society
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DI TD2 I D3 ¢l ¢ 3

7 D4

PTS rich tandem repeat regions

Sequence Domain
TFDGDVFR D1*
TGLLVEQSGDYIK D1*
AAYEDFNVQLR D1*
NWEQEGVFK u1l*
LTPLQFGNLQK u1l*
TCPLNMQHQECGSPCTDTCSNPQR TIL*
MCFNYEIR D2*
AVTLSLDGGDTAIR D2*
LTDPNSAFSR uz2*
YAYVVDACQPTCR u2*
LCLGTCVAYGDGHFITFDGDR D*
DGNYYDVGAR u3*
SVVGDALEFGNSWK D3*
VCGLCGNFDDNAINDFATR D3*
GPGGDPPYK D3*
LFVESYELILQEGTFK D3*
KTSVFIR D3*
SEQLGGDVESYDKIR c2*
AAGGHLCQQPK c2*
AQAQPGVPLR Repeats at c4, c5, c6*

SMDIVLTVTMVHGK

D4
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LPYSLFHNNTEGQCGTCTNNQR D4*
NGVLVSVLGTTTMR D4*
EEGLILFDQIPVSSGFSK D4*
ALSIHYK D4*
AFGQFFSPGEVIYNK D4*
PGFVTVTRPR us*

*Based on the findings from Cao, Wang, DeMaria, MD: heavily O-glycosylated Mucin
Sheehan, & Kesimer, 2012. domains

D: Von Willebrand Factor D like domain B: Von Willebrand Factor like B domain

U: Unique region ) . . .
. L . . C: Von Willebrand Factor like C domain
T (TIL): trypsin inhibitory like domain CK: cysteine-knot domain

c: cysteine-rich region
y g PTS: Proline, Threonine, Serine
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Figure 3.11. Unique peptides identified in non-diseased sample 10 by LC MS/MS and

their sequence location in the protein MUC5AC.

MUCS5AC protein backbone figure reprinted with permission from Cao, R., Wang, T. T.,
DeMaria, G., Sheehan, J. K., & Kesimer, M. (2012). Mapping the protein domain
structures of the respiratory mucins: A mucin proteome coverage study. Journal of

Proteome Research, 11(8), 4013-4023 Copyright 2012 American Chemical Society
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MUCS5AC Peptides

DI T D2 D' D3 el ¢2 e o4 5 ch 7 ch ¢ D4 ¢ CK

lT)l{l \ll l

PTS rich tandem repeat regions

Sequence Domain
TFDGDVFR D1*
SQESAAPTLSR D1*
VDGVVIQLTK D1*
LTPMEFGNLQK u1l*
SPCADTCSNQEHSR TIL*
GQTCGLCGNFNSIQADDFR D2*
GTFLDDTGK u2*
DSTQDSFR D3*
VCGLCGNFDDIAVNDFATR D3*
DPCTANPFR u3*
AEACVCTYNGQR u3*
LSPSCPDALAPK u3*
EQASGLCYNYQIR cl*
GTDSGDFDTLENLR cl*
TSGPGTTPSPVPTTSTIFAPR MD
RPEEITR c3*, ¢5*, repeats c6, c7, c8, c9*
NQDQQGPFK c3*, ¢5*, repeats c6, c7, c8, c9*
MCLNYEVR c3*, ¢5*, repeats c6, c7, c8, c9*
LYPAGSTIYR u4*
KPVHGVMTNEIFNNK D4*
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SIILEYHQDR D4*
CLGPHGEPVK c*
HOQDGLVVVTTK u6*
AFSYTEVEECGCMGR CK*
*Based on the findings from Cao, Wang, DeMaria, MD: heavily O-glycosylated Mucin domains
Sheehan, & Kesimer, 2012. B: VVon Willebrand Factor like B domain
D: Von Willebrand Factor D like domain  C: Von Willebrand Factor like C domain
U: Unique region CK: cysteine-knot domain

T (TIL): trypsin inhibitory like domain PTS: Proline, Threonine, Serine
C: cysteine-rich region
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3.8.  Analyses of MUC5AC and MUC5B Mucin Expression in Sinonansal
Secretions

The expression of MUC5B and MUCS5AC mucins was compared in CRS and
non-diseased sinonasal secretions using western blot techniques. Due to limited sample
availability, only 1 of the 3 non-diseased samples (sample 10) and 4 of the 5 CRS
samples (Samples 1, 3, 11 and 12) that were analyzed by proteomics were available for
western blot analysis. The analyses for MUC5AC are shown in Figure 3.12 and for
MUCSB in Figure 3.13. No detectable MUC5AC was observed in two CRS samples (3,
12) and MUCS5AC expression was stronger in the non-diseased sample 10 than in CRS
samples 1 and 11 (Figure 3.12). MUC5B expression was observed in the non-diseased
sample 10 and CRS sample 1, but not in CRS samples 12, 3, or 1 (Figure 3.13). To
further gain supporting evidence for the proteomic mucin data, other sinonasal secretions
not analyzed by proteomics that were obtained post-proteomic analysis were also tested

for MUCAC and MUC5B expression in Figures 3.14 and 3.15.

The density of band intensities for MUC5AC and MUCSB in each sample was
determined for the immunoblots in Figures 3.12, 3.13, 3.14, and 3.15 using Quantity One
software. Background was subtracted from band densities of all samples. MUC5B
expression was normalized to equal amount of saliva, and MUCS5AC expression to equal
amount of A549 cell lysates. Equal amounts of all samples were loaded (30 pg) except
CRS sample 1 of which 60 pg was loaded only in blots shown in Figures 3.12 and 3.13,
and therefore the final normalized density of CRS sample 1 was halved. Final normalized
density of MUCS5AC bands shown (in order) for samples 10 (non-diseased), 12 (CRS), 3

(CRS), 11 (CRS), 1 (CRS), and in Figure 3.12 were the following: 2.84, 0.0824, 0.0662,
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0.611, and 0.205. Final normalized density of MUC5B bands for the same samples
shown (in the same order as before) in Figure 3.13 were the following: 0.0233, 0.00221,
0.00846, 0.0102, and 0.138. Non-diseased samples 20, 17, 15, 19, and 16 were tested for
MUCS5AC and MUC5B expression and CRS samples 1, 4, and 21 in Figures 3.14 and
3.15. MUC5AC band density (Figure 3.14) for non-diseased samples 20, 17, 15, 19 and
16 was the following (in order listed): 0.870, 0.459, 1.02, 0.278, and 0.339. MUC5B band
density (Figure 3.15) for these same non-disease samples was 0.0104, 0.000151, 0.0116,
0.00110, and 0.0106. MUCS5AC band density (Figure 3.14) for CRS samples 1 and 21
was 0.657 and 0.109. MUCS5B band density (Figure 3.15) for CRS samples 1 and 21 was
0.267 and 0.000878. CRS sample 4 had no detectable MUC5B or MUC5AC expression.
The fold-change (compared to control samples) of MUC5B (or MUCS5AC) expression in
CRS samples was calculated by taking the density of MUC5B (or MUCS5AC) expression
in each sample and dividing it by the average MUC5B (or MUC5AC) density of all non-
diseased sample. The same thing was done for MUC5B and MUCS5AC fold-change
(compared to control samples) in non-diseased samples. These fold-change values are
displayed in Table 3.4. The average fold-change for each mucin in each group (CRS and
non-diseased) is displayed in Figure 3.16. There was a trend of increased MUC5B in

CRS samples compared to normal, but this trend did not reach statistical significance.

Western blot data is in support of proteomic data showing a trend of MUC5B
being the predominantly expressed mucin. The unique peptide count demonstrated
coverage of the MUC protein backbones accessible to proteolytic cleavage with the
identification of peptides not identified by Cao et al.'*® (see previous section) in the

heavily o-glycoslated domain and Von Willebrand Factor D like domain. Both MUC5B
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and MUCS5AC were identified by Western blot analysis. The correlation between results
from our proteomics (4-12% polyacrylamide gels) and Western blot (1% agarose gels)
data is not yet clear. We do know that mucins were detected throughout the gel which
indicates that the sample may have been proteolysed in vivo, and mucin expression is not
being fully detected by immunoblot techniques. However, the proteomics and Western
blot data for samples 10 and 1 are in agreement. Both MUC5AC and MUCS5B have high
spectral counts and are identified by immunochemistry. This is true for MUC5AC in
sample 11. The same explanation would hold for the data for sample 12, where peptide
counts are low and Western blot analysis does not identify either secretory mucin. The
data in sample 3 for MUC5AC and MUCS5B and for MUC5B in sample 11 may direct us
towards establishing limits as to the number of spectral and unique counts needed for
mucin detection by Western analyses. The difficulties in obtaining sinonasal secretions

continue to hamper these studies.
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Figure 3.12. Western blot analysis of MUC5AC mucin in sinonasal secretions from
children with or without chronic rhinosinusitis previously analyzed by proteomics.
Samples were electrophoresed on 1% agarose gels and immunostained at a dilution of
1:4,000 using an anti-MUCS5AC rabbit polyclonal antibody (see Methods). 30 ug protein
from sinonasal secretions was loaded except for CRS 1 of which 60 ug was used. The
sample numbers are listed above the lane. N: non-diseased, CRS, chronic rhinosinusitis.
Saliva (20, 30 pg) was used as a negative control and A549 cell lysates (20, 30 ug) as a

positive control for MUC5AC mucin.
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Figure 3.13. Western blot analysis of MUCS5B in sinonasal secretions from children with
or without chronic rhinosinusitis. The membrane used in Figure 3.12 was stripped and
immunostained with an anti-MUC5B rabbit polyclonal antibody (see Methods) at a
dilution of 1:300. Lanes 1 and 2 contain saliva (20, 30 pg) as positive controls for

MUCSB.
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Figure 3.14. Western blot analysis of MUC5AC mucin in sinonasal secretions from
children with or without chronic rhinosinusitis. Samples were electrophoresed on 1%
agarose gels and immunostained at a dilution of 1:4,000 using an anti-MUCS5AC rabbit
polyclonal antibody (see Methods). 30 pg protein from sinonasal secretions was loaded.
The sample numbers are listed above the lane. N: non-diseased, CRS, chronic
rhinosinusitis.  Saliva (30 ug), lane 2, was used as a negative control and A549 cell

lysates (30 ug), lane 1, as a positive control for MUC5AC mucin
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Figure 3.15. MUC5B Western blot analysis of MUC5B in sinonasal secretions from
children with or without chronic rhinosinusitis. The membrane used in Figure 3.14 was
stripped and immunostained with an anti-MUC5B rabbit polyclonal antibody (see
Methods) at a dilution of 1:300. 30 ug of protein for all samples was loaded. Lane 1
contains A549 cell lysates as a negative control and lane 2 contains saliva as a positive

control for MUC5B.

104



MUC5B

A549
Lysates Saliva N N CRS CRS N N N CRS
1 2 20 17 1 4 15 19 16 21

105



Table 3.4. Fold-change (compared to control sample) of MUC5B and MUC5AC band

density in CRS and non-diseased samples
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Sample # | N/CRS | Figure MUCS5AC MUCS5B Fold-

(Blot) Fold-change change

10 N 312 & 2.93 2.45
3.13

20 N 314 & 0.900 1.09
3.15

17 N 314 & 0.475 0.0159
3.15

15 N 314 & 1.05 1.22
3.15

19 N 314 & 0.288 0.116
3.15

16 N 314 & 0.350 1.11
3.15

11 CRS 312 & 0.633 1.07
3.13

1 CRS 312 & 0.212 14.5
3.13

12 CRS 312 & 0.0852 0.233
3.13

3 CRS 312 & 0.0685 0.890
3.13

1 CRS 314 & 0.679 28.1
3.15

21 CRS 314 & 0.113 0.0923
3.15

N = non-diseased
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Figure 3.16. Average fold-change of MUC5AC and MUC5B expression in CRS and
non-diseased samples. There was a trend of increased MUC5B fold-change in CRS

samples compared to control.
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Chapter 4: Discussion and Conclusion

4.1. Overall Discussion and Significance

The components of mucus that are overproduced in the respiratory tracts of
patients with inflammatory diseases (CRS, CF, asthma, COPD, etc) contribute to airway
obstruction. These components include mucins and proteins, but are not yet well-defined
for specific respiratory inflammatory diseases. Gaining a better understanding of the
components in mucus secretions that contribute to hypersecretion and inflammation,
should provide insight into innate and acquired immune defense mechanisms involved in
the etiology and pathogenesis of these diseases and aid in designing treatment for mucus

overproduction.

Mucus overproduction in the sinonasal secretions of CRS pediatric patients is the
focus of this project. Conflicting mucin and protein studies (see Introduction) have made
it difficult to identify the contribution of specific macromolecules to the pathophysiology
of CRS and one result is that there is not a standard treatment for CRS in either children
or adults. Therefore, we considered it useful/important to identify proteins in sinonasnal
secretions from patients with CRS and without CRS, as well as to determine the identity
and the expression of mucins. In contrast to other studies, we utilized sinonasal
secretions obtained during surgery rather than nasal lavage fluid from CRS and control
patients. Not surprisingly, many of the proteins we identified at higher levels in CRS
sinonasal secretions had previously been identified in CRS nasal lavage samples, as
discussed below. This supports the emerging concept that the epithelium in the upper

respiratory tract of CRS patients has undergone remodeling. In addition, we identified
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proteins that were differentially present at higher or lower levels in CRS secretions,

which information may direct future studies in this field.

Utilizing label-free proteomic techniques we successfully created a protein profile
showing the varying levels of expression of 294 proteins in sinonasal secretions from
healthy (n=3) and CRS (n=5) pediatric patients. We confidently identified 294 proteins
across all samples with steady fold-change distribution (Figure 3.2). Many of the
proteins identified as having significant fold-change in CRS sinonasal secretions were
involved in innate immune response, and have been identified in CRS and/or other

inflammatory diseases. These proteins are described in detail below.

Sinonasal secretions are biological samples obtained during surgery and some
samples had blood contamination. When plasma proteins are present in a sample, it is
difficult to detect low abundance proteins during MS analysis because the signal is
masked by the high levels of plasma proteins. In order to address this, we normalized
spectral count data to spectral count data in each sample for the two main plasma proteins
present in the samples- aloumin and hemoglobin. Two samples, CRS sample 1 and non-
CRS sample 6, were visibly contaminated with blood (Table 3.1). While Casado et al.
have identified albumin in human nasal secretions using proteomic techniques’®, studies
have shown that the presence of albumin is indicative of vascular permeability.®*
Indeed, there seems to be a correlation between CRS severity and the differentiation from
a ciliated to squamous epithelium in the sinus mucosa, so that in regions of squamous
epithelium where the basement membrane is exposed, erythrocytes and plasma proteins

can invade the sinuses.” Others report that the presence of blood proteins reflects

epithelial repair as a result of steroid treatment.**4**® Also the presence of blood could be
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a result of injury during the secretion collection process. One approach to decrease
plasma proteins is to use plasma-depleting kits, but proteomic studies on CRS nasal
lavage fluid using this technique show reduced detection of other peptides and only
identified proteins with nine or less spectra while plasma proteins still had 20 or more
spectra.” Normal nasal lavage fluid is reported to be composed of at least 30% plasma
proteins.” Therefore, we anticipated that plasma proteins would account for at least half
of the protein content in samples that were visibly contaminated with blood, especially
diseased samples, and loaded twice the protein amount (100 pg) for those samples
(samples 1 and 6). Spectral count data for all samples was normalized to albumin and
hemoglobin spectral counts because these proteins bands were very visible on the
Coomassie-stained gels (Figure 3.1) so we attributed most of the plasma contamination to
these proteins. Strong hemoglobin subunit bands are visible at approximately 16 kD for
CRS samples (#3 and 7) and non-CRS samples (#6 and 13). Hemoglobin subunits (alpha,
beta, delta, gamma-1, gamma-2) were detected by proteomics. Strong albumin bands at
approximately 65 kD were visible on the Coomassie-stained gels for CRS samples (#1, 3
and 7 and for non-CRS samples (#6 and 13) Samples 1, 3, 6, and 7 had the highest
overall albumin and hemoglobin spectral counts. Interestingly, sample 3 had the second
to highest abundance of albumin and hemoglobin (sample 1 having the highest which
was expected because of the visible blood contamination and the fact that more protein
was loaded) even though it was not visibly contaminated. This supports the importance of

normalizing the spectral count data to the spectral counts of the plasma contaminants.

After normalizing the data to aloumin and hemoglobin, the proteomics data was

filtered using QSpec’s statistical algorithm to determine which proteins had significant
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fold-change values. There is likely variability of protein expression between samples due
to the imprecise nature of the sample collection as well as the possibility that protein
expression in the sinuses is likely to differ over time and amongst patients. The QSpec
algorithm is tailored for the analysis of differential proteins expression using label-free
spectra count data and small amounts of sample.*”” Thus, this approach is ideal for
clinical studies where sample numbers are limited and a simple T-test cannot be used to
perform statistical analysis. For our data stringent statistical parameters were set. Protein
fold-change was considered to be significant if p-value (or FDR) was less than or equal to
0.0001. Additionally, only proteins with an absolute fold-change greater than or equal to
1.5 were taken into account. These parameters filtered the data to a smaller number of
differentially expressed proteins. We identified 28 proteins that were significantly highly
prevalent in CRS sinonasal secretions and 18 proteins that were prevalent in non-CRS
sinonasnal secretions (Table 3.2). Tewfik et al. only identified a total of 35 proteins in
nasal mucus from CRS and control patients. Of the proteins identified, 4 were reported as
being significantly down-regulated in CRS and 4 were reported as being significantly up-

regulated in CRS.%°

Many of the proteins with significant fold-change identified in our CRS sinonasal
samples are assigned to immune system processes by GO, thus supporting the concept
that sinuses in CRS patients are in a chronic inflammatory state. The expression of innate
immunity proteins BPIFAL, DMBT1, S100A8, S100A9, LTF, MYH9, and IGHA1 have

been reported from studies on nasal lavage fluid or sinus tissues as being dysregulated in

12,87,90,133,178 79,87,90
CRS

or other forms of sinusitis and are discussed below.
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BPIFA1L, which had the highest fold-change in CRS sinonasal secretions, is a

member of the BPI or PLUNC family of proteins'®

that are secreted in the upper
airways, nose, and mouth. Their exact function has not yet been elucidated, but they
appear to have multifunctional roles in airway immune defense.’***> We identified
BPIFAI as having the highest significant expression (fold-change = 3.93) in CRS
compared to normal (Table 3.2 and Figure 3.4). Other proteomic studies have identified
high expression of BPIFAL in CRS nasal mucosa tissue and verified this observation by
immunohistochemistry.*® Casado et al. see increased BPIFAL in nasal lavage fluid from
CRS patients.” However, other studies report significantly decreased levels of BPIFAL
in nasal lavage fluid from adult patients with allergic seasonal rhinitis®® and smokers™®,
suggesting that the increased levels of BPIFAL in CRS sinonasal secretions (our studies)
and CRS sinus mucosa may be unique to CRS.* Since BPIFAL has been found to be

179180 5\/er-expression of this

greatly expressed in submucosal glands in the upper airways
protein in CRS further supports evidence of submucosal gland hyperplasia and over-
secretion of proteins expressed in the glands, such as MUC5B, in patients with CRS.
BPIFB1, another member of the BIPIF family, was also significantly and highly over-
expressed (Table 3.2, fold-change = 3.69). BPIFB1 expression was evaluated by western
blot analysis and supported increased expression in CRS samples (Figure 3.7). The fact
that proteomic analysis showed that two BPIF family members were over-expressed in
CRS indicates that their dysregulated production could play a role in the immune
response in the sinuses during inflammation. However, the functions of BPIFA1 and

BPIFB1 are still elusive, thus further investigation of these differentially expressed

proteins in CRS patients could prove useful.
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DMBTL1, also known as GP340, is a glycoprotein that has been implicated in
immune response®® and mucosal inflammation and epithelial regeneration.'®® Although it
reached significance with a fold-change of only 1.52, western blot analysis was
performed to analyze its expression. DMBT1 mostly localizes to the respiratory tract'®®
and its scavenger receptor cysteine rich domains'®* as well as carbohydrate residues on its

181 hind to various bacteria'®, as an innate defense mechanism for mucosal tissue

glycans
in order to remove bacteria, viruses or other pathogens. Further supporting a role for
DMBT1 in mucosal defense is evidence of its association with surfactant proteins
involved in immune defense in the respiratory system*®, specific epithelial location that
allows it to interact with pathogens'®*, and upregulation, together with I1L-8 and IL-6,
during a pro-inflammatory stimulus.*®® Furthermore, DMBT1 copurifies with MUC5B.'*
Evidence from RT-PCR, immunohistochemical analysis, and western blot analysis
studies show that DMBT1 is highly expressed in CRS ethmoid sinus mucosa compared to
control samples.*** Our western blot data suggested the presence of different size and
thus glycoforms of GP340: Figure 3.7 shows that GP340 was detected at a slightly lower
molecular weight in non-diseased samples compared to CRS samples. Variations in sizes
and glycoforms of GP340 have been demonstrated in saliva and lung lavage, and there
are differences in the types of bacteria that are aggregated by glycoforms. The heavier
GP340 seen in our CRS sinonasal secretions could be attributed to higher glycosylation
reflecting adaptation to recurrent bacterial invasion in CRS- an evolution seen in mucins
that have varying glycosylation patterns depending on tissue and the pathogens that

frequent a particular tissue/organ.”® Therefore, this potential to change glycosylation

patterns is further reflective of GP340’s functional role in mucosal defense during
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inflammation. '8!

Another important point is that since bacteria have been known to bind
to specific glycans on GP340, differences in sizes of unreduced forms of GP340 between
CRS and non-diseased samples could reflect increased bacterial binding in CRS samples.
However, our samples underwent reduction using beta-mercaptoethanol, so we cannot
evaluate the differences in size due to the amount of bacterial aggregation. Studies on

GP340’s native state in diseased and non-diseased samples are important to enable us to

make such a conclusion.

Another family of proteins that were significantly over-expressed in CRS samples
were the S100 proteins, specifically S100A8 and S100A9. These proteins have
proinflammatory roles in the respiratory epithelium and are produced by epithelial cells,
as well as by neutrophils, and form a heterodimeric complex, also known as calprotectin.
The heterodimer induces chemotaxis of neutrophils and monocytes.*****" They are used
as a clinical laboratory marker in chronic inflammatory diseases.’*® Several proteomic
studies have shown at least one of these proteins is highly expressed in patients with CRS
with or without nasal polyps. S100A9 is overexpressed in nasal secretory cells from

> nasal mucus from CRS patients,®® and nasal

patients with CRS with nasal polyps,?
lavage fluid from sinusitis patients.”” S100A8 is over-expressed in sinonasal mucosa
tissue from patients with CRS with nasal polyps.”* However, mRNA studies are contrary
to protein over-expression data. mMRNA studies, show a decrease in overall mRNA
levels of both of the proteins in CRS.* This discrepancy demonstrates the importance of
evaluating both mRNA and protein expression in tissue as well as protein in secretions as

the levels of each do not necessarily correlate linearly. Our western blot data confirmed a

trend of increased expression of S100A9 in CRS sinonasal secretions compared to
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normal, yielding results consistent with the proteomic data (Figure 3.7). However, S100
proteins are not considered ideal markers for diagnosis of a specific inflammatory disease
like CRS because the activation of leukocytes is characteristic of inflammatory diseases
in general.*®**° Therefore, we can only conclude from our data that S100A8 and S100A9
proteins play an active role in inflammation, and were able to successfully verify this role

through our proteomic data and western blot analysis for SI00A9.

SERPINAZ1 (or alpha-1-anti-trypsin) had a p value less than 0.0001 but had equal
expression in CRS and non-CRS samples; nevertheless we chose to validate the
expression of this protein using western blot because of its mechanistic role in
inflammation. SERPINAL is a serine protease inhibitor that regulates the amount of
neutrophil elastase present during mucosal inflammation.’®* Increased expression of
SERPINAL in CRS has been found in CRS nasal lavage fluids by proteomic studies.®”
SERPINAL is a serine protease inhibitor that regulates the amount of neutrophil elastase
present during mucosal inflammation.’®* Increased SERPINAL in patients with CRS is
thought to reflect an active innate defense response,'®® Genetic polymorphisms of the

142
S

SERPINAL1 gene occur in severe CR and it has been proposed that impaired

enzymatic activity would allow neutrophil elastase activity to be uninhibited and thus be

active in mucosal inflammation.'®°

Interestingly, neutrophil elastase upregulates
MUC5AC mRNA expression.®* Defective SERPINAL activity may trigger a cascade of
pro-inflammatory events where neutrophil elastase is allowed to accumulate, thus leading
to up-regulation of MUC5AC mRNA. This could be one of the reasons why Kim et al.

saw significant MUC5AC mRNA expression in the sinus mucosa of adults with CRS

compared to controls.®® However, in our CRS sinonasal secretions, the average spectral
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count for MUCS5B was significantly higher than MUC5AC (Figure 3.8), and western blot
analysis showed a trend of increased MUCSB fold-change in CRS compared to control,
but very little difference in the fold-change of MUC5AC in CRS compared to control
(Figure 3.16). Mucin mRNA expression may not always be reflective of mucin protein
expression, and tandem analyses of mMRNA and protein expression are necessary to
determine whether mucin overproduction is a result of mucosal defense mechanisms
occurring at the transcriptional or postranslational level and activated by inflammatory

mediators.

LTF, MYH9, IGHAL are classified by GO as functioning in immune response and
significantly overexpressed in CRS sinonasal secretions have also been reported as
overexpressed in CRS. Proteomic studies have shown overexpression of LTF, an
antimicrobial protein (39), in the nasal lavage fluid of acute sinusitis,” asthmatic CRS?,
smokers™®, and seasonal allergic rhinitis patients®®, as well as nasal mucus from CRS
patients®®. Immunohistochemical studies on maxillary sinus mucosa in CRS patients have
shown increased expression of LTF as well.®*” MYH9, which aids in cell motility and
maintains cell shape,’® and IGHAL, which acts in immune system defense,'®” are over-
expressed in proteomic studies on nasal lavage fluid from acute sinusitis™® and asthmatic
CRS patients®’”, but other studies have not focused on these proteins as potential markers

for CRS.

Two overabundant proteins in CRS sinonasal secretions --CHI3L1 and MUC5B --
are not classified by GO as having roles in the immune system response but are now
known to contribute to innate immunity and mucosal defense. They have been identified

previously in various subtypes of CRS.}*?*"®  Glycoprotein CHI3L1 the second to
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highest over-expressed protein in our CRS sinonasal secretions (Table 3.2), functions in
defense against foreign pathogens and in tissue remodeling.*® Additionally,
susceptibility to asthma-related traits is associated with its genetic variation.'™ Severity
of asthma has been correlated with its expression levels in serum and lung function.*’®*"
Smokers with COPD exhibit increased expression of CHI3L1 in their bronchoalveolar
lavage fluids.*’* Studies have found an indirect correlation of CHI3L1 and uteroglobin
(clara cell 10-kD protein, CC10), an anti-inflammatory secretoglobin. RT-PCR and
immunohistochemistry studies show a significant increase in CHI3L1 in mice with
eosinophilic CRS and an even greater increase in CC10-knockout eosinophilic CRS mice.
CC10, which has been proposed to suppress CHI3L1 expression in eosionophilic CRS'"®
was not detected in our samples by proteomic analyses, perhaps because it
electrophoresed out of gels due to its small size, but was decreased in our gene expression
studies on CRS and control sinus mucosa.’®® Inhibition of goblet cell hyperplasia,
epithelial thickening and decreased levels of TNF-alpha (a cytokine that upregulates
mucin gene expression), was demonstrated when mice with eosinophilic CRS were
exposed to an antibodiy against CHI3LI.}"® Since TNF-alpha expression is increased in

the epithelium of patients with CRS, it may play a large role in the pathogenesis of

CRS.202t

Interestingly, some of the proteins that were significantly over-expressed in
healthy sinonasal secretion samples (and thus under-expressed in CRS) have previously
been identified in proteomic studies of nasal lavage fluid as being under-expressed in
CRS as well. In a recent proteomics study ALDHAL, PEBP1, and KRT8 were identified

as being over-expressed in normal samples compared to their expression in CRS patients
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with nasal polyps.* These proteins were down-regulated in our CRS samples as well,
with retinal dehydrogenase having the most significant expression in non-diseased
samples. Lack of the phosolipid binding protein PEBP1 is not completely understood in
CRS, however the roles of ALDHAL and KRT8 may be important factors in disease
pathogenesis. ALDHAL1 oxidizes retinaldehyde to retinoic acid, which aids in the
regeneration of ciliated paranasal sinus mucosa in rabbits, thereby promoting sinus
wound healing.”* Thus, deficiency in retinal dehydrogenase in CRS sinonasal secretions
could lead to lack of retinoic acid, which would impair the ability of CRS sinus mucosa
to repair itself after wounding. KRT8 is known to protect epithelial cells from mechanical
stresses that could result in cell death.’* In the sinuses of children with CRS, lack of this
intermediate filament may prevent the epithelium from being able to cope with

inflammatory cell stresses.

Mucin data from proteomic and western blot analysis indicated a trend of over-
expression of MUC5B mucin in pediatric CRS sinonsasal secretions relative to
MUCS5AC. This result is not unexpected, based on studies that show an increase in
submucosal glands in CRS patients®’* and that MUC5B in the sinus mucosa is localized
to mucosal cells in submucosal glands.®* Proteomic analysis showed that MUC5B was
significantly over-expressed in CRS samples, whereas MUCS5AC did not reach statistical
significance (Table 3.2). These results are reflected in Figure 3.8 which shows that the
average normalized spectral count of MUCS5B peptides compared to MUC5AC was
significantly higher (p<0.05) in CRS, but not in non-CRS, samples. MUC5B, but not
MUCS5AC, has been identified using proteomic techniques analyzing nasal mucus from

CRS patients with nasal polyps and controls and was over-expressed in CRS samples.®
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Viswanathan et al. used ELISA to evaluate MUC5B and MUC5AC mucin expression in
sinus mucosa samples and show a statistically significant increase in MUCS5B levels in
CRS compared to controls with no difference in MUC5AC levels between CRS and
control, a finding that is consistent with our proteomic data.'®> However, it should be
noted that mucins are often not well characterized by proteomics when proteins are
fractionated by 1D gel electrophoresis, as the large secretory mucins do not consistently
enter polyacrylamide gels.?**® Densitometry analysis from western blots for MUC5B
and MUC5AC did not reach statistical significance; however, a trend of increased fold-
change of MUC5B in CRS samples compared to control was observed (Figure 3.16). The
use of polyclonal antibodies to detect both mucins increases the sensitivity of protein
detection but a larger sample size is needed to confirm these findings using
immunoblotting. A future quantitative approach using westerm blot techniques that can
be done to compare the amount of MUC5B in sinonasal secretions of healthy patients and
patients with CRS would involve using MUC5B mucin isolated by Sepharose column
chromatography of saliva as a standard for MUC5B. Nevertheless, the data we have
collected thus far demonstrates an overall increase of MUC5B expression in pediatric
patients with CRS and supports the etiology of mucus overproduction due to
manifestation of glandular hyperplasia in the sinus mucosa of CRS patients.®* This study
focuses future studies on the role of immune response and inflammatory mediators
activated by pathogens in the development of glandular hyperplasia. Further, proteomics
and Western blot analysis show MUCSB is the predominant mucin in chronic otitis
media (COM) fluid.™*° Since 50% of children with COM also have CRS'® and there are

common bacterial etiologies between CRS and COM™* this study also supports studies
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on upregulation of the MUC5B gene by immune response and inflammatory mediators

activated by pathogens associated with CRS, a markedly understudied area.
4.2. Conclusions

Our global protein profile study of sinonasal secretions from patients with and
without CRS confirmed the presence of proteins that have been previously identified to
be over-expressed in CRS and contribute to the inflammatory nature of CRS. We were
also able to confirm the over-expression of proteins CHI3L1, S100A8, S100A9, MUC5B,
and LCN2 with over-expression in our own previously collected microarray data on CRS
sinus mucosa™®*®, as well as the down-regulation of proteins ALDH3A1 and PLEC. The
results demonstrated that significant differences in protein abundance were successfully
identified in sinonasal secretion of pediatric patients with CRS and without CRS using a
proteomic approach. Moreover, the overall increase in MUC5B confirmed
immunohistochemical studies from our lab demonstrating increased submucosal gland

area in CRS patients.®

In addition, this study identified several proteins that had not previously been
associated with CRS. The observation by Viswanathal et al. that mucin content and
mucus viscosity are correlated in non-CRS mucus but not in CRS mucus® raises the
possibility that glycoproteins such as DMBT1 or CHI3L1, or a protein such as BPIFAI
(highest fold-change) that are overexpressed in CRS contribute to the physical properties
of CRS mucus. Additionally, many of the significantly expressed proteins in CRS are
involved in airway inflammatory reaction and immune response, and some of these
proteins might be useful to further investigate as potential biomarkers for CRS in order to

develop a more effective treatment for children
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