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Abstract

No previously suggested biomarkers of nasal mucosal inflammation
have been practically applied in clinical fields, and nasal
epithelium-derived secreted proteins as biomarkers have not
specifically been investigated. The goal of this study was to identify
secreted proteins that dynamically change during the differentiation
from basal cells to fully differentiated cells and examine whether nasal
epithelium-derived proteins can be used as biomarkers of nasal
mucosal inflammation, such as chronic rhinosinusitis. To achieve
this goal, we analyzed two secretomes using the isobaric tag for
relative and absolute quantification technique. From in vitro
secretomes, we identified the proteins altered in apical secretions of
primary human nasal epithelial cells according to the degree of
differentiation; from in vivo secretomes, we identified the increased

Mucus hypersecretion is a common feature
of several respiratory diseases, such as
chronic rhinosinusitis (CRS), and is mainly
caused by goblet cell hyperplasia, which is an
epithelial abnormality (1). The upper
airways are lined by a pseudostratified

epithelium of ciliated, secretory, and basal
cells (2). Basal cells were originally named
based on their proximal location to the
underlying basal lamina, and were recently
found to include a population of
multipotent stem cells that play important

proteins in nasal lavage fluids obtained from patients 2 weeks after
endoscopic sinus surgery for chronic sinusitis. We then used a
parallel approach to identify specific biomarkers of nasal mucosal
inflammation; first, we selected apolipoprotein E as a nasal epithelial
cell-derived biomarker through screening proteins that were
upregulated in both in vitro and in vivo secretomes, and verified
highly secreted apolipoprotein E in nasal lavage fluids of the patients
by Western blotting. Next, we selected periostin as an inflammatory
mediator-inducible biomarker from in vivo secretomes, the secretion
of which was not induced under in vitro culture conditions. We
demonstrated that those two nasal epithelium-derived proteins are
possible biomarkers of nasal mucosal inflammation.

Keywords: nasal epithelium; air-liquid interface culture;
secretome; secreted proteins; mucosal secretions

roles in both homeostasis of the normal
epithelium and tissue regeneration after
injury (3, 4).

Cells in the upper airway epithelium,
such as nasal epithelial cells, are
continuously exposed to environmental
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stress including wall shear stress,
temperature, humidity, and pathogens

(5). Thus, proteins secreted from nasal
epithelial cells during regeneration are
essential to maintaining respiratory
homeostasis (6, 7). Although inflammation
is a crucial factor of wound healing and
tissue regeneration, chronic inflammatory
responses associated with CRS or asthma
result in airway injury (8). Damage to the
epithelium is an initial step in the process of
airway remodeling, which is characterized
by basal cell hyperplasia, goblet cell
hyperplasia, and metaplasia (9). Accordingly,
we predicted that nasal epithelium-derived
proteins can be used as biomarkers to reflect
the state of nasal mucosal inflammation,
and can be detected in nasal lavage (NAL)
fluid or nasal brushing, which is easily
conducted in outpatient clinics.

Analysis of biological markers in NAL
fluids provides valuable information for
studying the nasal mucosal state, and enables
monitoring of the results of medical and
surgical treatments, because nasal secretions
reflect the inflammatory state of the nasal
mucosa. Various methods have been
developed to obtain human nasal secretions,
such as nasal irrigation, brush, scraping, and
nasal secretion collectors, to analyze the
biochemical components in nasal secretions
(10). However, concentrations of biomarkers
in nasal secretions vary, because the
collection method directly influences the
results obtained, limiting the applicability of
these methods (11). Applicable biomarkers
for studying inflammation in the nasal
mucosa include eosinophil cationic protein,
myeloperoxidase, tryptase, lysozyme,
lactoferrin, and albumin (12-14). Many
studies have sought to identify additional
inflammatory biomarkers in nasal
secretions; however, only IgE or IL-5 have
been recently suggested as biomarkers
specific to CRS with nasal polyps (15, 16).
Epithelium-derived proteins have also been
suggested as biomarkers, which were
identified mostly by proteomics analyses of
secretions from human primary airway
epithelial cells, such as apolipoproteins
(APOs), mucins, annexins, histones,
bacterial/permeability-increasing proteins,
S100 proteins, ceruloplasmin (CERU),
lumican, and gelsolin (6, 17, 18).

Although APOs, the major structural
component of lipoproteins, play critical
roles in lipid uptake and transport, they were
recently identified as potential biomarkers
of inflammatory diseases, because of their

involvement in cytokine and chemokine
release, as well as cell adhesion molecule
expression (19). In nasal mucus of patients
with allergic rhinitis, APOA1 and APOA2
increase significantly (20) and are suggested
to have anti-inflammatory functions in the
colonic and pulmonary epithelium (21-23).
In contrast, these proteins act as pro-
inflammatory molecules because of
posttranslational changes possibly mediated
through oxidative mechanisms (24).
Another APO, APOE, has been suggested
as a biomarker of coronary artery disease or
Alzheimer’s disease (25). Periostin (POSTN),
a secreted extracellular matrix protein, binds
to integrin molecules to support adhesion
and migration of epithelial cells, and is
induced by IL-4 and IL-13 (26). Clinically,
POSTN is involved in lung fibrosis and
airway remodeling (27), inflammation

and allergy (28), and progression of
eosinophilic CRS with nasal polyps (29).

To identify and validate practical
biomarkers for indicating the state of nasal
mucosal inflammation, we first analyzed the
human nasal secretome obtained from
cultured primary HNECs according to the
degree of differentiation, and then analyzed
nasal secretions obtained from two groups
of subjects. One group included patients
who were scheduled to take septoplasty as
a control group, because they had no
inflammation in nasal mucosa. NAL fluids
were collected just before septoplasty under
general anesthesia in the operating room.
The other included patients who underwent
endoscopic sinus surgery for chronic sinus
surgery as an experimental group. NAL
fluids were collected at 2 weeks after surgery,
which is the most active stage of nasal
mucosal regeneration.

Methods

For additional information, detailed
MEtHODs are fully described in the data
supplement.

Preparation of NAL Fluid Secretome
from Patients

All participants provided informed consent,
and this study was approved by the
institutional review board of the Yonsei
University College of Medicine (4-2016-
0902 and 4-2016-1153). NAL fluids were
collected from a control group (septoplasty
patients, n=>5) just before septoplasty
under general anesthesia or from an

experimental group (chronic sinus surgery
patients, n=13) at 2 weeks after surgery.
The mucosal status at 2 weeks after
endoscopic sinus surgery (ESS) is typically
an active regeneration stage, because
complete mucosal regeneration after ESS
requires approximately 3-4 months. All
subjects had no allergic rhinitis as
confirmed by the negative result of a skin
prick test and serum allergen-specific IgE
using multiple allergen simultaneous test
(MAST). Patients with underlying
immunologic diseases, such as malignancy,
autoimmune diseases, or allergic asthma,
were excluded (Table El in the data
supplement). NAL fluid was collected as
follows. Briefly, the patient was in the
sitting position with the neck flexion on the
chair at the outpatient clinic, and we
instilled 10 ml normal saline into the
middle meatus of the nasal cavity using a
syringe with a cut-down needle to prevent
injury to the nasal mucosa. Lavage fluid was
recollected into a sterilized, 15-ml conical
tube. All procedures were performed under
endoscopic visualization to obtain lavage
from the middle meatus. In postoperative
patients, the lavage fluid was collected from
the ethmoid sinus in the same manner at
2 weeks after surgery to detect secreted
proteins during the wound healing process.
For secretome preparation, cells and cell
debris were removed by centrifugation at
18,506 X g for 3 minutes. The resulting
supernatants were mixed with six volumes
of prechilled acetone and incubated
overnight at —20°C. The secretome was
precipitated by centrifugation at 8,000 X g
for 10 minutes at 4°C.

Isobaric Tag for Relative and Absolute
Quantification
Isobaric tag for relative and absolute
quantification (iTRAQ) proteomic methods
with 8plex tags (SCIEX) were used to detect
differences in protein expression in the NAL
fluid from patients and mucus layer of
human nasal epithelial cells (HNECs)
during differentiation. All processes,
including iTRAQ labeling, strong cation
exchange fractionation, and liquid
chromatography (LC)-mass spectrometry
(MS), were performed as previously
described (30), and database searching and
quantitative data analysis were performed
by Poochon Scientific.

Database search and quantitative data
analysis. MS raw data files were searched
against the human protein sequence
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databases obtained from the National
Center for Biotechnology Information
website using Proteome Discoverer 1.4
software (Thermo) based on the SEQUEST
and percolator algorithms, respectively. The
false-positive discovery rate was set to 1%.
The resulting Proteome Discoverer Report
contains all assembled proteins with
peptides sequences and peptide spectrum
match counts (PSM#) and iTRAQ-tag-
based quantification ratio. The iTRAQ-tag-
based quantification was used to determine
the relative abundance of proteins
identified in the iTRAQ-ALI-4Ds
(air-liquid interface [ALI]) data set. One-
way ANOVA was used to identify proteins
differentially secreted over time in ALI
cultures, and was corrected using
Bonferroni’s multiple comparison test. The
k-means clustering was performed and heat
maps were generated using the heatmap.2
function of the R’s gplots package (CRAN).
Pearson’s correlation coefficient was used
to group based on the shape of expression
profiles over time in ALI cultures. The
volcano plots were drawn using R’s ggplot2
package.

Results

Degree of Differentiation in Cultured
Primary HNECs over Time

To investigate changes in the secretomes
during epithelial cell differentiation, we used
an in vitro primary cell culture system of
HNECs. HNECs were freshly isolated from
polyps and differentiated to a mucociliary
epithelium with apical polarization
according to the timetable depicted in
Figure 1A. We determined the degree of
differentiation by measuring the number of
ciliated cells positive for Ac-a-tubulin,
secretory cells positive for MUC5AC, basal
cells positive for p63, and intermediate

cells negative for all three antibodies by
immunofluorescence microscopy

(Figure 1B). At the initial stage of ALI
culture Day 2 (ALI 2D), we observed that
the cultures consisted largely of basal cells
(38.10 £ 2.10%; Figure 1C), which expressed
P63, a marker of basal cell differentiation
(31). However, the number of basal cells was
dramatically reduced by more than half
during HNEC differentiation (18.15 * 2.87%
at ALI 15D; Figures 1C and Figure E1). In
contrast, the number of MUC5AC-positive
secretory cells gradually increased by 2.74%,
6.14%, and 15.57% at ALI 6D, ALI 10D, and
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Figure 1. Changes in primary human nasal epithelial cell (HNEC) composition during differentiation.
(A) Scheme of the HNEC differentiation during air-liquid interface (ALI) culture (e.g., ALl culture for
15 d [ALI 15D]). (B) HNECs in different stages of differentiation were analyzed by immunofluorescence
staining of cytospin slides with antibodies against specific marker proteins; ciliated cells are shown as
acetylated-a-tubulin (Ac-a-tubulin)—positive cells (yellow); secretory cells are shown as MUC5AC-
positive cells (green); and basal cells are shown as p63-positive cells (red). (C) Percentages of ciliated,
secretory, intermediate (subtracted the ciliated, secretory, and basal cell portions from total cell
numbers), and basal cells during differentiation of HNECs are presented as bar graphs. Results are
the means = SEM; n=4; **P <0.001 versus ALl 2D by one-way ANOVA with Bonferroni post hoc
correction. MUC5AC = mucin 5AC, oligomeric mucus/gel-forming.
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ALI 15D, respectively, and Ac-a-tubulin-
positive ciliated cells reached a maximum
(12.61 = 1.25%) at ALI 15D, levels of which
were nearly undetectable until ALI 6D
(Figure 1C). We also estimated the number
of intermediate cells, which was calculated
by subtracting the number of ciliated

cells, secretory cells, and basal cells from the
total cell number (Figure 1C). Although
the number of secretory and ciliated cells
increased over time, the number of
intermediate cells (~54-70% of cells) did
not fluctuate until ALI 10D of HNEC
differentiation (Figure 1C), indicating that
differentiation from basal cells to
intermediate cells occurred in our primary
culture system.

Profiling of Mucins from HNECs
Mucosal layers were collected from the
apical surface of HNECs at ALI 2D, ALI 6D,
ALI 10D, and ALI 15D. For proteomic
analysis, two sets of apical secretions were
prepared and labeled with 8plex iTRAQ
reagents (Figure 2A). Using the iTRAQ, we
investigated the changes in the secretomes
during HNEC differentiation. The iTRAQ
(8plex) raw MS data files were analyzed
with Proteome Discoverer 1.4 for protein
identification and iTRAQ-based
quantification. A total of 3,506 human
proteins was quantitatively identified across
four groups of eight samples in the iTRAQ-
ALI-4Ds dataset (Figure 2A). Comparison
of the protein profiles in terms of relative
protein abundance between ALI 2D and
ALI 6D (Figure 2B), ALI 2D and ALI 10D
(Figure 2C), or ALI 2D and ALI 15D
(Figure 2D) was performed. Most of the
215 housekeeping proteins were not
changed in the eight samples after
normalization, indicating that the dataset is
reliable (Figures 2B-2D). A total of 269
proteins was significantly changed by at
least twofold in three comparison groups
(P<0.01, n=2)—37 proteins between ALI
2D and 6D (Figure 2B), 112 proteins
between ALI 2D and 10D (Figure 2C), and
120 proteins between ALI 2D and 15D
(Figure 2D)—demonstrating that the
numbers of numerous proteins were altered
when HNEC differentiated.

To verify our iTRAQ analysis results
for the HNEC secretomes, we analyzed the
raw MS data of mucins, the most abundant
proteins in mucus. Mucins are high-
molecular-weight glycoproteins synthesized
by the submucosal glands and goblet cells of
the human airway epithelium (32).

MUCS5AC and MUCS5B belong to the gel-
forming mucins, and MUCI, -4, -16, and
-20 belong to the tethered mucins (32-34).
Based on the total number of identified
peptide sequences (S# PSMs) for the
protein, the tethered mucin MUCI16 was
dominant (785 peptides); lower amounts of
MUCI (574 peptides) and MUC4 (322
peptides) were detected (Figure 2E and
Table E2). Among the gel-forming mucins,
MUCSB was the major mucin identified
(273 peptides), with MUC5AC detected at a
comparable level (66 peptides) (Figure 2F).
However, MUCI8 (9 peptides), MUC20 (9
peptides), and MUC21 (12 peptides) were
present at a lower amount in the HNEC
secretomes (Figure 2G). For further
verification, we analyzed the temporal
secretion profiles of mucins during HNEC
differentiation. Secretions of the gel-
forming mucins, MUC5AC and MUC5B,
and tethered mucin, MUCI16, increased
progressively, whereas MUC1 and MUC4
were constitutively secreted with a slight
increase at the initial stage of differentiation
(Figures 2E and 2F). MUCI18 was the only
mucin, the secretion of which was
significantly decreased. The other less-
secreted mucins, MUC20 and MUC21,
showed no changes in secretion

(Figure 2G). Taken together, our results
indicate that HNECs were well
differentiated into either secretory cells or
ciliated cells over time, and, as a result, gel-
forming mucins increased, whereas most
tethered mucins showed no changes or
slight changes except for MUCI16, the
secretion of which was dramatically
increased.

Pathway Analysis and Quantitative
Proteomic Characterization of In Vitro
HNEC Secretomes

To identify possible biological pathways
involved in HNEC secretomes, we used the
Database for Annotation, Visualization and
Integrated Discovery (DAVID, version 6.8;
Laboratory of Immunopathogenesis and
Bioinformatics, National Institute of Allergy
and Infectious Diseases, National Institutes of
Health) tool. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis
demonstrated that 84 significant pathways
(P <0.05) were enriched in HNEC
secretomes. Among them, the top 10
pathways were as follows: endocytosis (148
proteins); carbon metabolism (77 proteins);
biosynthesis of antibiotics (118 proteins);
proteasome (39 proteins); lysosome (72

proteins); bacterial invasion of epithelial cells
(52 proteins); glycolysis/gluconeogenesis (45
proteins); protein processing in endoplasmic
reticulum (86 proteins); biosynthesis of
amino acids (45 proteins); and metabolic
pathways (409 proteins). This finding was
consistent with normal cellular development
and functions (Figure 3A). Proteins were
then classified by cellular compartment (CC)
based on functional annotation with gene
ontology (GO) analysis. Among the top 10
CC categories, 64.16% of GO items were
associated with extracellular region,
extracellular region part, extracellular
organelle, extracellular vesicle, and
extracellular exosome, indicating that,
although there were some proteins from
other CCs, such as membrane-bounded
vesicles, cytosol, or junctions, a large number
of HNEC secretomes were composed of
secreted proteins (Figure 3B). To
characterize the HNEC secretomes, we
examined the most abundantly secreted
proteins based on 3# PSMs and listed the
top 50 proteins in Table E2.

Quantitative Proteomic Profiling and
Pathway Analysis of In Vivo NAL Fluid
Secretomes

To gain more physiological and
comprehensive insight into nasal mucosal
secretomes, we analyzed human in vivo
NAL fluid secretomes. By iTRAQ-based
quantification, NAL fluid secretomes from
the control group (n=5) and the CRS
group (n=4) subjects who underwent ESS
were examined. Because the NAL fluids
were collected from patients with CRS

2 weeks after ESS, it was assumed that
the mucosae of these patients were
synchronized at a certain stage in
regeneration. As such, we hypothesized that
proteomic analysis of CRS NAL fluid
secretomes would reflect a progression in
regeneration, such as severe inflammation,
and through comparison with HNEC
secretomes, the degree of differentiation in
the mucosae could be estimated.

A total of 660 human proteins were
quantitatively identified in the 2 groups of
9 samples (five control vs. four patient
samples) by database searching against a
human protein sequence database obtained
from the National Center for Biotechnology
Information website using Proteome
Discoverer 1.4 using 9 iTRAQ labeling tags
(iTRAQ-H9 dataset) (Figure 4A). As shown
in Figure 4B, 492 proteins overlapped:
74.55% of 660 in vivo secretomes and
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Figure 2. Proteomic characterization of secretomes from HNECs using isobaric tag for relative and absolute quantification (iTRAQ). (A) A heat map
showing the relative abundance of 3,506 proteins identified in the iTRAQ-ALI-4Ds dataset. The color key indicates the relative abundance of each protein
(—3 to 3) across eight samples from the iTRAQ-ALI-4Ds dataset. (B-D) Volcano plots demonstrating fold changes in protein abundance between ALl 2D
and ALI 6D (B), ALI 2D and ALI 10D (C), and ALI 2D and ALI 15D (D). The x-axis represents the l0og2 ratio, and the y-axis represents significant differences
(—log10 of P value, n=2). A total of 269 proteins were changed by at least twofold (P < 0.01, n=2): ALI 2D versus ALI 6D (37 proteins), ALI 2D versus
ALI 10D (112 proteins), and ALI 2D versus ALI 15D (120 proteins). (E-G) Temporal profiles of eight mucin family members. Tethered mucins MUC1, MUC4,
and MUC16 (E); gel-forming mucins MUC5A and MUCS5B (F); minor mucins MUC18, MUC20, and MUC21 (G). Numbers in parenthesis are the total
numbers of identified peptide sequences (X# PSMs) for the protein. **P < 0.01 by one-way ANOVA with Bonferroni post hoc correction.
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Figure 3. Characterization of proteins in HNEC secretomes. (A) Significant biological pathways enriched among 3,506 proteins identified by iTRAQ are
represented as bar graphs. (B) Pie graph showing cellular localization of the HNEC secretomes classified by the top 10 cellular compartment in functional
annotation with gene ontology analysis (GO). GnRH = gonadotropin-releasing hormone; HIF-1 = hypoxia-inducible factor 1; SNARE = SNAP receptor;
TCA cycle = tricarboxylic acid cycle; VEGF = vascular endothelial growth factor. ErbB = erythroblastic leukemia viral oncogene homolog.
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Figure 4. Characterization of secretomes from patients after endoscopic sinus surgery. (A) Heat map showing the relative abundance of 660 proteins
identified in the iTRAQ-H9 dataset. The color key indicates the relative abundance of each protein (—3 to 3) across nine samples from the iTRAQ-H9
dataset. (B) Venn diagram showing overlapping proteins (492) between HNEC secretomes (in vitro) and patient secretomes (in vivo). (C) Significant
biological pathways enriched among 660 secretome proteins are represented as bar graphs. ECM = extracellular matrix.

14.03% of 3,506 in vitro secretomes.
Common inflammation biomarkers, which
have been recently described (12-14), were
secreted by more than twofold higher in
patient NAL fluid secretomes than in
control NAL fluid secretomes, such as
eosinophil cationic protein (P=0.030),
serum albumin (P=0.004), and
myeloperoxidase (P=0.052) (Table E7).
Moreover, KEGG pathway analysis showed
that 28 of the 39 enriched pathways in NAL
fluid secretomes were shared with HNEC
secretomes (71.80%; Figure 4C). Pathways
enriched only in the NAL fluid secretomes
were as follows: complement and
coagulation cascades (35 proteins); systemic
lupus erythematosus (20 proteins);
Staphylococcus aureus infection (14
proteins); salivary secretion (14 proteins);

antigen processing and presentation (13
proteins); oocyte meiosis (12 proteins);
prion diseases (10 proteins); extracellular
matrix-receptor interaction (10 proteins);
chemical carcinogenesis (9 proteins);
tyrosine metabolism (7 proteins);

and arginine and proline metabolism

(7 proteins). These pathways showed
more physiological characteristics of

in vivo biological specimens than

in vitro cell culture samples

(Figure 4C).

GO functional analysis revealed that
the proportion of secreted proteins in the
NAL fluid secretomes (74.59% of GO items
in the top 10 CC categories) were larger than
that in the HNEC secretomes (data not
shown). After removing blood-derived
proteins (e.g., immunoglobulin or

Chung, Cha, Han, et al.: Identification of Biomarkers in Nasal Secretomes

fibrinogen chains), the top 50 abundant
proteins in the NAL fluid secretomes were
examined and listed by their 3# PSMs in
Table E3; 22 of them (44.00%) overlapped
with the HNEC secretomes (Table E2).
Most of the listed proteins of the NAL
fluid secretomes were identified in
previous proteomic analysis of human
nasal secretion (20, 35). Although all
subjects in this study had no allergic
rhinitis, we detected highly secreted
complement C3, alpha-1 antitrypsin,

and APOAL, which are reported

to be more abundant in patients

with allergic rhinitis (20), suggesting

that these secreted proteins

could be elevated in both allergic

and nonallergic inflammatory

conditions.
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Comparative Analysis of In Vitro
Temporal Secretomes with In Vivo
Human NAL Fluid Secretomes

Given that primary HNECs are the only
culturable cells among the diverse cell types
comprising the nasal mucosa, and that the
regeneration of the cells in which basal cells
were differentiated into mucociliary
epithelium partially represents the
regeneration process of the nasal mucosa
after surgery (mechanical stress), we
hypothesized that it could be possible to
identify specific biomarkers of nasal
mucosal inflammation by comparing

in vitro HNEC secretomes with in vivo
NAL fluid secretomes. To this goal, we
rearranged the proteins of HNEC
secretomes based on their temporal
profiles. A total of 1,070 proteins was
clustered into 4 classes corresponding to
ALI days: cluster A contains 84 proteins
secreted highly at ALI 2D; cluster B
contains 246 proteins at ALI 6D; cluster C
contains 664 proteins at ALI 10D; and
cluster D contains 76 proteins at ALI 15D
(Figure 5A; results of KEGG pathway
analysis for each cluster are listed in Table
E4). We also reanalyzed the iTRAQ-H9
raw dataset and found that 86 proteins
were significantly changed by more than
twofold in the patient group (P < 0.05,
n=4) compared with the control group
(n=3) (Figure 5B; results of KEGG
pathway analysis for the 86 proteins from
the NAL fluid secretomes are listed in
Table E5). When biological pathways
enriched in the NAL fluid secretome
were compared with those enriched in
each cluster of the HNEC secretome, we
found that the NAL fluid secretome
shared three pathways (50.00%) with
cluster A (ALI 2D) of the HNEC
secretome, two pathways (14.29%) with
cluster B (ALI 6D), one pathway (3.33%)
with cluster C (ALI 10D), and none with
cluster D (ALI 15D). These results suggest
that 2 weeks after surgery, the regeneration
status of the patient’s nasal mucosa is
similar to that in the early stages of
HNEC differentiation (ALI 2D and 6D;
Tables E5 and E6).

To identify specific biomarkers of nasal
mucosal inflammation, a parallel approach
was used. In our first approach, we sought to
select candidate proteins from the cluster-
specific HNEC secretomes to compare with
patient NAL fluid secretomes. Interestingly,
we found that APOE, clusterin (also known
as APQJ), and prolow-density lipoprotein

receptor-related protein 1 (LRP1; also
known as APOE receptor) were exclusively
secreted at ALI 6D (Figure 5C). We also
found that several APOs—APOA1,
APOA2, APOB, APOC1, APOE, and
APOM—showed significantly higher
secretion in patient NAL fluid secretomes
than in control NAL fluid secretomes
(Figure 5D). Expression of APOE, which is
the only overlapping protein, was validated
by Western blotting in both HNEC
secretions (Figure 5E) and human NAL
fluids (Figure 5F). In our second approach,
we selected 19 candidates by analyzing
proteins that were increased in in vivo
secretomes with publicly deposited
microarray data using the GeneVisible
tool (https://genevisible.com) (36):
POSTN; GTP-binding protein RAD;
aminopeptidase B; C4b-binding protein a
chain; a-2-macroglobulin; chloride
intracellular channel protein 6; nitric
oxide synthase, inducible (NOS2);
phosphomannomutase 2; thioredoxin
domain-containing protein 17;
serine/threonine-protein phosphatase 2A
65-kD regulatory subunit A « isoform;
serum amyloid A-4 protein; sorcin;
pregnancy zone protein; tubulin 8 chain;
antithrombin-III; proteasome subunit 3
type-2; inter-a-trypsin inhibitor heavy
chain H1; pancreatic secretory granule
membrane major glycoprotein GP2; and
retinoic acid receptor responder protein 1.
By additional searching in the UniProt
Databases for the physiological functions of
these proteins (https://www.uniprot.org),
we found that only two proteins, POSTN
and NOS2, were possibly involved in
inflammation. Given its contributions to
mucus secretion, airway fibrosis, and
remodeling (27), and its abundance (3#
PSMs of POSTN [75 peptides] were much
higher than those of NOS2 [8 peptides]),
we selected POSTN as a candidate for
further validation. Consistent with the
iTRAQ analysis result showing highly
secreted POSTN in patient NAL fluid
secretomes (Figure 5D), Western blot
analysis confirmed that the amount of
secreted POSTN, the full length of which
is 93 kD, increased dramatically in patient
NAL fluid secretomes compared with that
in control NAL fluid secretomes

(Figure 5F). However, POSTN was not
detected in HNEC secretomes (data not
shown). These results are logical, because
POSTN in patient NAL fluid secretomes
could be induced by various inflammatory

mediators secreted during mucosal
wound regeneration after surgery,

and could not be induced in HNEC
secretomes under the culture conditions
in which no inflammatory stimuli were
present.

Characterization of APOE and POSTN
Expressed in the Nasal Mucosa

To characterize the differential expression of
APOE and POSTN, we performed
immunohistochemical (IHC) analysis for
the proteins on nasal mucosal sections from
normal and pathological specimens. An
IHC analysis of the nasal mucosa obtained
from a patient with allergic rhinitis (AR)
showed that strong immunoreactivity for
APOE was detected in a portion of
intermediate cell layers between basal cells
and fully differentiated cells (Figure 6A,
middle panel), whereas POSTN
immunoreactive signal was exclusively
presented in the subepithelial connective
tissue (Figure 6B, middle panel), which was
consistent with previous studies (26, 28,
37), suggesting that most of the identified
POSTN in the in vivo secretomes may
originate from the subepithelial connective
tissue of patients with CRS whose injured
nasal mucosa were in regeneration.

Discussion

Most previous proteomics studies have
analyzed secreted proteins either in vitro
only (6,7, 17, 18, 38) or in vivo only (19, 20,
35, 39-42). We found only one study in
which the authors compared the
composition of apical secretions from
human tracheobronchial epithelial cells
(HTBECs) and sputum induced from the
airways of normal individuals (43). In our
study, we compared two distinct
proteomics data sets, in vitro secretomes
and in vivo secretomes, to identify
candidate biomarkers of nasal mucosal
inflammation. Using a parallel approach,
we identified APOE as a differentiation
stage-specific biomarker in the apical
secretions of HNECs and POSTN as an
epithelium-derived inducible biomarker in
patients’ NAL fluids. In the first approach
to select candidates for nasal epithelial
cell-derived biomarkers, we screened the
increased proteins from in vitro secretomes
in primary HNEC cultures according to the
degree of differentiation, and then selected
the overlapping proteins that were
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Figure 5. Comparison between in vitro and in vivo secretomes. (A) Heat map showing four clusters of in vitro secretome proteins based on their temporal
profiles: cluster A (84 proteins secreted highly at ALI 2D); cluster B (246 proteins at ALI 6D); cluster C (664 proteins at ALI 10D); and cluster D (76 proteins
at ALI 15D). (B) Heat map showing 86 in vivo secretome proteins with high abundance in patient group (FC > 2, P < 0.05). (C) Temporal profiles of three
apolipoproteins (APOs): APOE; clusterin (CLUS; also known as APQOJ); and prolow-density lipoprotein receptor-related protein 1 (LRP1, also known as
ApokE receptor). (D) Relative quantities of APOs and periostin (POSTN) in in vivo secretome samples from nasal lavage (NAL) fluid of patients and that of
control subjects are presented as bar graphs. Numbers in parenthesis are the # PSMs for the protein. Results are the means + SEM; *P < 0.05,

**P < 0.01, and **P < 0.001 versus control group. (E) Amount of ApoE in in vitro secretome samples isolated from HNECs cultures during differentiation
were analyzed by Western blotting (upper panel). Gels were stained with Coomassie blue (lower panel). (F) Amount of POSTN and ApoE in NAL fluid
secretomes was analyzed by Western blotting (upper panel). Gels were stained with Coomassie blue (lower panel). FC = fold change.
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Figure 6. Expression of APOE and POSTN in the nasal mucosa. Nasal mucosal sections from a
patient with allergic rhinitis (AR) stained with antibodies against APOE (A, middle panel) or POSTN (B,
middle panel), or without primary antibodies (negative control, top panels of A and B). Arrowheads
indicate the APOE immunoreactive signals. Nasal mucosal sections from a patient without AR (Non
AR, bottom panels) stained with antibodies against APOE (A, bottom panel) or POSTN (B, bottom

panel) as control. Scale bars: 50 pm.

increased in in vivo secretomes from the
patients. A disadvantage of this approach is
that inflammatory mediator-inducible
proteins could not be detected during the
differentiation process throughout the
culture. To compensate for this
disadvantage, as the second approach, we
screened the increased proteins in in vivo
secretomes from the patients, and then
selected the proteins known to be expressed
in the human nasal epithelium.

To screen the increased proteins from
in vitro secretomes according to the degree
of differentiation, we established a temporal
proteomic approach using multiplexed
iTRAQ, in which a maximum eight
individual secretion samples can be
quantitatively examined simultaneously.
Moreover, in contrast to previous studies in
which secretions were harvested at a single
point of ALI culture, airway surface liquid
from HNECs at ALI 14D (17, 38), apical
and basolateral secretions from human
bronchial epithelial cells (HBECs) at ALI
21D (17), apical surface fluid HTBECs at
ALI 28D (18, 43), or apical secretions from
HTBECs at ALI 42D (43), we collected
secretions from HNECs at different time
points from ALI D2 to ALI D15
(Figure 2A). By analyzing these secretomes
using multiplexed iTRAQ, our temporal
proteomic approach is advantageous for
investigating not only the presence of
interesting proteins, but also their dynamic

changes in apical secretions during HNEC
differentiation. It usually takes 3-4 months
for complete mucosal regeneration after
endoscopic sinus surgery. We have
collected NAL fluid from patients at

2 weeks after sinus surgery, as it is the
most clinically active period of mucosal
regeneration. It would be more intriguing
to obtain patient samples at different

time points during the recovery of sinus
surgery and to compare their in vivo
longitudinal proteomes with the in vitro
secretomes that are dramatically changing
upon cell differentiation.

Although many in vivo proteomics
studies have investigated secretions from
the upper airway (e.g., nasal mucus [19, 20,
39-41] and NAL fluid [35, 42]), no in vitro
studies have used upper airway-derived
cells; lower airway-derived cells used in
in vitro studies include HBECs (6, 17, 38),
HTBECs (18, 43), and human airway gland
in tracheal tissues (7). Thus, this is the first
study to analyze secretomes originating
from HNECs by quantitative proteomics.
Using our established primary culture
system of HNECs (44), we recently
reported that the innate immune system
response to house dust mites differed
between the nose and the lung (45).
However, large portions of the secretomes
in this study overlapped with secretomes in
previous studies, indicating that the upper
and lower airway secretions have similar

secreted protein profiles, although the two
tissues have embryologically different
origins—the nose originates from the
ectoderm and the lung from the mesoderm
and endoderm—and they differ in their
microenvironments in terms of the
microbiome present (46).

Given the critical function of the
mucus layer in protecting the airway
surface against pathogens in the host
defense mechanism (47-49), our iTRAQ
data were compared with proteome lists of
protective proteins with “anti”-activities,
including antimicrobial, antiinflammatory,
antiproteolytic, and antiantioxidant
activities (6, 7). We found 19 protective
proteins in HNEC secretomes with
anti-activities: serotransferin, a-1-
antichymotrypsin, lumican, and 40S
ribosomal protein SA were highly secreted
at ALI 2D (Figure 5A, cluster A);
neutrophil gelatinase-associated lipocalin
and (B-2-microglobulin were secreted at
ALI 6D (Figure 5A, cluster B); glutathione
S-transferase P, thioredoxin, superoxide
dismutase [Mn], mitochondrial, and
S10A6 were secreted at ALI 10D
(Figure 5A, cluster C); and annexin A2,
CERU, aldehyde dehydrogenase, bacterial/
permeability-increasing fold-containing
family B member 1, histone H4, serpin B3,
and polymeric immunoglobulin receptor
were secreted highly at ALI 15D
(Figure 5A, cluster D). Two exosome-
related proteins, myosin light polypeptide
6 and erythrocyte band 7 integral
membrane protein, the peptides of which
were detected in apical secretions from
HBECs (17), were also detected in our
HNEC secretomes; however, the
expression profiles were not significantly
altered during differentiation (data not
shown). The iTRAQ technique we used
here has two remarkable advantages for
studying mucus secretions: its gel-free and
multiplex labeling characteristics that
enhance sensitivity and resolution, and the
ability to monitor dynamic changes of
proteins.

Gel-free proteomic approaches have
several advantages compared with gel-based
proteomics, particularly for identifying
membrane-bound and/or glycosylated large
proteins (e.g., mucins) (50). Notably, large
amounts of transmembrane mucins,
MUCI16 (785 peptides) and MUCI (574
peptides), were detected in the HNEC
secretomes using our gel-free iTRAQ
proteomic method (Table E2), whereas the
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secreted amount was very low (16 peptides)
in the NAL fluid secretomes, indicating
that MUCI6 is secreted mainly by
epithelial cells and not induced under
pathophysiological conditions (e.g., nasal
mucosa regeneration). Although MUCI16
contributes to epithelial barrier function
and immune homeostasis in corneal
epithelial cells (51, 52), further studies of
the biological functions of MUCI6 in the
nasal epithelium are needed.

Many other proteins in the list of the
top 50 most abundant proteins in the HNEC
secretomes (Table E2) were also detected at
higher levels than in previous gel-based
proteomics studies (6, 17, 18); a-1-
antichymotrypsin, annexin Al, annexin A2,
cathepsin D, CERU, complement C3,
a-enolase, ezrin, galectin-3-binding
protein, gelsolin, glutathione S-transferase
P, neutrophil gelatinase-associated
lipocalin, polymeric immunoglobulin
receptor, and protein S100-A8 were also
found in a study using HBECs (6); sodium-
dependent phosphate, a-actinin-1, actin,
cytoplasmic 1, and serpin B4, transport
protein 2B, serum albumin, complement
factor B, and a-actinin-4 were also found in
the apical compartment of HBECs (17).
Protein S100-A9 and heat shock cognate
71-kD protein were also found in a study
using HTBECs (18). In many cases, 2#
PSMs were 10- to 100-fold higher in our
study than in other gel-based proteomics
studies, indicating that gel-free proteomic
methods can identify more proteins.

However, most of the identified proteins
in this study were not suggested as
biomarkers, as their secretions in patients’
NAL fluids were not significantly changed.
APOE was secreted specifically at ALI
6D of HNEC differentiation and secreted
at higher levels in patient NAL fluid
secretomes (2.50-fold, P=0.0038). APOAI,
APOA2, or APOH were previously detected
by nasal mucus proteomics analysis (19, 20,
35, 39, 42), whereas APOE was not
previously detected. This is the first report
to detect increased APOE together with its
receptor, LRP1, in primary human airway
epithelial cells. The 3# PSMs for these
proteins support that the proteins
originated from the nasal epithelium and
not from other types of cells (15 peptides
for APOE and 41 peptides for LRP1).
APOE, a 34-kD APO, is primarily
synthesized by hepatocytes, and plays a
critical role in lipid homeostasis, but its
biological effects are not limited to vascular
biology, because APOE is also expressed by
type I and II alveolar epithelial cells, retinal
pigment epithelial cells, pulmonary artery
smooth muscle cells, alveolar macrophages,
as well as in the central nervous system (53,
54). Our IHC data clearly show that APOE
was expressed by the nasal epithelial cells.
However, further in-depth investigations
will be required to fully define the
expression of APOE in a distinct
subpopulation of the nasal epithelial cells.
Although the transcriptome-based
database revealed that the top 10 POSTN-

enriched tissues did not include the
epithelium (data not shown), a recent study
reported that POSTN is induced in airway
epithelium in response to IL-13 stimulation
(55, 56). Fahy and coworkers found that
POSTN is secreted from primary HBECs
by IL-13 treatment, and is specifically
increased in the bronchial epithelium of
patients with asthma (55). Thus, these
results suggest that nasal epithelial
cell-derived POSTN is a good candidate
for human nasal mucosal inflammation.
Although POSTN appears to be
nonspecifically expressed at high levels

in patients affected by conditions
associated with increased cell division,
cell turnover, cell invasion, and
angiogenesis, its role in asthma, allergic
rhinitis, and CRS with nasal polyp has
been intensively investigated (37, 57).
Consistent with our results, POSTN

is a potent biomarker of mucosal
remodeling in CRS because of its
association with basement membrane
thickening, fibrosis, and tissue eosinophilia
(58). Here, we have identified and
suggested APOE and POSTN as possible
biomarkers of nasal mucosal
inflammation. These findings provide new
insights into how nasal
epithelium-derived proteins are
determined to be biomarkers of nasal
inflammatory diseases. l

Author disclosures are available with the text
of this article at www.atsjournals.org.
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