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Abstract

The polarity of the conducting airway epithelium is responsible for its
directional secretion. This is an essential characteristic of lung
integrity and function that dictates interactions between the external
environment (apical) and subepithelial structures (basolateral).
Defining the directional secretomes in the in vitro human bronchial
epithelial (HBE) differentiated model could bring valuable insights
into lung biology and pulmonary diseases. Normal primary HBE
cells (n = 3) were differentiated into respiratory tract epithelium.
Apical and basolateral secretions (24 h) were processed for proteome
profiling and pathway analysis. A total of 243 proteinswere identified
in secretions from all HBE cultures combined. Of these, 51% were
classified as secreted proteins, including true secreted proteins (36%)
and exosomal proteins (15%). Close examination revealed consistent
secretion of 69 apical proteins and 13 basolateral proteins and
differential secretion of 25 proteins across all donors. Expression of
Annexin A4 in apical secretions and Desmoglein-2 in basolateral
secretions was validated using Western blot or ELISA in triplicate
independent experiments. To the best of our knowledge, this is the
first study defining apical and basolateral secretomes in the in vitro

differentiated HBE model. The data demonstrate that epithelial
polarity directs protein secretion with different patterns of biological
processes to the apical and basolateral surfaces that are consistent
with normal bronchial epithelium homeostatic functions. Applying
this in vitro directional secretome model to lung diseases may
elucidate their molecular pathophysiology and help define potential
therapeutic targets.
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Clinical Relevance

Developing the directional secretomes in the in vitro human
bronchial epithelial differentiated model could bring valuable
insights into lung biology and pulmonary diseases. Applying
this in vitro directional secretome model to lung diseases may
elucidate their molecular pathophysiology and help define
potential therapeutic targets.

Epithelial cells line the mammalian
respiratory, gastrointestinal, and
reproductive tracts and form highly ordered
polarized epithelia that have apical and
basolateral compartments with unique
functions (1, 2). The apical surfaces provide
a primary protective barrier against
pathogens and environmental insults. In

general, apical receptors function as sensors
to foreign pathogens and allergens, which
then activate signaling pathways with
various biochemical and biological
consequences in the apical and/or
basolateral compartments (3). Signaling
activated by interactions at apical surfaces
results in rapid secretion of chemokines

and cytokines to provide early warning
signals to the immune system, followed
by secretion of innate immune defense
responders. Signaling activated at apical
surfaces can also trigger basolateral
secretion, which can then propagate signals
to cells in the underlying stroma (4, 5).
In addition, polarized sorting of receptors
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(e.g., P2Y and ion channels) to the apical
and/or basolateral surfaces regulates
electrolyte transport and secretion across
various epithelial tissues as specific
receptors are functionally coupled to
different signaling pathways (6). Thus,
epithelial polarity is important for
maintaining homeostasis within tissues,
and polarized protein secretion may
provide information on these mechanisms.

Polarity is especially important in the
conducting airway epithelium, which is
now recognized as a key element that
plays an important role in responding to
inflammation and remodeling in lung
diseases (7). The apical airway epithelium
responds to airborne bacteria, viruses, and
environmental toxins and has been
reported to affect local and systemic
changes in the basal lamina (5). Secreted
proteins are likely to affect interactions
between the apical surfaces and airway
environment, whereas basolateral
secretions affect subepithelial structures,
including fibroblasts, smooth muscles, and
blood vessels. Remodeling of the airway
epithelium occurs in many lung diseases
(asthma [8], cystic fibrosis [CF] [9], and
chronic obstructive airway diseases [10])
and may cause dysregulated signaling at the
apical and/or basolateral compartments
with subsequent clinical symptoms that
may be reflected in airway secretions.

Recently, several laboratories have
begun to analyze the secretomes of the
airway system, including bronchoalveolar
lavage fluid (BALF) and sputum, using
proteomic techniques. This approach has
the power to provide a global overview of
differentially altered proteins between
normal and diseased lungs. The protein
patterns in BALF from patients with CF
compared with those of healthy individuals
implicated specific biological processes,
including defense response and immunity,
cellular proliferation and adhesion,
wound repair, stress response, apoptosis,
proteolysis, and complement activity in the
pathophysiology of CF lung disease (11, 12).
Other researchers have found changes in
the sputum proteome of patients with CF
that are related to clinical exacerbations
(13) and response to treatment (14).
Furthermore, proteomic studies of BALF
of patients with asthma after allergen
challenge show increased secretion of
proteins associated with inflammation,
eosinophilia, airway remodeling, tissue
damage, and mucus production compared

with normal subjects (15). However, studies
of in vivo samples are typically complicated
because patients may have unreported
episodes of inflammation and/or changes
due to clinical treatment. These factors
make it difficult to delineate whether
observed differences are intrinsic to the
epithelium itself or secondary to the
systemic response of the epithelium to
external stimuli for any given disease.

An in vitro model of polarized airway
epithelium can be generated from primary
HBE cells that morphologically
recapitulates the conducting airway
epithelium of the respiratory tract (16–19).
This model is devoid of inflammatory/
immune response cells, thus eliminating
confounding variables and providing
a simple way to study epithelial specific
pathways. This model maintains disease
phenotypes observed in vivo when HBE
cells are cultured from patients with CF
(20) or individuals with asthma (21).
Indeed, recent proteomic analysis of in vitro
HBE secretions and lung secretions
(induced by hypertonic saline exposure
of healthy individuals) demonstrates that in
vitro apical protein secretions are similar
in identity and quantity to those found in
in vivo samples (22). Although these data
suggest that applying proteomic techniques
to in vitro models will be a useful approach
to study disease mechanisms and provide
a unique opportunity for global
understanding of protein interactions in
lung diseases, the secretions from each
cohort were pooled, so the opportunity to
interrogate the most consistent proteins
secreted by each cohort was lost.

Studies of secretions from
differentiated HBE cells have been limited to
analysis of apical secretions with no analysis
of basolateral secretions. Recently, we
demonstrated that in vitro differentiated
HBE cells secreted cytokines basally after
wounding and that specific cytokines levels
were increased in asthmatic epithelia (23).
Because the interplay between apical and
basolateral compartments appears to be
vital to polarity and normal epithelial
function, we sought to characterize the
individual directional secretomes from the
epithelium of three normal donors. To
the best of our knowledge, no study has
characterized apical and basolateral
secretomes in a human in vitro airway
epithelium model. The data demonstrate
that secretomes of differentiated HBE cells
are directional in nature and that

fundamentally different processes
predominate in the apical and basal
compartments.

Materials and Methods

A description of cell culture donors for
proteomic analysis and validation studies
is provided in Table E1 in the online
supplement. Information on cell culture,
transepithelial electrical resistance
measurements, protein identification, and
quantification are provided in the online
supplement.

Collection of Apical and Basolateral
Conditioned Media
Differentiated HBE cultures were gently
washed four times apically and basolaterally
with 0.5 and 1 ml of PBS, respectively, to
remove residual proteins from previous
media, floating cells, and debris. One
milliliter per well of protein-free bronchial
epithelial basal media (BEBM) (Lonza,
Walkersville, MD) was added to the
basolateral compartment, and the epithelia
were incubated for another 24 hours. At 23
hours, 0.5 ml of PBS was added to the apical
surface for 30 minutes, and the apical
secretions were collected. Incubation with
0.5 ml of PBS for 30 minutes was repeated,
and samples were pooled with the previous
collection. A total of 12 ml of apical and
12 ml of basolateral conditioned media per
donor were thus collected from a 12-well
Transwell plate.

Sample Preparation and Mass
Spectrometry Analysis
Samples were filtered and concentrated on
Amicon Ultra-4 3K Centrifugal Filters
(Millipore, Billerica, MA). Proteins were
fractionated by gel electrophoresis; bands
were excised and trypsin-digested. The
resulting peptides were analyzed by LC-MS/
MS as previously described (24–26). Further
details are provided in the online
supplement.

Protein Characterization
Proteins were included for final analysis
only if they were identified by at least two
unique peptides in each donor culture.
Protein characterization was determined
using Uniprot knowledge database (http://
www.uniprot.org) and evaluated for
conventional secretion using SignalP version
4.1 (http://www.cbs.dtu.dk/services/SignalP)
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and unconventional secretion using
SecretomeP version 2.0 (http://www.cbs.
dtu.dk/services/SecretomeP). Proteins were
classified as exosomal based on their
identification in apical HBE secretions (27).
Molecular and cellular functions were
determined using Ingenuity Pathways
Analysis; biological functions were
identified using the PANTHER database
(http://pantherdb.org) (28).

Statistical Analysis
Directional secretion of a given protein was
assessed on the basis of relative abundance
in apical versus basolateral compartments.
Unique apical proteins were defined as
having two or more peptides in all three cell
culture apical secretions and fewer than two
peptides in one or more basolateral
secretions. Unique basolateral proteins were
defined as having at least two peptides in
all three basolateral secretions and fewer
than two peptides in one or more apical
secretions. Significant differential secretion
of proteins found in apical and basolateral
secretions was calculated using the QSpec
algorithm (29) based on the following
parameters: false discovery rate , 0.05 and
fold change > 2. Nonparametric Wilcoxon
signed-rank test (SAS 9.3; SAS Institute
Inc., Cary, NC) was performed to validate
significant differences in apical and
basolateral Desmoglein-2 expression.
Statistical significance was determined
based on a P value , 0.05.

Validation of Secreted Proteins
Apical and basolateral secretions collected
from three independent cell cultures (not
used for proteomic analysis) were used to

validate the directional secretion of Annexin
4 by Western blot using mouse monoclonal
antibody to Annexin A4 (Santa Cruz
Biotechnology, Santa Cruz, CA) and
monoclonal antimouse IgG (BioRad,
Hercules, CA) and Desmoglein-2 by ELISA
using a Desmoglein-2 Elisa Kit (USCN Life
Science, Inc., Houston, TX). Further details
are provided in the online supplement.

Results

In Vitro Airway Epithelium
Characteristics
HBE cells from healthy donors
differentiated to a mucociliary epithelium
with apical polarization, as monitored by
microscopy to observe cilia beating.
Western blot analysis of apical secretions
3 days before initiating the proteomics study
demonstrated the presence of MUC5B
and/or MUC5ACmucins in secretions from
cell cultures (data not shown). These mucins
are considered markers of a polarized
differentiated mucociliary airway
epithelium (30). Figure 1 shows the
transepithelial resistance measured between
the upper and bottom chamber confirming
the formation of a polarized epithelial
layer of cells.

Characterization of In Vitro HBE
Directional Secretomes
Proteome profiling of the apical and
basolateral secretomes by LC-MS/MS
analysis identified a total of 377 proteins
(Table E2), of which 243 were detected
across all cell cultures from three different
donors. Ingenuity Pathways Analysis

demonstrated that the major molecular and
cellular functions of these 243 proteins
were consistent with normal cellular
development and functions (Table 1).
Proteins were then classified by cellular
location based on protein knowledge
database and prediction tools (see
MATERIALS AND METHODS), with exosomal
proteins classified based on a proteomics
study of exosomes isolated from apical
secretions of HBE cells (27). After
excluding cytokeratins, 30% of the proteins
were identified as true secreted, 9% as
exosomal, 29% as cytosolic, and 8% with
unknown subcellular localization; the
remaining proteins (23%) were associated
with organelles, cell junction, and cell
membrane (Figure 2A). When normalized
spectral counts were used to assess relative
protein abundance, the majority of
proteins (51.4%) were classified as secreted
via classical pathway and/or exosomes
(Figure 2B).

Of the 243 identified proteins, 69 were
consistently detected in the apical
compartment relative to the basolateral
compartment. Thirty-one of these proteins
had fewer than two peptides detected in
the basolateral compartment of all cell
cultures, of which 17 were detected only in
the apical compartment in all three cultures;
these are defined as “unique apical
proteins” (Table 2). Additional data
analysis of apically secreted proteins using
protein knowledge database tools revealed
that the proteins were associated with
55 biological processes defined by 12
categories, the most prevalent being
metabolic process, cellular process, cellular
communication, transport, and cell cycle
(Figure 3).

Although 69 proteins were consistently
expressed in the apical secretome, only 13
proteins were consistently expressed in the
basolateral secretome (Table 3). Of these,
seven had fewer than two peptides, and
three (Desmoglein-2, Cathepsin B, and
Carboxypeptidase A4) had zero peptides in
apical secretomes. These 13 proteins were
identified in 56 overlapping biological
processes defined by 12 categories,
including developmental process, cell
adhesion, immune system process, and
cell communication (Figure 3).

Other proteins exhibited significant
directional secretion between apical and
basolateral compartments (Table 4). Five of
these were highly abundant in basolateral
secretions, whereas the remaining 20

Figure 1. Average transepithelial electrical resistance of human bronchial epithelial (HBE) cell cultures
measured between Days 14 and 21 of air–liquid interface (ALI). Dashed line represents average TEER
in normal HBE cultures at Days 14 and 21 of ALI as previously described (47).
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proteins were more highly abundant in
apical secretions.

Validation of Directional
Protein Secretions
Proteomic analysis showed that 17 proteins
were uniquely secreted apically (Table 2)
and three basolaterally (Table 3). We
interrogated the localization of one protein
from each compartment (e.g., apical and

basolateral) in three independent cell
cultures using Western blot or ELISA.
Annexin A4 was chosen to validate the
proteomic findings for unique apical
secretion because of its function in two
highly prevalent biological processes
identified by pathway analysis: cellular
processing and communication.
Desmoglein-2 was chosen to validate
uniquely secreted basolateral protein

because it is a junctional protein involved in
cell adhesion—a biological process that is
specific to the basolateral side of the
epithelium—and because it was the most
abundant basolateral protein that was
absent in all three apical secretions.
Western blot analysis demonstrated that
Annexin A4 was present only in apical
secretions and not detectable in basal
secretions (Figure 4). ELISA, a more
sensitive method of detecting proteins
compared with Western blot analysis, was
chosen to validate basolateral proteins
because these proteins were in low amounts
and biologic samples were limited. ELISA
demonstrated that Desmoglein-2 was
present at much higher levels in basolateral
than apical secretions across all cell cultures
(Figure 5).

Discussion

Although airway epithelium communicates
simultaneously with the environment via
the apical membrane and secretions and
with underlying tissues via basolateral
secretions, only apical secretions can be
obtained in vivo using minimally invasive
procedures. In contrast, an in vitro
approach is likely to prove informative
when evaluating how apical challenges
affect basolateral signaling to subepithelial
structures (5). Our study demonstrates
that a polarized, differentiated airway
epithelium has distinct apical and
basolateral secretomes.

Molecular function analysis (Ingenuity
Pathways Analysis) identified basic
homeostatic processes, including cellular
growth, cellular proliferation, cellular
movement, cell death, and cell survival in
these secretomes. Bioinformatic analysis
assigned unique apical and basolateral
secretome proteins to biological processes
that are homeostatic in nature. This analysis
also identified differences and similarities
in the distribution of processes between
apical and basolateral secreted proteins
(Figure 3). Proteins associated with
metabolic processes comprised the most
abundant category in both secretomes, and
the distribution was similar between the
two compartments (72.4% apical vs. 69.2%
basolateral). The greatest distribution
difference between apical and basolateral
proteins demonstrated that the polarized
epithelium directionally secretes unique
proteins at baseline (e.g., unchallenged

Table 1: Ingenuity Pathways Analysis of Molecular and Cellular Functions

Function* P value Number of Proteins

Cell death and survival 4.55E-17–3.85E-03 136
Cellular movement 1.16E-11–3.62E-03 83
Cellular growth and proliferation 9.69E-11–4.78E-03 116

*Top three functions are listed and based on the 243 proteins identified in all cell cultures.

Figure 2. Characterization of proteins in apical and basal secretomes. Identified proteins (n = 243)
in apical and basolateral secretions of all normal HBE cell cultures (n = 3) after incubating in protein-
free media for 24 hours and excluding cytokeratins (n = 29). (A) Classification of protein location
based on Uniprot and SecretomeP databases; exosome distinction based on previous study (27).
(B) Adjusted protein characterization based on abundance determined by average normalized
spectral count of detected peptides (from ProteoIQ).
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conditions), predictably for functional
purposes. Basolateral secretomes displayed
a notable increase in cell adhesion (7.1%
apical vs. 53.8% basolateral), developmental
process (3.6% vs. 46.2%), and immune
system process (10.7% vs. 46.2%).

Overall, our analysis demonstrated that
approximately 51% of the identified proteins
are classified as conventional secreted
proteins (e.g., secretory signal) or as
unconventional secreted proteins, and 15%
have previously been identified in HBE

exosomes. Of the remaining proteins, 13%
were associated with the epithelial
membrane (cell junction, cell membrane,
cytoskeleton), and 33% were classified as
intracellular (nucleus, mitochondria,
melanosome, and cytoplasm) proteins.
Although cell leakage and cell death may
be responsible for the presence of proteins
classified as intracellular (despite efforts to
minimize contamination by washing with
PBS before secretion collection),
intracellular proteins are characteristically
found in secretomes (31). This raises the
possibility that some of these proteins may
be secreted despite their current
characterization as intracellular proteins.
Future studies are necessary to resolve
this issue.

We evaluated Annexin A4, unique to
our apical secretomes, and Desmoglein-2,
unique to the basal secretomes, as markers
of directional secretion by the human
bronchial epithelium. Annexin A4 is vital
to cellular processing and cellular
communication, two of the three most
significant biological processes identified
for apical proteins. It is a member of an
evolutionarily conserved multigene
superfamily, whose members are
characterized by their ability to interact
with biological membranes in a calcium-
dependent manner (32). Although its
specific function in human airway

Table 2: Proteins Unique to the Apical Compartment

Uniprot Identification Number Protein* (n = 17) Average Spectral Count† Location‡

O95436 Sodium-dependent phosphate transport protein 2B 24 Membrane
P06576 ATP synthase subunit b, mitochondrial 19 Mitochondion
P09525 Annexin A4 17 Unknown
P00558 Phosphoglycerate kinase 1 17 Cytoplasm
P08758 Annexin A5 15 Unknown
O75874 Isocitrate dehydrogenase [NADP] cytoplasmic 13 Cytoplasm
Q8WXI7 Mucin-16x 13 Secreted
P15941 Mucin-1x 13 Secreted
P00352 Retinal dehydrogenase 1 12 Cytoplasm
P40199 Carcinoembryonic antigen-related cell adhesion

molecule 6
12 Secreted

P07237 Protein disulfide-isomerase 11 Secreted
O14818 Proteasome subunit a type-7 6 Cytoplasm
P60660 Myosin light polypeptide 6x 5 Exosome
P27105 Erythrocyte band 7 integral membrane proteinx 5 Exosome
P28072 Proteasome subunit b type-6 4 Cytoplasm
P49720 Proteasome subunit b type-3 4 Cytoplasm
P61160 Actin-related protein 2 3 Cytoplasm

*Listed proteins were present in all apical secretions and no basolateral secretions. Of the 69 proteins identified in all apical secretions but in fewer than
three basal secretions, 31 proteins were associated with fewer than 2 peptides in basolateral secretions.
†Spectral count calculated and normalized based on ProteoIQ; average based on values from all cell cultures.
‡Location based on Uniprot and SecretomeP databases.
xIdentified in exosomes from in vitro primary differentiated airway epithelial cell cultures in a previous study (27).

Figure 3. Biological processes of uniquely secreted apical and basolateral proteins. Using the
PANTHER database, a total of 55 processes were associated with the 31 proteins found in all
apical secretions and with fewer than two peptides in basolateral secretions for all cell cultures. A total
of 56 processes were identified for the 13 proteins present in all basolateral secretions and with
fewer than two peptides in apical secretions.

ORIGINAL RESEARCH

296 American Journal of Respiratory Cell and Molecular Biology Volume 50 Number 2 | February 2014



epithelium has not been fully studied, it is
known to promote membrane fusion and is
involved in exocytosis (33). In rabbit

trachea and alveoli, Annexin A4 is
expressed only in differentiated cells (34),
although its specific location appears

unclear, and it has been suggested to play
a role in cell proliferation (35). Annexin A2,
a member of the same superfamily, is
vital for intestinal epithelial differentiation
and polarization, specifically affecting
sorting of hydrolases and general function
at the apical border (36). Although its
subcellular location is classified as unknown
by bioinformatic databases, Annexin A4
has been identified as an exosomal protein
(37–42) in many cells (parotid gland,
bladder, colon, B lymphocytes) and bodily
fluids (urine). Although this suggests that
Annexin A4 may play a secretory role as
an exosomal protein in airway epithelium,
it is not reported in a study that isolated
and identified HBE apical exosome proteins
(27) and has not been reported in apical
secretions from HBE cultures (22, 43) or
induced sputum in a comparison study
(22). However, it is present in BALF of
normal patients (11), and we validated
apical secretion of Annexin A4 in an
independent set of normal HBE secretions
(n = 3). In addition, we have observed that
this protein is secreted only apically in
other airway cell cultures, including normal
differentiated nasal epithelium and
asthmatic nasal and bronchial epithelium
(unpublished data). These results suggest
that unidirectional expression of this
protein may contribute to as yet
unrecognized homeostatic functions in
apical secretions of airway epithelium.

Desmoglein-2, a unique basolateral
protein in our system, is a secreted

Table 3: Proteins Unique to the Basolateral Compartment

Uniprot Identification
Number Protein* (n = 13)

Average Spectral
Count† Location‡

Molecular Weight
(kD)

P29401 Transketolase 29 Exosome 67,878
P24821 Tenascinx 28 Secreted 240,853
P31431 Syndecan-4x 25 Secreted 21,642
Q13740 CD166 antigenx 16 Secreted 65,102
O00391 Sulfhydryl oxidase 1 14 Secreted 82,578
P01034 Cystatin-C 11 Secreted 15,799
P98160 Basement membrane-specific heparan

sulfate proteoglycanx
11 Secreted 468,830

Q13753 Laminin subunit g-2 9 Secreted 130,976
Q16787 Laminin subunit a-3 8 Secreted 366,649
P99999 Cytochrome c 7 Mitochondrion 11,749
Q14126 Desmoglein-2jj 6 Secreted 122,294
P07858 Cathepsin Bjj 5 Secreted 37,822
Q9UI42 Carboxypeptidase A4jj 5 Secreted 47,351

*Listed proteins were identified in all basal secretions but fewer than three apical secretions in all three cell cultures.
†Spectral count calculated and normalized based on ProteoIQ; average based on values from all cell cultures.
‡Location based on Uniprot Database and SecretomeP databases; exosome distinction based on previous study (27).
xPresent in all basal secretions and fewer than two peptides in all apical secretions.
jjPresent in all basal secretions but no peptides in all apical secretions.

Table 4: Differentially Expressed Proteins in Apical Versus Basolateral Compartments

Protein Protein* (n = 25) Location† Log Fold Change‡ FDR

P04083 Annexin A1 Exosome 24.58 0.00
P07355 Annexin A2 Exosome 23.45 0.00
A6NMY6 Putative annexin A2-like protein Secreted 23.35 0.00
P08729 Keratin, type II cytoskeletal 7 Cytoplasm 22.35 0.00
P02768 Serum albumin Secreted 22.19 0.00
P08238 Heat shock protein HSP 90-b Cytoplasm 21.88 0.01
P07900 Heat shock protein HSP 90-a Cytoplasm 21.67 0.00
P11021 78 kDa glucose-regulated protein Cytoplasm 21.64 0.00
P00751 Complement factor B Secreted 21.47 0.00
P30838 Aldehyde dehydrogenase 3 Cytoplasm 21.22 0.01
O43707 a-actinin-4 Nucleus 21.15 0.00
P09211 Glutathione S-transferase P Cytoplasm 21.14 0.01
P01024 Complement C3 Secreted 21.12 0.00
P19013 Keratin, type II cytoskeletal 4 Unknown 21.12 0.00
P12814 a-actinin-1 Cytoskeleton 21.09 0.02
P15924 Desmoplakin Cell junction 21.07 0.03
P68133 Actin, a skeletal muscle Cytoskeleton 20.90 0.00
P63261 Actin, cytoplasmic 2 Cytoskeleton 20.83 0.00
P60709 Actin, cytoplasmic 1 Cytoskeleton 20.82 0.00
P48594 Serpin B4 Cytoplasm 20.75 0.04
Q14525 Myosin-4 Cytoplasm 0.75 0.00
P81605 Dermcidin Secreted 1.00 0.00
P12830 Cadherin-1 (E-cadherin) Cell junction 1.52 0.00
P36955 Pigment epithelium-derived factor Secreted 2.26 0.01
O94985 Calsyntenin-1 Cell junction 3.19 0.01

Definition of abbreviation: FDR, false discovery rate.
*Identified in all apical and basolateral secretions with differential expression based on Student t test.
†Location based on Uniprot and SecretomeP databases; exosome distinction based on previous
study (27).
‡Significant differential expression of relative protein abundance calculated using the QSpec algorithm
(29). Values are relative to the basolateral secretome. Negative value denotes increased expression in the
apical secretome and positive value denotes increased expression in the basolateral secretome.
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intercellular desmosome junction protein
that functions in cellular adhesion (44).
Although Desmoglein-2 is a structural
protein, it contains a 23-peptide signaling
region that is responsible for its
classification as a secreted protein. Cell
adhesion was the second most prominent
biological process identified in uniquely
expressed basal proteins and was markedly
higher than in apical secretions. The role of
Desmoglein-2 in airway epithelium is
poorly understood. However, in intestinal
epithelium, another polarized system,
Desmoglein-2 was found to be essential to
maintaining barrier integrity and function
as disrupting its secretory (extracellular)
domain dissociates cells by rupturing tight
junctions (45). In addition, mutations in
Desmoglein-2 have been implicated in
arrhythmogenic right ventricular
cardiomyopathy, a potentially fatal heart
condition. In transgenic mice with mutant
Desmoglein-2, cellular dissociation at the
desmosome junction was noted, followed
by necrosis and fibrosis (46). This led to
alterations in myocardial polarity,
decreasing the action potential responsible
for normal cardiac rhythm and the
subsequent fatal abnormalities found in this

disease. In our model, basolateral
expression of Desmoglein-2 was validated,
indicating it may be vital to maintaining the
homeostatic barrier function of airway
epithelium as required for myocardial
tissue. It will be interesting to see whether
basolateral expression and secretion of this
protein is altered in diseases such as
asthma, where the barrier function of
epithelium is intrinsically disrupted (47).

We compared our apical secretome
with a similar in vitro primary
differentiated bronchial apical secretome
established in a study that compared pooled
apical secretions from HBE cell cultures
with pooled induced sputum samples (22).
When we applied the protein selection
criteria used in that study (i.e., pooled
apical proteins from all cultures including
cytokeratins and the presence of at least one
peptide), we detected 377 proteins from
our three HBE cell cultures, compared with
the 134 proteins in the pooled secretome.
The disparity in the number of proteins in
apical secretions between the two studies
may reflect differences in how samples were
processed and methods of proteomic
analysis. Kesimer and colleagues isolated
mucin-rich and protein fractions for

proteomic analyses, whereas we
electrophoresed unfractionated samples.
They also used Q-TOF Micro mass
spectrometry whereas our study used an
Orbitap XL, which is considered much
more sensitive in detecting ions than
Q-TOF. In addition, there were some
differences between cell cultures that may
have affected apical secretion. We replaced
the bronchial epithelial cell growth
medium (typically used in basolateral
compartment to effect and maintain
differentiation) with protein-free media
(BEBM) 24 hours before to collecting
basolateral secretions because our
proteomic analyses had shown that
bronchial epithelial cell growth medium
contains numerous proteins that would
interfere with our ability to detect truly
secreted proteins.

Another apparent difference between
our study and that of Kesimer and
colleagues (22) is the lack of MUC5AC and
MUC5B peptides in our proteomic data.
They are the major secretory mucins in
lung mucus/sputum (48) and in apical
secretions from HBE differentiated cells
(49). MUC5B is typically seen in ALI
secretions, whereas MUC5AC is not always
detectable (43). With this in mind, we
evaluated MUC5AC and MUC5B mucins
by Western blot analysis on 1% agarose gels
before collecting secretions for proteomic
analysis. Consistent with current literature,
MUC5B was well expressed in all three
HBE samples used for proteomics and
MUC5AC in HBE1 and HBE2 (data not
shown). Separation of samples into high-
and low-molecular-weight fractions has
been used before proteomic analysis to
target identification of mucins, which are
typically underrepresented because of their
large size and physical properties (22, 43).
The PAGE fractionation and LC-MS/MS
proteomics approach used in our study
have previously identified mucin peptides
near the top of polyacrylamide gels (50),
suggesting that mucins in otitis media
secretions are endogenously fragmented
by the high level of proteases in
pathological samples. Because MUC5B
and MUC5AC were detected by Western
blot data, the absence of the corresponding
mucin peptides in our proteomic data
indicates that HBE secretory mucins were
trapped in the polyacrylamide gel wells,
precluding their electrophoresis and
subsequent detection by proteomic
analysis.

Figure 4. Western blot analysis of Annexin A4. A total of 20 mg of protein from apical (Ap) and basal
(Ba) samples for all three cultures (1–3) were loaded. Results confirm proteomic findings of
Annexin A4 only in apical, and not basolateral, secretions. Positive control (1): cell lysate; negative
control (2): loading buffer.

Figure 5. Expression of Desmoglein-2 in HBE secretions. Average protein concentration (6 SEM) for
each HBE cell culture was measured using ELISA. Statistical differences between amount of
Desmoglein-2 in apical and basolateral secretions for each cell culture were based on Wilcoxon
signed-rank test. *P , 0.05.
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Overall there was a substantially higher
amount of protein in our apical secretions
compared with our basolateral secretions.
Apical secretions were collected starting at
23 hours using PBS in two successive
30-minute incubation periods, whereas
basolateral secretions were collected after
incubation in BEBM for 24 hours. The
basolateral compartment is separated from
epithelial cells by a collagen-coated
Transwell membrane (0.4 mm pore size).
Although this may limit the size and
subsequent amount of proteins in basal
secretions, the proteins that were uniquely
secreted basolaterally had an average
molecular weight of 129.2 kD, and the
largest, basement membrane-specific
heparan sulfate proteoglycan has
a molecular weight of 468.8 kD (Table 3).

We also compared our data with that of
BALF (n = 4) from healthy control subjects
(11) because apical secretions in vivo are
removed by bronchial washing of the
airways. Although the BALF study used
a different proteomic approach (shotgun
proteomics with two-dimensional liquid
chromatography–electrospray
ionization–tandem mass spectrometry of
suspended trypsin digested samples), the
authors identified all proteins present in
lavage samples from subjects without illness
or known disease. We compared our
proteins of interest—those consistently

present in one secretome but with fewer
than two peptides in the opposite secretome
(31 apical and 13 basolateral proteins) and
those differentially expressed between the
two compartments (n = 25)—with the list
of proteins found in healthy BALF. Overall,
we identified 51% (35/69) of proteins in
normal BALF. Specifically, 45% (14/31) of
apical, 23% (3/13) of basolateral, and 72%
(18/26) of differentially expressed proteins
of interest were identified in normal
BALF (Table E3). In addition, 55% (21/
38) of our proteins of interest associated
with the basolateral compartment
(basolateral and differentially expressed)
were found in normal BALF. Studying
ex vivo airway samples alone or in
comparison to in vitro apical secretions
would minimize the impact of these
biologically relevant proteins for a given
disease state because basolateral proteins
and their interaction with the apical
secretome would not be evaluated. To this
end, a primary differentiated bronchial
epithelial model should be used for
mechanistic lung disease studies to
investigate the effect of ex vivo BAL
proteins on basolateral processes and
structures through directional epithelial
signaling. This would allow for true
translational studies evaluating
mechanisms of lung disease for a targeted
disease process.

In summary, to our knowledge this is
the first comparison of in vitro apical and
basolateral secretomes in a homeostatic
environment and is the first proteomic
description of basolateral secretions from
primary differentiated bronchial
epithelium. Specifically, we identified the
normal apical and basolateral secretomes
and proteins differentially expressed
between compartments in cell cultures
from multiple donors in an in vitro system
that morphologically mimics the ex vivo
bronchial epithelium and is routinely
used for studying mechanisms of airway
diseases. This analysis sets the stage for
future comparative studies through global
analysis of apical and basolateral secreted
proteins for a more comprehensive
understanding of mechanisms underlying
diseases affecting the lung. Future
validation of this in vitro secretome model
in ex vivo specimens will enhance our
understanding of lung diseases, suggesting
that targeted therapy toward specific
proteins may be a future step for airway
secretome studies. n
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