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Abstract

Bronchiolitis obliterans (BO) is an increasingly important lung disease
characterized by fibroproliferative airway lesions and decrements in
lung function. Occupational exposure to the artificial food flavoring
ingredient diacetyl, commonly used to impart a buttery flavor to

Pathway enrichment analysis using publicly available databases
revealed that proteins associated with matrix remodeling, including
degradation, assembly, and new matrix organization, were
overrepresented in the data sets. Similarly, protein modifiers of
epidermal growth factor receptor signaling were significantly altered.
The ordered changes in protein expression suggest that the airway

microwave popcorn, has been associated with BO development. In the
occupational setting, diacetyl vapor is first encountered by the airway
epithelium. To better understand the effects of diacetyl vapor on the
airway epithelium, we used an unbiased proteomic approach to
characterize both the apical and basolateral secretomes of air-liquid
interface cultures of primary human airway epithelial cells from

four unique donors after exposure to an occupationally relevant
concentration (~1,100 ppm) of diacetyl vapor or phosphate-buffered
saline as a control on alternating days. Basolateral and apical
supernatants collected 48 h after the third exposure were analyzed
using one-dimensional liquid chromatography tandem mass
spectrometry. Paired t tests adjusted for multiple comparisons were
used to assess differential expression between diacetyl and phosphate-
buffered saline exposure. Of the significantly differentially expressed
proteins identified, 61 were unique to the apical secretome, 81 were
unique to the basolateral secretome, and 11 were present in both.

epithelial response to diacetyl may contribute to BO pathogenesis.

Keywords: proteomics; diacetyl; 2,3-butanedione; occupational
lung disease; bronchiolitis obliterans

Clinical Relevance

How diacetyl causes popcorn lung has not been elucidated.
Previous studies have shown profound epithelial injury in
rodent models of popcorn lung followed by the development of
constrictive and obstructive airway lesions. The current report
reveals new insights into the airway epithelial response to
diacetyl vapor exposure, which could contribute to the airway
fibroproliferative response.

Bronchiolitis obliterans (BO) is an
increasingly important human disease that
is now recognized in a variety of clinical
contexts, including autoimmune disease, as
a consequence of lung or bone marrow

transplantation, or as a result of
occupational exposures. Histologically, BO
is characterized by airway-centered fibrosis
that can cause partial or total airway
occlusion. Clinically, BO results in

significant decrements in lung function and
can progress to disability or death.

Diacetyl (DA; 2,3-butanedione) is a
volatile a-diketone that occurs naturally as a
result of fermentation and has most

(Received in original form November 16, 2016; accepted in final form February 20, 2017)
This work was supported by National Institutes of Health grant R21-OH010490 and the Lung Transplant Foundation.

Author Contributions: D.M.B. contributed to the experimental design and data analysis, and wrote the manuscript. W.M.G. and F.L.K. performed the cell
culture. A.M.V. performed statistical analyses. C.D.B. and A.E.N. performed laboratory analyses of samples. M.A.M. and D.L.M. provided oversight and
contributed to the experimental design. S.M.P. and M.W.F. performed proteomic analyses and contributed to oversight, experimental design, and data
analysis and interpretation. All co-authors substantially revised the manuscript.

Correspondence and requests for reprints should be addressed to David M. Brass, M.D., Duke University Medical Center, 2100 MSRB I DUMC 103002,
Durham, NC 27710. E-mail: david.brass@duke.edu

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Cell Mol Biol Vol 56, Iss 6, pp 784-795, Jun 2017

Copyright © 2017 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2016-03720C on March 1, 2017
Internet address: www.atsjournals.org

784 American Journal of Respiratory Cell and Molecular Biology Volume 56 Number 6 | June 2017


mailto:david.brass@duke.edu
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2016-0372OC
http://www.atsjournals.org

ORIGINAL RESEARCH

commonly been used to impart a buttery
aroma and flavor to microwave popcorn,
flavored coffee, and e-cigarettes. Growing
evidence now shows that occupational
exposure to DA vapor is associated with the
development of BO in the microwave
popcorn industry (1-3), in the food-flavoring
manufacturing industry (4), and in the
manufacture of diacetyl itself (5). Despite the
increasing recognition of occupational BO,
the mechanisms that lead to the development
of BO remain poorly understood. BO-
inducing toxins such as DA are first
encountered by the airway epithelium. As
such, the early secretory response of the
airway epithelium after DA exposure may
play a central role in the pathogenesis of BO.
To better understand the airway
epithelial response to DA and the role it may
play in the lesion development that is
characteristic of BO, we employed an
unbiased proteomic approach using primary
human airway epithelial cells from multiple
independent donors. We previously used a
proteomic approach to successfully identify
proteins unique to the lung fluid of patients
with idiopathic pulmonary fibrosis (6). More
recently, a similar proteomic approach has
been used to provide new insights into
alterations in proteins secreted by the airway
epithelium in cystic fibrosis (7), and into the
polarized nature of protein secretion by
human airway epithelial cells (8). The goal of
the current hypothesis-generating studies
was to identify soluble factors that could be
diagnostic of exposures most closely
associated with a high risk of developing BO
and thus could be used as biomarkers, or
that could play a role in lesion development.
Here then, for the first time, we report
changes in protein secretion in the apical
and basolateral compartments of fully
differentiated primary human airway
epithelial cells after repeated exposure to
occupationally relevant high concentrations
of DA vapor, providing new insights into
early events that may contribute to
flavoring-induced airways disease.

Materials and Methods

A complete description of the materials and
methods used in this work is available in the
online supplement.

Cell Culture

Air-liquid interface (ALI) cultures of fully
differentiated primary tracheobronchial
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epithelial cells with a mucociliary phenotype
from four independent, healthy,
nonsmoking donors were purchased from
MatTek (Ashland, MA) and cultured in
6-well Transwell plates at 37°C in 5% CO,.

Vapor Exposure

The cells were exposed to an occupationally
relevant concentration (~1100 ppm) of DA
vapor for 1 h on days 0, 2, and 4 essentially
as previously described (9, 10) to model the
repeated high-concentration exposures that
would be encountered by workers who
prepare and mix flavoring compounds in
microwave popcorn factories (1). Day 6
apical washes were centrifuged and the
basolateral supernatants were collected, and
all were retained at —80°C for proteomic
analysis. We performed dose-response
studies by testing increasing concentrations
of DA vapor using lactate dehydrogenase
(LDH) activity as an indicator of injury. The
results demonstrate that a single DA vapor
exposure caused no increase in LDH activity
at any vapor concentration. However, after
the second and third exposures, LDH activity
increased at the higher concentration, which
is consistent with some degree of cellular
injury. For a detailed rationale for this
exposure system, please refer to MATERIALS
AND METHODS in the online supplement.

Proteomic Analysis

Sample preparation, quantitative mass
spectrometry, and measures of analytical
versus biological variability are described in
detail in the MATERIALS AND METHODS section
in the online supplement.

Quantitative analysis of protein
expression in the secretomes of PBS- and DA-
exposed cells. The data were imported into
Rosetta Elucidator for mass and retention
time alignment, database searching of tandem
mass spectrometry spectra, and quantitation
of the area-under-the-curve of identified
features. Peptide scoring and annotation
identified 4,273 apical peptides and 1,046
apical proteins. Similarly, we identified 6,067
basolateral peptides and 1,327 basolateral
proteins. Filtering the data to remove low-
quality peptides and scaling the data to the
robust median across all samples resulted in
3,077 apical peptides (Table E1 in the online
supplement) and 1,046 proteins (Table E2),
and 6,067 basolateral peptides (Table E3) and
1,327 proteins (Table E4).

Statistical analyses. Peptide- and
protein-level expression values were log-2
transformed, and features with missing or
low-abundance measurements were not
subjected to further analysis. Proteins
having greater than 30% technical
variability, those quantified with a single
peptide, and experimental control proteins
were not subjected to further analyses. A
total of 541 proteins in the apical secretome
and 793 in the basolateral secretome met
these criteria. Differential expression
between PBS and DA exposure was analyzed
by paired ¢ test by donor in each secretome.
The resulting P values were corrected for
multiple testing by controlling the false
discovery rate (FDR) of 0.10 with the
Benjamini-Hochberg method (11).

For unsupervised agglomerative
clustering of the significantly differentially
expressed apical and basolateral protein sets,
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Figure 1. Two-dimensional (2D) agglomerative clustering of apical proteins. Protein expression values
were converted to Z-scores, followed by 2D agglomerative clustering using the Ward method. DA, diacetyl.
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we used the Euclidean distance metric and
Ward linkage method. Quantitative
pathway enrichment analyses of the protein
sets were performed with the REACTOME
pathway analysis tool (12). Putative
protein-protein interactions within the
data sets were visualized using the publicly
available STRING suite of analysis tools (13).

RT-PCR

Total mRNA for protein tyrosine
phosphatase, receptor type S, fibulin 3
(FBLN3; also known as epidermal growth
factor [EGF]-containing fibulin-like
extracellular matrix [ECM] protein 1
[EFEMP1]), DNA damage-binding protein 1
(DDB1), ECM protein 1 (ECM1), and growth
differentiation factor 15 (GDF15) was
analyzed by Tagman using -actin as an
endogenous control. Changes in expression
were calculated using the 2-Ct method.

Results

Proteomic Analysis of DA-Exposed,
Fully Differentiated Primary Human
Airway Epithelial Cells in ALI Culture
Reveals that Variability in Protein
Expression Is Driven by the Exposure
Our proteomic analysis identified 541 apical
and 793 basolateral proteins by more than two
individual peptides and with less than 30%
technical variability, as described in MATERIALS
AND METHODS. Unsupervised hierarchical
clustering analysis of these proteins resulted in
the apical secretome segregating by exposure
(Figure 1). The basolateral secretome also
segregated by exposure, with the exception of
donor 9831 (Figure 2). These results show that
DA exposure largely underlies the variability
in the protein expression data. Similarly, in a
principal component analysis, both the apical
(Figure E2) and basolateral (Figure E3)
secretomes segregated by exposure. Although
the proteomic response of donor 9831 varied
somewhat from the responses of the other
donors, showing the presence of variation
between donors in the airway epithelial response
to DA, the principal component analysis
supports the conclusion that the greatest
variability in the data was due to DA exposure.

Proteomic Analysis of DA-Exposed
Primary Human Airway Epithelial
Cells in ALI Culture Reveals a Highly
Polarized Secretory Response

As shown in Figure 3, by using a paired
t test to evaluate changes in protein
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Figure 2. 2D agglomerative clustering of basolateral proteins. Protein expression values were
converted to Z-scores, followed by 2D agglomerative clustering using the Ward method.

expression across all four donors, and an
FDR-adjusted P value of less than 0.1 as
described in MATERIALS AND METHODS, we
found that after DA exposure there were
61 significantly differentially expressed
proteins unique to the apical secretome
(Table 1) and 81 significantly differentially
expressed proteins unique to the basolateral
secretome (Table 2). We identified an
additional 11 proteins that were present in
both the apical and basolateral secretomes
(Table 3).

DA Exposure of Primary Human
Airway Epithelial Cells in ALI Culture
Induces a Matrix-Remodeling
Proteomic Signature

To determine whether broad categories of
proteins were overrepresented in our data
set, we performed a pathway enrichment
analysis of the proteins identified in Tables 1
and 2 using the publicly available
REACTOME database. In the apical
secretome, we observed that proteins with
increased expression were overrepresented
in pathways that are important for ECM
degradation, matrix organization, and
cell-cell interactions (Table 4). These
included laminins (LAMC2, LAMA3, and
LAMB3), perlecan (PGBM), E-cadherin
(CADHL1), matrix metalloproteinase 9
(MMP9), MMP10, and metalloproteinase
inhibitor 1 (TIMP1). Conversely, we
observed that proteins with decreased
expression in the apical secretome were
overrepresented in pathways that are
important for complement activation
(including complement factor B [CFAB],
CD59, and complement component 4A

[CO4A]) and lipid metabolism (including
phospholipid transfer protein [PLTP] and
bile salt-activated lipase [CEL]; Table 5). In
the basolateral secretome, proteins with
increased expression were overrepresented
in pathways that are important for ECM
degradation and organization (including
cathepsin B [CATB], CATD, TIMP1,
TIMP2, MMP9, and MMP14) and platelet
function (including adenylyl cyclase-
associated protein 1 [CAP1], transferrin
[TRFE], amyloid B A4 [A4], and TIMPI;
Table 6). Finally, in the basolateral
secretome, proteins with decreased
expression were overrepresented in
pathways that are important for ECM
synthesis and assembly (including the
fibrillar collagens CO1A1, CO5A2, and
CO7Al, and FBLN3; Table 7).

Apical vs. Basolateral

61 81

Apical Basolateral

Figure 3. The apical and basolateral
secretomes of DA-exposed primary human
airway epithelial cells are highly polarized.

The Venn diagram shows the overlap of
differentially expressed protein sets (significant at
the level of false discovery rate [FDR] < 0.1).
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Table 1. Apical Proteins with Significantly Altered Expression in DA versus PBS

t test P value

Primary Peptide %CV Fold Change t test w/FDR
Protein Name Protein Description Count QC DA versus PBS P value Correction
KLK6_HUMAN Kallikrein-related peptidase 6 4 6.7 7.0 0.004 0.068
ECM1_HUMAN Extracellular matrix protein 1 7 19.9 6.8 0.010 0.089
H4_HUMAN Histone cluster 4, H4 6 15.3 6.3 0.004 0.065
TRFE_HUMAN Transferrin 11 17.2 4.7 0.002 0.054
H2B1M_HUMAN Histone H2B type F-S 3 10.2 4.3 0.005 0.078
LAMA3_HUMAN Laminin subunit «-3 13 18.4 4.0 0.007 0.080
DSC2_HUMAN Desmocollin-2 2 16.3 3.9 0.003 0.065
DKK1_HUMAN Dickkopf-related protein 1 2 9.5 3.6 0.002 0.054
H2AY_HUMAN Core histone macro-H2A.1 4 6.2 3.3 0.011 0.091
CCD80_HUMAN Coiled-coil domain-containing protein 80 2 2.2 3.0 0.001 0.054
FLNA_HUMAN Filamin-A 12 14.3 2.8 0.008 0.085
LAMB3_HUMAN Laminin subunit 3-3 9 11.7 2.7 0.004 0.065
MMP9_HUMAN Matrix metalloproteinase-9 8 14.6 2.7 0.000 0.054
PGBM_HUMAN Basement membrane-specific heparan sulfate 15 5.6 2.6 0.006 0.080
proteoglycan core protein
LEG1_HUMAN Galectin-1 3 27.6 2.6 0.011 0.095
CEAM6_HUMAN Carcinoembryonic antigen-related cell adhesion 5 17.0 25 0.008 0.083
molecule 6
LAMC2_HUMAN Laminin subunit y-2 16 14.3 25 0.007 0.080
ST14_HUMAN Suppressor of tumorigenicity 14 protein 2 7.6 2.3 0.010 0.086
GDF15_HUMAN Growth/differentiation factor 15 4 19.6 2.2 0.002 0.054
PSB5_HUMAN Proteasome subunit-g type 5 3 9.0 2.2 0.013 0.098
MMP10_HUMAN Stromelysin-2 3 18.5 21 0.009 0.086
LYPD3_HUMAN Ly6/PLAUR domain-containing protein 3 5 4.8 21 0.000 0.016
APLP2_HUMAN Amyloid-like protein 2 2 1.6 2.0 0.001 0.054
RSMN_HUMAN Small nuclear ribonucleoprotein-associated 2 17.9 2.0 0.006 0.078
protein N
EPS8_HUMAN Epidermal growth factor receptor kinase 7 29.5 2.0 0.012 0.097
substrate 8
TENA_HUMAN Tenascin C 11 7.4 1.9 0.002 0.054
DSG2_HUMAN Desmoglein-2 5 10.3 1.9 0.003 0.065
PEPD_HUMAN Xaa-Pro dipeptidase 3 27.8 1.8 0.002 0.054
SSBP_HUMAN Single-stranded DNA-binding protein 4 6.6 1.8 0.009 0.086
mitochondrial
TIMP1_HUMAN Metalloproteinase inhibitor 1 5 8.5 1.8 0.009 0.086
CSTN1_HUMAN Calsyntenin-1 5 5.0 1.7 0.002 0.054
PSA3_HUMAN Proteasome subunit-a type 3 3 7.4 1.6 0.010 0.086
ANXA8_HUMAN Annexin A8 5 3.6 1.6 0.012 0.097
PSB6_HUMAN Proteasome subunit-g type 6 3 10.9 1.6 0.012 0.097
PSA7_HUMAN Proteasome subunit-a type 7 7 1.4 1.5 0.005 0.078
TKT_HUMAN Transketolase 13 8.3 1.5 0.007 0.080
CD14_HUMAN Monocyte differentiation antigen CD14 3 4.7 15 0.005 0.078
CADH1_HUMAN Cadherin-1 8 9.4 14 0.007 0.080
SPTN1_HUMAN Spectrin a chain non-erythrocytic 1 25 3.1 1.4 0.013 0.098
PRDX1_HUMAN Peroxiredoxin-1 14 3.3 1.3 0.009 0.086
SPTB2_HUMAN Spectrin B chain brain 1 10 12.5 1.3 0.007 0.080
GNAI2_HUMAN Guanine nucleotide-binding protein G(i) «-2 3 1.2 1.1 0.009 0.086
subunit
PSA_HUMAN Puromycin-sensitive aminopeptidase 11 13.7 -1.1 0.003 0.065
DDB1_HUMAN DNA damage-binding protein 1 8 4.2 -1.2 0.002 0.058
SLPI_HUMAN Antileukoproteinase 7 3.3 -1.4 0.009 0.086
CBX3_HUMAN Chromobox protein homolog 3 2 3.5 -1.5 0.001 0.054
GELS_HUMAN Gelsolin 31 6.7 -15 0.006 0.078
HSP71_HUMAN Heat shock 70 kDa protein 1 6 5.4 -1.6 0.004 0.065
FUBP1_HUMAN Far upstream element-binding protein 1 3 10.4 -1.7 0.012 0.097
AL1A1_HUMAN Retinal dehydrogenase 1 15 7.9 -1.7 0.001 0.054
THIL_HUMAN Acetyl-CoA acetyltransferase mitochondrial 2 24.5 -1.8 0.006 0.078
CFAB_HUMAN Complement factor B 26 21.6 -1.8 0.003 0.065
S10A4_HUMAN Protein S100-A4 2 12.6 -1.8 0.003 0.065
PEDF_HUMAN Pigment epithelium-derived factor 15 8.4 -2.1 0.012 0.097
CD59_HUMAN CD59 glycoprotein 4 6.4 —-2.2 0.001 0.054
PIGR_HUMAN Polymeric immunoglobulin receptor 36 7.4 -23 0.007 0.080
(Continued)
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Table 1. (Continued)

Primary Peptide %CV

Protein Name Protein Description Count QC
BPIA1_HUMAN BPI fold-containing family A member 1 5 12.7
PLTP_HUMAN Phospholipid transfer protein 4 10.1
FBLN3_HUMAN EGF-containing fibulin-like extracellular matrix 14 121

protein 1

AACT_HUMAN a-1-antichymotrypsin 7 20.0
MANBA_HUMAN B-mannosidase 4 17.0
B2MG_HUMAN B-2-microglobulin 6 25.5
NUCB2_HUMAN Nucleobindin-2 5 19.5
IBP7_HUMAN Insulin-like growth factor-binding protein 7 10 10.6
A1AT_HUMAN a-1-antitrypsin 7 6.9
CEL_HUMAN Bile salt-activated lipase 5 15.5
CYTM_HUMAN Cystatin-M 3 15.5
IBP2_HUMAN Insulin-like growth factor-binding protein 2 11 6.3
CLUS_HUMAN Clusterin 9 4.6
ISK5_HUMAN Serine protease inhibitor Kazal-type 5 2 8.6
CO4A_HUMAN Complement C4-A 5 7.4
CDHR3_HUMAN Cadherin-related family member 3 3 5.3

t test P value

Fold Change t test w/FDR
DA versus PBS P value Correction
-24 0.007 0.080
-2.6 0.002 0.054
-27 0.002 0.054
-34 0.004 0.065
-34 0.006 0.078
-35 0.001 0.054
-3.9 0.006 0.078
-3.9 0.013 0.098
-5.6 0.001 0.054
-5.6 0.002 0.056
-5.9 0.001 0.054
-6.5 0.005 0.078
-11.0 0.001 0.054
-11.9 0.008 0.086
—-14.8 0.002 0.057
-20.7 0.002 0.056

Definition of abbreviations: BPI, bactericidal permeability-increasing protein; CV, coefficient of variation; DA, diacetyl; EGF, epidermal growth factor; FDR,
false discovery rate; PLAUR, urokinase plasminogen activator surface receptor; QC, quality control.

DA Exposure of Primary Human
Airway Epithelial Cells in ALI Culture
Results in Dysregulation of ECM
Organization and EGF Receptor
Activation and Signaling

To further identify relationships between
the differentially expressed proteins in our
data set, we used the STRING suite of online
analysis tools to identify known
protein-protein interactions (13). Several
nodal interactions were revealed in the
apical secretome, including those between
MMP9, MMP10, TIMP1 and tenascin C
(TENA); between proteasome subunit-a
types 3 and 7 (PSMA3 and PSMA7) and
puromycin-sensitive aminopeptidase
(NPEPPS); between the laminins A3, B3
and C2; and between the histone proteins
H2B1, H2AY and histone cluster 4
(Figure E4).

In our STRING analysis of protein
associations within the basolateral
secretome, we observed a nodal interaction
centered on the EGF receptor (EGFR)
and proteins that have been shown or
hypothesized to regulate the EGFR (Figure
E5). This is consistent with our previous
report that DA exposure causes shedding of
amphiregulin, a canonical ligand for the
EGFR (9). In our proteomic analysis,
FBLN3, DDBI1, GDF15, and ECM1 were
significantly differentially expressed.
FBLN3 has been shown to activate the
EGFR in pancreatic carcinoma cells (14).
DDBI has been shown to contribute
to EGFR signaling attenuation in

788

Caenorhabditis elegans (15). GDFI15 is a
member of the transforming growth factor 3
(TGF-B) superfamily of proteins that has been
shown to potentiate EGFR signaling in the
hippocampus in mice (16). ECM1 is a member
of the IL-1 family of proteins that associates
with perlecan in the basement membrane and
can potentiate EGFR signaling (17).

To further investigate the importance
of this pathway, we measured individual
intracellular transcript levels by RT-PCR.
We show in Figure 4 that DA exposure
induced significant decreases in mRNA for
FBLN3 and DDBI (Figures 4A-4C), which
are known or hypothesized negative
regulators of EGFR signaling. Similarly,
mRNA for ECM1 and GDF15 (Figures 4D
and 4E), which have been shown to
potentiate EGFR signaling, was increased.
These changes in protein secretion and
intracellular transcript levels suggest that
DA exposure of primary human airway
epithelial cells in ALI culture results in
altered EGFR signaling.

Discussion

Clinical and experimental evidence links the
development of BO to DA exposure.
However, little is known about the
underlying biological mechanisms that
contribute to disease pathogenesis. In a
recently published study (10), we added to
our understanding of early events after DA
vapor exposure by showing that fully

differentiated human airway epithelial cells
grown in ALI culture lose cilia and appear
to dedifferentiate to a squamous-like
phenotype. As in that study, here we
focused on airway epithelial cells because
they are the first cell type to be encountered
by inhaled toxins such as DA. To begin to
understand the processes that might occur
after DA exposure, we exposed fully
differentiated primary airway epithelial cells
from four unique donors to DA vapor
concentrations or PBS as a control to model
repeated occupational exposure. We then
used discovery-based proteomics to
elucidate DA-induced airway epithelial
secretory responses in the apical and
basolateral compartments. This study
shows that the apical and basolateral
secretomes of DA-exposed airway epithelial
cells in ALI culture are highly polarized
and distinct, with minimal overlap.
Furthermore, we demonstrated that the
epithelial secretory response to DA in four
independent donors was remarkably
consistent, particularly in the apical
secretome. Finally, we identified novel
proteins in both the apical and basolateral
secretomes that provide new insights into
mechanisms that may drive the
development of BO.

In the present analysis, we identified
many proteins that have not been previously
associated with BO but could play a
biologically plausible role in the pathogenesis
of this disease. For example, CXCL16 showed
increased expression in the basolateral
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Table 2. Basolateral Proteins with Significantly Altered Expression in DA versus PBS

t test P value
Primary Peptide %CV Fold Change t test w/FDR

Protein Name Protein Description QC DA versus PBS P value Correction
A2ML1_HUMAN a-2-macroglobulin-like protein 1 7 16.6 11.9 0.011 0.099
UPAR_HUMAN Urokinase plasminogen activator surface 3 26.2 10.5 0.009 0.095

receptor
ECM1_HUMAN Extracellular matrix protein 1 24 10.5 9.9 0.001 0.061
PRS27_HUMAN Serine protease 27 3 111 9.2 0.011 0.099
DAF_HUMAN Complement decay-accelerating factor 4 3.1 8.8 0.008 0.094
EPHA2_HUMAN Ephrin type-A receptor 2 6 1561 6.4 0.001 0.061
TIMP1_HUMAN Metalloproteinase inhibitor 1 5 7.0 5.7 0.001 0.067
ZG16B_HUMAN Zymogen granule protein 16 homolog B 3 12.7 5.2 0.003 0.083
PCDGK_HUMAN Protocadherin y-C3 2 9.8 4.6 0.010 0.099
GOLM1_HUMAN Golgi membrane protein 1 8 4.2 4.5 0.005 0.090
IL36G_HUMAN Interleukin-36 y 3 10.3 4.5 0.008 0.094
BSSP4_HUMAN Brain-specific serine protease 4 4 12.4 4.5 0.001 0.067
DNJA4_HUMAN Dnad homolog subfamily A member 4 2 13.0 4.4 0.003 0.083
MARCS_HUMAN  Myristoylated alanine-rich C-kinase substrate 8 10.5 4.2 0.003 0.083
CAP1_HUMAN Adenylyl cyclase-associated protein 1 7 2.3 41 0.008 0.094
VASN_HUMAN Vasorin 7 2.8 4.0 0.010 0.099
PSCA_HUMAN Prostate stem cell antigen 3 10.5 4.0 0.002 0.075
NRP1_HUMAN Neuropilin-1 3 241 4.0 0.006 0.094
DDAH1_HUMAN N(G) N(G)-dimethylarginine dimethylaminohydrolase 1 4 13.8 3.8 0.003 0.083
KLK10_HUMAN Kallikrein-10 6 15.8 3.7 0.005 0.093
BASP1_HUMAN Brain acid soluble protein 1 10 11.3 3.7 0.003 0.083
CXL16_HUMAN C-X-C motif chemokine 16 2 10.8 3.6 0.005 0.090
EFNB1_HUMAN Ephrin-B1 4 16.5 3.6 0.004 0.090
PCDH1_HUMAN Protocadherin-1 13 9.3 3.6 0.000 0.061
GPX3_HUMAN Glutathione peroxidase 3 5 9.0 3.4 0.009 0.099
VSIG2_HUMAN V-set and immunoglobulin domain-containing 2 5.6 3.4 0.008 0.094
protein 2
S100P_HUMAN Protein S100-P 4 8.0 3.4 0.007 0.094
EPCR_HUMAN Endothelial protein C receptor 4 10.4 3.3 0.011 0.099
GRN_HUMAN Granulins 12 6.9 3.3 0.000 0.008
LAYN_HUMAN Layilin 6 2.0 3.2 0.001 0.068
CATD_HUMAN Cathepsin D 14 6.7 3.2 0.003 0.083
GDF15_HUMAN Growth/differentiation factor 15 11 11.0 3.2 0.001 0.067
TIMP2_HUMAN Metalloproteinase inhibitor 2 8 10.4 3.1 0.004 0.090
LRRF1_HUMAN Leucine-rich repeat flightless-interacting 3 6.8 3.1 0.007 0.094
protein 1
VIME_HUMAN Vimentin 8 104 3.0 0.001 0.061
SPIT1_HUMAN Kunitz-type protease inhibitor 1 27 7.0 3.0 0.003 0.083
SEM7A_HUMAN Semaphorin-7A 6 15.9 3.0 0.000 0.004
PIP_HUMAN Prolactin-inducible protein 9 15.7 2.9 0.006 0.094
CATB_HUMAN Cathepsin B 17 11.7 2.7 0.001 0.070
SPIT2_HUMAN Kunitz-type protease inhibitor 2 2 15.3 2.6 0.001 0.067
APLP2_HUMAN Amyloid-like protein 2 8 10.5 25 0.007 0.094
MMP14_HUMAN Matrix metalloproteinase-14 5 9.5 2.3 0.011 0.099
DIAC_HUMAN Di-N-acetylchitobiase 5 17.9 2.3 0.008 0.094
PNPH_HUMAN Purine nucleoside phosphorylase 5 26.0 2.3 0.011 0.099
QSOX1_HUMAN Sulfhydryl oxidase 1 18 3.9 2.2 0.002 0.075
RBSK_HUMAN Ribokinase 2 16.7 2.2 0.001 0.061
TXND5_HUMAN Thioredoxin domain-containing protein 5 7 6.4 2.1 0.011 0.099
MMP9_HUMAN Matrix metalloproteinase-9 16 10.6 2.1 0.010 0.099
A4_HUMAN Amyloid B A4 protein 13 19.6 2.0 0.003 0.083
HEBP2_HUMAN Heme-binding protein 2 9 9.4 2.0 0.003 0.083
CAH13_HUMAN Carbonic anhydrase 13 2 19.9 2.0 0.002 0.072
CYTB_HUMAN Cystatin-B 10 11.6 1.9 0.005 0.092
TRXR1_HUMAN Thioredoxin reductase 1 cytoplasmic 5 19.6 1.9 0.010 0.099
TRFE_HUMAN Serotransferrin 36 5.8 1.8 0.002 0.082
CPPED_HUMAN Calcineurin-like phosphoesterase domain-containing 4 23.6 1.8 0.007 0.094
protein 1
DDR1_HUMAN Epithelial discoidin domain-containing 9 9.2 1.8 0.008 0.094
receptor 1
NEO1_HUMAN Neogenin 8 5.6 1.8 0.010 0.099
(Continued)
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Table 2. (Continued)

Primary
Protein Name

GDIR2_HUMAN
AATM_HUMAN
GLRX1_HUMAN
K22E_HUMAN
SPTB2_HUMAN
PSB6_HUMAN
PSB1_HUMAN
THOP1_HUMAN
ACPH_HUMAN
PTPRF_HUMAN
ADH7_HUMAN
DDB1_HUMAN
HIBCH_HUMAN
INO1_HUMAN
BCAM_HUMAN
H2A1B_HUMAN
RCC2_HUMAN
RNAS4_HUMAN
FBLN3_HUMAN

GLNA_HUMAN
EGFR_HUMAN
GPNMB_HUMAN
CO7A1_HUMAN
CO5A2_HUMAN
LEG7_HUMAN
CO1A1_HUMAN
PHYD1_HUMAN

C1S_HUMAN
C1R_HUMAN
EPHB2_HUMAN
LMNB2_HUMAN
IBP7_HUMAN
XRCC6_HUMAN
CELR1_HUMAN

IMPA2_HUMAN

Protein Description

Rho GDP-dissociation inhibitor 2

Aspartate aminotransferase mitochondrial

Glutaredoxin-1

Keratin type Il cytoskeletal 2 epidermal

Spectrin B chain brain 1

Proteasome subunit- type 6

Proteasome subunit-B type 1

Thimet oligopeptidase

Acylamino-acid-releasing enzyme

Receptor-type tyrosine-protein phosphatase F

Alcohol dehydrogenase class 4 p/o chain

DNA damage-binding protein 1

3-hydroxyisobutyryl-CoA hydrolase mitochondrial

Inositol-3-phosphate synthase 1

Basal cell adhesion molecule

Histone H2A type 1-B/E

Regulator of chromosome condensation 2

RNase 4

EGF-containing fibulin-like extracellular matrix
protein 1

Glutamine synthetase

Epidermal growth factor receptor

Transmembrane glycoprotein NMB

Collagen «-1(VIl) chain

Collagen a-2(V) chain

Galectin-7

Collagen a-1(l) chain

Phytanoyl-CoA dioxygenase domain-containing
protein 1

Complement C1s subcomponent

Complement C1r subcomponent

Ephrin type-B receptor 2

Lamin-B2

Insulin-like growth factor-binding protein 7

X-ray repair cross-complementing protein 6

Cadherin EGF LAG seven-pass G-type
receptor 1

Inositol monophosphatase 2

Peptide
Count
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|
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-
-

-17.
—31.

Fold Change
QC DA versus PBS P value

2
4

9

t test

0.007
0.011
0.008
0.006
0.011
0.011
0.001
0.009
0.006
0.005
0.007
0.003
0.005
0.007
0.007
0.007
0.006
0.006
0.008

0.007
0.004
0.004
0.009
0.005
0.011
0.009
0.006

0.003
0.002
0.001
0.008
0.000
0.004
0.012

0.001

t test P value
w/FDR
Correction

0.094
0.099
0.094
0.094
0.099
0.099
0.068
0.094
0.094
0.090
0.094
0.083
0.090
0.094
0.094
0.094
0.094
0.094
0.094

0.094
0.090
0.090
0.094
0.090
0.099
0.094
0.094

0.083
0.082
0.067
0.094
0.008
0.089
0.099

0.067

Definition of abbreviations: CoA, co-enzyme A; CV, coefficient of variation; DA, diacetyl; EGF, epidermal growth factor; FDR, false discovery rate; GDP,
guanosine 5’-diphosphate; LAG, laminin-G; NMB, neuromedin-B; QC, quality control.

Table 3. Proteins Identified in Both Apical and Basolateral Secretome with Significantly Altered Expression in DA versus PBS

Primary
Protein Name

ECM1_HUMAN
TRFE_HUMAN
MMP9_HUMAN
GDF15_HUMAN
APLP2_HUMAN
TIMP1_HUMAN
PSB6_HUMAN
SPTB2_HUMAN
DDB1_HUMAN
FBLN3_HUMAN
IBP7_HUMAN

Protein Description

Extracellular matrix protein 1
Serotransferrin

Matrix metalloproteinase-9
Growth/differentiation factor 15
Amyloid-like protein 2
Metalloproteinase inhibitor 1
Proteasome subunit- type 6
Spectrin B chain brain 1

DNA damage-binding protein 1

Apical Fold Change

EGF-containing fibulin-like extracellular matrix protein 1

Insulin-like growth factor-binding protein 7

DA versus PBS

6.756
4.687
2.690
2.230
2.029
1.801
1.560
1.277
—1.182
—2.738
-3.910

Basolateral Fold
Change DA versus PBS

10.988
1.950
2.415
2.623
1.970
4.957
1.185
1.421

—2.027
—2.818
—5.367

Definition of abbreviations: DA, diacetyl; EGF, epidermal growth factor.
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Table 4. Top 10 REACTOME Pathways Enriched in Proteins Up-Regulated in Apical Secretome by DA Exposure

No. of No. of Proteins
Pathway Name Proteins in Pathway P value FDR Proteins Identified
Degradation of the extracellular 8 135 1.28E-07 5.43E-05 LAMC2; CADH1; LAMA3; MMP10; LAMBS;
matrix PGBM; MMP9; TIMP1
Extracellular matrix organization 10 291 4.37E-07 7.68E-05 LAMC2; CADH1; CEAM6; LAMAS3; MMP10;
LAMB3; PGBM; MMP9; TIMP1; TENA
Apoptosis 8 165 5.80E-07 7.68E-05 CADH1; PSAS3; DSG2; CD14; PSB6; PSA7;
PSB5; SPTN1
Programmed cell death 8 170 7.24E-07 7.68E-05 CADH1; PSAS3; DSG2; CD14; PSB6; PSA7;
PSB5; SPTN1
Cell-cell communication 7 139 2.48E-06 2.08E-04 LAMC2; CADH1; LAMAS; LAMBS3; SPTB2;
SPTN1; FLNA
Non-integrin membrane-ECM 5 59 6.51E-06 4.56E-04 LAMC2; LAMA3; LAMB3; PGBM; TENA
interactions
Laminin interactions 4 30 1.01E-05 6.08E-04 LAMC2; LAMAS; LAMB3; PGBM
Type | hemidesmosome 3 11 1.73E-05 9.15E-04 LAMC2; LAMAS; LAMB3
assembly
TCF-dependent signaling in 7 198 2.44E-05 1.00E-03 PSAB3; H2B1M; H4; PSB6; PSA7; DKK1; PSB5
response to WNT
Anchoring fibril formation 3 15 4.32E-05 1.00E-03 LAMCZ2; LAMA3; LAMB3
Cell junction organization 5 90 4.86E-05 1.00E-03 LAMC2; CADH1; LAMAS; LAMBS3; FLNA

Definition of abbreviations: DA, diacetyl; ECM, extracellular matrix; FDR, false discovery rate; TCF, T-cell factor.

secretome. Elevated CXCL16 has previously
been associated with epithelial-derived
lung cancers and has been shown to
modulate the expression of MMP and TIMP
(18), including MMP9 and TIMP2, both of
which showed altered expression in our
data set. Similarly, IL-36y showed increased
expression in the basolateral secretome
(Table 2). IL-36y is a member of the IL-1
superfamily of cytokines and has been shown
to promote inflammation or fibrosis in chronic
fibrotic skin (19) and bowel disease (20), but
not in lung disease. However, exogenous IL-36
instillation in the rodent lung has been
associated with neutrophil recruitment (19,
21), a common feature of BO in preclinical
rodent models and in human BO.

A particularly novel aspect of the
present study is that proteins and transcripts
known or thought to negatively regulate
EGEFR signaling, including FBLN3 and
DDB1, were decreased, whereas those known
or thought to increase EGFR signaling,
including ECM1 and GDF15, were increased.
These results strongly suggest that EGFR
signaling may be highly active in DA-exposed
epithelial cells. We previously showed that
after DA instillation in rats, significant
epithelial injury and a rapid, potentially
aberrant repair process preceded lesion
development. Similarly, we showed that DA
exposure of fully differentiated primary
human airway epithelial cells in culture shed
robust quantities of the EGFR ligand

amphiregulin into the culture media. It is well
established that EGFR signaling is important
for epithelial regeneration and repair after
injury. Therefore, this is consistent with the
observation from our data set that negative
regulators of EGFR signaling are decreased
while positive regulators of EGFR signaling
are increased during the repair process that
begins after DA exposure. In two separate
reports, FBLN3 was hypothesized to bind to
the EGF binding site in the EGFR (14, 22).
DDBL is another protein that has been
identified in both apical and basolateral
secretomes. DDB1 has been shown in

C. elegans to be part of a ubiquitin ligase
complex that negatively regulates EGFR
signaling (15). Conversely, ECM1 was

Table 5. Top 10 REACTOME Pathways Enriched in Proteins Down-Regulated in Apical by DA Exposure

Pathway name

Regulation of complement cascade
Activation of C3 and C5

Lipid digestion, mobilization, and transport
HDL-mediated lipid transport

Complement cascade

Platelet degranulation

Lipoprotein metabolism

Cargo concentration in the ER

Response to elevated platelet cytosolic Ca*
Utilization of ketone bodies

Lysosomal oligosaccharide catabolism

No. of No. of Proteins
Proteins in Pathway P value
3 27 9.74E-05
2 7 2.49E-04
3* 70 1.54E-03
2 20 1.98E-03
4 201 4.00E-03
3 105 4.82E-03
2 32 4.95E-03
2 33 5.25E-03
3 110 5.49E-03
1 3 9.75E-03
1 4 1.30E-02

FDR Proteins Identified
9.74E-03  CFAB; CD59; CO4A
1.25E-02 CFAB; CO4A
495E-02 PLTP; CEL
495E-02 PLTP
5.49E-02 CLUS; CFAB; CD59; CO4A
5.49E-02 A1AT; CLUS; AACT
5.49E-02 PLTP
5.49E-02 A1AT; CD59
5.49E-02  A1AT; CLUS; AACT
8.77E-02  THIL
1.03E-01 MANBA

Definition of abbreviations: DA, diacetyl; ER, endoplasmic reticulum; FDR, false discovery rate; HDL, high-density lipoprotein; NB, nota bene.

*NB: PLTP has two natural variants.
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Table 6. Top 10 REACTOME Pathways Enriched in Proteins Up-Regulated in Basolateral by DA Exposure

No. of No. of Proteins
Pathway Name Proteins in Pathway P value FDR Proteins Identified
Platelet degranulation 7 105 7.24E-06 1.90E-03 ECM1; QSOX1; CAP1; TIMP1; APLP2; A4;
TRFE
Response to elevated platelet 7 110 9.77E-06 1.90E-03 ECM1; QSOX1; CAP1; TIMP1; APLP2; A4;
cytosolic Ca?* TRFE
Activation of matrix 4 32 6.98E-05 9.07E-03 TIMP2; MMP14; MMP9; TIMP1
metalloproteinases
Degradation of the extracellular 6 135 3.06E-04 2.97E-02 CATB; TIMP2; CATD; MMP14; MMP9; TIMP1
matrix
Signaling by MST1 2 5 5.47E-04 4.27E-02 SPIT2; SPIT1
Extracellular matrix organization 8 291 7.46E-04 4.85E-02 CATB; TIMP2; CATD; MMP14; DDR1; MMP9;
TIMP1; A4
Collagen degradation 4 63 8.97E-04 4.93E-02 CATB; CATD; MMP14; MMP9
Platelet activation, signaling, 7 256 1.68E-03 8.05E-02 ECM1; QSOX1; CAP1; TIMP1; APLP2; A4;
and aggregation TRFE
Axon guidance 10 551 3.67E-03 1.58E-01 EPHAZ2; NEO1; PSB1; PSB6; CAP1; SPTB2;
EFNB1; NRP1; MMP9; SEM7A
EPH-ephrin-mediated repulsion 3 50 4.79E-03 1.87E-01 EPHA2; EFNB1; MMP9

of cells

Definition of abbreviations: DA, diacetyl; EPH, ephrin; FDR, false discovery rate; MST1, macrophage stimulating 1.

recently hypothesized to facilitate signaling
through the EGFR (17). GDF15 is a member
of the TGF-B superfamily of growth factors
and has been hypothesized to be a positive
regulator of EGFR signaling (16). Although
it does not meet analytical requirements for
low technical variability, PTPRS was the
most robustly down-regulated protein in
the basolateral secretome and is a negative
regulator of EGFR signaling (48.29%
coefficient of variation and —46.32 average
fold change). PTPRS interacts directly with
and dephosphorylates the EGFR (23, 24),
and genetic ablation of PTPRS has been
associated with robust EGFR-PI3K pathway
activation (25). The observation that both
negative and positive regulators of EGFR
signaling were dysregulated strongly supports

the notion that EGFR signaling plays an
important role in the airway epithelial
response to DA exposure.

Another novel observation in the current
data set was revealed by the REACTOME
analyses, which showed that proteins involved
in matrix organization, degradation, and
turnover were abundantly present in both the
apical and basolateral secretomes. As an
example, we identified PGBM (perlecan) to be
robustly increased in the apical secretome.
Perlecan is a basement membrane protein that
has been hypothesized to be fundamental for
organ and tissue integrity (26), and has been
shown to have increased expression in BO
after lung transplantation (27). Similar to our
observation that perlecan was differentially
expressed in the apical secretome, three

other components of the basement
membrane—LAMA3, LAMB3, and
LAMC2—were differentially expressed in the
apical secretome (Table 1). Interestingly, the
fibrillar collagens that make up the basement
membrane, including CO5A2, CO7A1, and
CO1A1 (28), showed decreased expression in
the basolateral secretome (Table 7), whereas
proteins that are known to degrade ECM and
facilitate matrix turnover, including
MMP9, TIMP1, and TIMP2, were
increased. DDRI is another novel protein
identified in our data set. DDRI is a cell-
surface receptor for fibrillar collagen, with
tyrosine kinase activity that regulates cell
attachment to and remodeling of the ECM,
as well as cell migration, differentiation,
survival, and proliferation (29-34). Taken

Table 7. Top 10 REACTOME Pathways Enriched in Proteins Down-Regulated in Basolateral by DA Exposure

Pathway Name

PTK6 promotes HIF1A stabilization
Synthesis of IP2, IP, and Ins in the cytosol

Assembly of collagen fibrils and other multimeric

structures
Collagen degradation
Anchoring fibril formation
Collagen biosynthesis and modifying enzymes
Integrin cell-surface interactions
Collagen formation
Syndecan interactions
Signaling by overexpressed wild-type EGFR in

No. of No. of Proteins
Proteins in Pathway P value FDR Proteins Identified

2 6 1.49E-04 4.54E-02 GPNMB; EGFR

2 11 497E-04 4.83E-02 IMPA2; INO1

3 55 5.71E-04 4.83E-02 CO5A2; CO7A1; CO1A1
3 63 8.45E-04 4.83E-02 CO5A2; CO7A1; CO1A1
2 15 9.18E-04 4.83E-02 CO7A1; CO1A1

3 66 9.66E-04 4.83E-02 CO5A2; CO7A1; CO1A1
3 86 2.06E-03 8.34E-02 CO5A2; CO7A1; CO1A1
3 88 2.19E-03 8.34E-02 CO5A2; CO7A1; CO1A1
2 27 2.91E-03 9.60E-02 CO5A2; CO1A1

cancer 1 2 5.88E-03 1.59E-01 EGFR

Definition of abbreviations: DA, diacetyl; EGFR, epidermal growth factor receptor; FDR, false discovery rate; HIF1A, hypoxia inducible factor 1A; Ins,

inositol; IP, inositol phosphate; PTKB, protein tyrosi
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Figure 4. Known or hypothesized modifiers of EGFR signaling show mRNA expression consistent
with protein changes identified by proteomic analysis. FBLN3 (A) and DDB1 (B) mRNA expression is
significantly attenuated by DA exposure, whereas ECM1 (C) and GDF15 (D) mRNA expression is
significantly increased by DA exposure. *P < 0.05 versus PBS. DDB1, DNA damage-binding protein
1; ECM1, extracellular matrix protein 1; EGFR, epidermal growth factor receptor; FBLN3, EGF-
containing fibulin-like extracellular matrix protein 1; GDF15: growth/differentiation factor 15.

together, these observations support the
notion that soluble factors derived from
the airway epithelium could drive BO
lesion development by fundamentally
altering the matrix in the subepithelial
space. Further studies exploring the effects
of secreted soluble proteins directly on
fibroblasts would be of interest to elucidate
the mechanism by which DA-induced
epithelial injury contributes to airway
fibrosis in BO.

Although the current data support the
notion that the airway epithelium could play
an active role in driving remodeling of the
matrix in developing BO lesions, a number
of matrix-remodeling proteins identified in
our analysis have already been implicated in

Brass, Gwinn, Valente, et al.: Proteomics of Food Flavoring-Exposed Epithelial Secretome

BO, thus providing additional validation for
the biological relevance of our results. For
example, MMP-9 and TIMP1 were elevated
in both the apical and basolateral secretomes
after DA exposure, and have previously been
observed to be increased in BO, particularly
in the clinical context of lung transplantation
and in preclinical experimental models
(35). Similarly, we previously showed
experimentally in our rodent model of DA-
induced BO that TENA, which was up-
regulated apically in the current study, had
increased protein expression in the
subepithelial space of developing BO lesions
(36). These observations that independently
replicate our results in other preclinical and
clinical studies of BO further support the

notion that the airway epithelium may
actively participate in directing matrix
remodeling after DA exposure.

Similarly to other in vitro investigations,
this study has clear strengths and
limitations. A unique strength of the
current study is that we used brief, repeated
exposures to DA vapor to replicate
exposure to occupationally relevant
concentrations of inhaled DA. Another
strength of the present study is that we
examined the response of airway epithelial
cells from four independent human donors.
Because human subjects are genetically
diverse, this approach had the potential to
yield highly variable results. However, we
observed that the responses of the
individual donors were strikingly
consistent, making our results much more
generalizable than those obtained in
many previous studies that relied on cells
from a single human donor. Despite
these strengths, we recognize that our
work also has several limitations. First,
although growing primary airway epithelial
cells at the ALI accurately reproduces their
in vivo environment, the basement
membrane they synthesize is likely
incomplete when compared with the
basement membrane on which they reside
in vivo. Similarly, the mesenchymal cells
that would normally lie beneath this
basement membrane are absent. This was
also an advantage because we were able
to evaluate the responses attributed only to
the epithelium. In vitro proteomic studies
on ALI epithelial cultures, in which
basement-membrane-like and underlying
mesenchymal structures are present, are
now possible and will be pursued in the
future. Second, we did not perform a direct
validation of specific differentially
expressed proteins. However, we did
directly validate intracellular transcript
changes that correlated with changes in
proteins known or hypothesized to
modulate EGFR signaling. In addition,
several proteins we identified as elevated
(MMP9 and TIMP1) have also been
reported to be elevated in preclinical,
providing additional confidence in the
current results. Third, some of the observed
differentially expressed proteins could be an
indicator of cell injury rather than active
secretion, which could be consistent with
epithelial changes observed in our previous
in vitro (10) and in vivo (36) studies. The
presence of histone cluster proteins, which
are associated with ubiquitination and
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DDB, is consistent with this idea and with
previous reports showing that DA causes
changes in epithelial barrier function (37)
or ion transport (38), and that it can
form adducts with 2-deoxyguanosine (39)
that lead to cell death or epithelial apoptosis
(40). Finally, we recognize the limitations
of resolution inherent to proteomic
technology, and we acknowledge that
low-abundance proteins may be below the
limits of detection.

In summary, we have observed
polarized and highly regulated changes in

protein expression in response to DA vapor
exposure of human airway epithelial cells.
Importantly, the significant changes in
protein expression observed in the apical
and basolateral secretomes were reproduced
in all four independent human donors. In
response to DA, the secretome was enriched
for proteins that are associated with matrix
remodeling and regulate signaling through
the EGFR. Taken as a whole, these results
support the notion that the epithelium
may actively direct the fibroproliferative
response of the underlying mesenchyme and

may serve as a regulator of BO pathobiology.
The present results further suggest several
potential proteins and/or pathways that
could be targeted in future studies to further
understand disease pathobiology or to
intervene in early disease development. In
addition, our work provides several novel
protein targets that could be pursued as
potential biomarkers of DA exposure to
identify workers at higher risk for BO. W

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