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ABSTRACT

Organotypic 3D cultures of epithelial cells are grown at the air–liquid interface (ALI) and resemble the in vivo counterparts.
Although the complexity of in vivo cellular responses could be better manifested in coculture models in which additional
cell types such as fibroblasts were incorporated, the presence of another cell type could mask the response of the other.
This study reports the impact of whole cigarette smoke (CS) exposure on organotypic mono- and coculture models to
evaluate the relevancy of organotypic models for toxicological assessment of aerosols. Two organotypic bronchial models
were directly exposed to low and high concentrations of CS of the reference research cigarette 3R4F: monoculture of
bronchial epithelial cells without fibroblasts (BR) and coculture with fibroblasts (BRF) models. Adenylate kinase (AK)-based
cytotoxicity, cytochrome P450 (CYP) 1A1/1B1 activity, tissue histology, and concentrations of secreted mediators into the
basolateral media, as well as transcriptomes were evaluated following the CS exposure. The results demonstrated similar
impact of CS on the AK-based cytotoxicity, CYP1A1/1B1 activity, and tissue histology in both models. However, a greater
number of secreted mediators was identified in the basolateral media of the monoculture than in the coculture models.
Furthermore, annotation analysis and network-based systems biology analysis of the transcriptomic profiles indicated a
more prominent cellular stress and tissue damage following CS in the monoculture epithelium model without fibroblasts.
Finally, our results indicated that an in vivo smoking-induced xenobiotic metabolism response of bronchial epithelial cells
was better reflected from the in vitro CS-exposed coculture model.
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Airway epithelial cells are the first point of contact for inhaled
agents including cigarette smoke (CS) (Proud and Leigh, 2011).
They play a role in defense against airborne pathogens and pol-
lutants (Proud and Leigh, 2011). Growing concern about the tox-
icity of environmental pollutants has prompted research to
investigate mechanisms through which lung injury and repair

occur after exposure (BéruBé et al., 2009). In a clinical setting,
bronchial brush biopsy samples are frequently used to evaluate
changes in pulmonary cells to diagnose respiratory diseases in-
cluding cancers (NCI, 2014). In a laboratory setting, alternative
in vitro test systems have been developed to facilitate inhalation
toxicity studies—while minimizing the use of animals—and
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have become increasingly commercially available (eg, the
organotypic 3D airway tissue models EpiAirway (MatTek
Corporation, Ashland, Massachusetts) and MucilAir (Epithelix
Sàrl, Geneva, Switzerland)) (BéruBé et al., 2009).

In such organotypic culture systems, bronchial epithelial
cells are cultured at the air–liquid interface (ALI) and capable of
differentiating to form a pseudostratified cell layer containing
mucus-secreting goblet cells and ciliated columnar cells (BéruBé
et al., 2009). The ALI allows a direct administration of an aerosol
onto the apical surface, a situation resembling aerosols expo-
sure of the in vivo respiratory system (BéruBé et al., 2009).
Moreover, the epithelium is nourished by a culture medium
from the basolateral surface (BéruBé et al., 2009).

Various organotypic epithelium models are available, includ-
ing mono- and coculture models (Duell et al., 2011). Functionality
of epithelial cells can be influenced by their spatiotemporal con-
text such as interactions with neighboring cells and the environ-
ment (Fuchs and Watt, 2003). Growing epithelial cells on the top
of a fibroblast-seeded collagen layer (eg, in coculture models) in-
creases the differentiation and apoptosis of the basal cells, thus
improving the epithelium functionality (BéruBé et al., 2009;
Costea et al., 2003). In contrast, without fibroblasts (as in
monoculture models), the thickness of the epithelium relies on
the proliferation of epithelial cells (Costea et al., 2003).

Moreover, the contribution of fibroblasts to the epithelium
functionality can be attributed to the fibroblast-secreted media-
tors (Costea et al., 2003). Similarly, epithelial cells can also influ-
ence the epithelium functionality because they can secrete
cytokines and growth factors upon stimulation (Proud and
Leigh, 2011). For example, following infection of human rhinovi-
rus (HRV)—a major trigger of respiratory diseases—infected epi-
thelial cells secrete various mediators (eg, vascular endothelial
growth factor [VEGF], fibroblast growth factor, amphiregulin,
activin A, matrix metalloproteinase [MMP]-9, and tissue inhibi-
tor of metalloproteinase [TIMP]-1) (Proud and Leigh, 2011). Thus,
examining the specific epithelial-secreted mediators may in-
crease the understanding of the pro-inflammatory mechanisms
elicited by airway epithelial cells in response to insults (eg, envi-
ronmental airborne and CS exposures). However, the role of the
different cell types in the lung epithelia and underlying connec-
tive tissues, to secrete mediators has not been fully investi-
gated. In addition, CS exposure can alter the epithelial cell
responses by increasing the levels of HRV-induced interleukin
(IL)-8 and suppressing the levels of HRV-induced interferon c-
inducible protein (IP)-10 (Hudy et al., 2010). Because measuring
mediators in the basolateral media of organotypic epithelium
models can be easily done, this approach can be included dur-
ing the assessment of exposure impact. For example, cell-type
specific mediators can be identified by comparing the profiles of
secreted medators from various monoculture models that were
simultaneously exposed to a stimulus.

In this study, we report the whole CS exposure impact on 2
human organotypic bronchial epithelium models: a monocul-
ture model of bronchial epithelial cells (BR) and a coculture
model of bronchial epithelial cells and fibroblasts (BRF). We
evaluated the tissue responses to CS exposure using well known
in vitro functional assays, such as AK-based cytotoxicity and cy-
tochrome P450s (CYP) activity assays. We measured the CYP1A1
and CYP1B1 activity because they are reported to be the major
phase I xenobiotic enzymes induced by CS exposure (Anttila
et al., 2011; Port et al., 2004). Moreover, the tissue histology and
concentrations of mediators in the basolateral media following
CS exposure were analyzed and compared among the different
models. Finally, a more comprehensive evaluation of the CS

impact was conducted by leveraging the transcriptomics data
from the BR mono- and BRF coculture models. We identified the
underlying biological processes/mechanisms associated with
CS exposure using a gene annotation analysis and a network-
based systems biology approach. The latter approach utilizes our
published collections of hierarchically structured biological net-
work models (Gebel et al., 2013; Schlage et al., 2011; Westra et al.,
2011, 2013), which capture biological processes relevant to the
respiratory system, followed by a computation of the degree of
network perturbation (Martin et al., 2014). We hope that the study
could facilitate the decision making for selecting appropriate epi-
thelium models for toxicological assessment of aerosols.

MATERIALS AND METHODS

Organotypic tissue culture models. Two in vitro models were used
and simultaneously exposed to CS:

1. BR: Human organotypic ‘MucilAir’ consisting of a bronchial
epithelial cell monoculture;

2. BRF: Human organotypic ‘MucilAir-HF’ consisting of a bron-
chial epithelial cell and fibroblast coculture.

Both models were purchased from Epithelix Sàrl, Geneva,
Switzerland. They were cultured at the ALI in 24-well plates with
Transwell inserts (6.5-mm diameter, 0.4mm pore size, Cat No.
3413, Corning Incorporated, Tweksbury, Massachusetts). The
bronchial epithelial cells and fibroblasts, which were used to gen-
erate the models, were isolated from a healthy 63-year-old fe-
male nonsmoker donor who underwent surgical lobectomy. The
sample collection was conducted according to the declaration of
Helsinki on biomedical research and approved by the local ethics
commission. Undifferentiated epithelial cells were used to con-
struct the MucilAir models. The cells were cultured for 45 days
while undergoing differentiation. After 45 days of culture, the epi-
thelium forms fully ciliated columnar cells, secretes mucus, and
is responsive to proinflammatory stimuli. In the case of the cocul-
ture model, the fibroblasts were grown underneath the mem-
brane, thus submerged in the culture medium. The MucilAir
model, a commercially available, fully differentiated, and ready-
to-use human 3D airway epithelium models, composed of basal
cells, ciliated cells, and mucus producing goblet cells (Constant
et al., 2014). The proportion of the various cells resembles to what
is observed in vivo.

Upon arrival of the tissues in our lab, the MucilAir models
were �45 days old and maintained at 37�C in 0.7 ml MucilAir
culture medium with medium renewal every 48 h according to
the supplier’s instructions. Three days after arrival, the tissue cul-
tures were exposed to CS according to the experimental design.
Subsequent to the CS exposure, the tissue cultures were main-
tained in 0.7 ml MucilAir culture medium in 24-well plates for up
to 48 h without a medium change. During the study, the tissue cul-
tures were monitored under the microscope (eg, bacterial or fun-
gal contamination, general morphology, and detachment of cells).

Whole CS exposure. 3R4F was used as the reference cigarette,
which was obtained from the University of Kentucky (www.ca.
uky.edu/refcig). The cigarettes were conditioned for 7–21 days at
22 6 1�C with a relative humidity of 60 6 3% according to ISO
standard 3402 (International Organization for Standardization,
2010). For CS exposure experiments, 10 cigarettes were smoked
for 28 min to a standard butt length (�35 mm) using a 30-port
carousel smoking machine (SM2000; Philip Morris, Int.) for a
55-ml puff over 2 s, twice per min with an 8 s pump exhaust
time (according to Health Canada smoking regimen).
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Mono- and coculture tissue inserts were directly exposed to
CS for 28 min at the apical side in the climatic chamber of a
smoking machine (VITROCELL Systems GmbH, Waldkirch,
Germany) at 37�C. For each smoke run (SR), the tissue inserts
were exposed to the following concentrations of mainstream CS
generated from 3R4F (Fig. 1):

1. 15% CS diluted in filtered air (v/v);
2. 8% CS diluted in filtered air (v/v);
3. 0% CS diluted in filtered air (v/v) (air-exposed control).

Three to 6 independent SRs were conducted (N¼ 1 tissue
insert, per group and per SR, for each of the tissue models
simultaneously in the same row of the exposure base module).
The tissue inserts were maintained in an incubator at 37�C after
exposure until the tissues and/or basal media were collected for
the various endpoint measurements (Fig. 1).

Cytotoxicity assay. Cytotoxicity was assessed by measuring the
activity of AK using the basolateral medium of the tissues after
exposure. The AK activity was measured using the BioVision
Bioluminescence Cytotoxicity Assay kit (Cat. No. 312-500,
BioVision, Inc., Milpitas, California). Briefly, 50 ml basolateral
medium samples were transferred in to a well in a 96-well plate
and mixed with 50 ml Reagent Working Solution. After 5 min of
incubation, the luminescence signals were detected using a
luminometer. The positive control was the basolateral media
from tissue cultures treated with 1% Triton X-100 (Cat. No.
93443 Sigma-Aldrich, Buchs, Switzerland) for 24 h prior to the
sample collection. The negative control was the basolateral
media from untreated tissues.

Tissue histology
Tissue inserts were collected and processed for histological
analysis. The tissue inserts were washed in phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde for 1 h.
Subsequently, the tissue cultures were washed 3 times with
PBS. The fixed tissues were embedded in paraffin and used for

histology. Standard hematoxylin and eosin (H&E) and Alcian
blue staining procedures were conducted.

Measurement of CYP1A1/CYP1B1 activity. Combined activity of
CYP1A1/CYP1B1 was determined using the nonlytic P450-Glo
assay (Cat. No. V8752; Promega, Madison, Wisconsin) according
to the manufacturer’s recommendations. Briefly, the lumino-
genic CYP-Glo substrate (luciferin-60 chloroethyl ether), which
targets both CYP1A1 and CYP1B1, was added to the basolateral
medium 24 h prior to collection. Following the CYP reaction, a
luciferin product that generates light was detected in the
medium by addition of the Luciferin Detection Reagent. The
amount of the luciferin product was measured in the medium
using a luminometer. The positive control was media from
tissue inserts that were treated for 48 h with 30 nM 2,3,7,8-
tetrachlorodibenzo-p-dioxin (Sigma-Aldrich, St. Louis, Missouri)
in the basolateral medium. The negative control was media
from untreated tissue inserts.

Measurement of secreted mediators. Secreted mediators were
measured in the basolateral media of tissue models using a
Luminex-based technology (EMD Millipore Corp., Schwalbach,
Germany) and Milliplex panels detecting the following media-
tors: endothelial growth factor (EGF), eotaxin, granulocyte-col-
ony stimulating factor (GCSF), granulocyte macrophage-CSF,
growth regulated oncogene (GRO) a/b/c, IL-1a, IL1b, IL6, IL8, IL10,
IL13, interferon-c IP-10, monocyte chemoattractant protein
(MCP) 1, macrophage inflammatory protein (MIP)-3a, MMP-1,
MMP9, regulated on activation, normal T cell expressed and
secreted (RANTES), soluble intercellular molecule (sICAM)-1,
TIMP-1, tumor necrosis factor (TNF)-a, thymic stromal lympho-
poietin, and VEGF. Values that were below the detection limit
are reported as ‘< LLOD’.

A positive control test to assess the capacity of the tissues to
secrete various mediators (basal secretion and after stimula-
tion) was conducted in the following tissues after treatments
with PBS or a combination of TNFa and IL-1b (10 ng/ml each),
respectively: BR monoculture, BRF coculture, and human fibro-
blast culture alone. The treatments were added to the

FIG. 1. Experimental design. The concentration of CS 8 and 15% correspond to nicotine concentrations of approximately 0.28 and 0.56 mg/l, respectively, according to

analysis performed using the VITROCELL system (Majeed et al., 2014). The concentrations of nicotine in the smoke were determined by a gas chromatography-flame

ionization measurement after trapping the aerosol in an Extrelut 3NT column (Merck, Cat. No. 115095) connected to an individual exhaust in the Dilution/Distribution

System of the VITROCELL system. Abbreviations: AK, adenylate kinase; CS, cigarette smoke; CYP, cytochrome P450s.
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basolateral media of the cultures (N¼ 3 per tissue type) at 24 h
before the media were collected for measurements.

RNA isolation and microarray hybridization. The following samples
were collected and processed for RNA extraction (Fig. 1): (1) epi-
thelial cells from the BR monoculture; (2) epithelial cells and
fibroblasts from the BRF coculture; (3) bronchial epithelial cells
that were isolated/scraped from the exposed BRF co-culture
(henceforth, they will be referred to as scraped bronchial epithe-
lial samples [sBR]). Briefly, the tissue inserts were washed 3
times with ice-cold PBS and lysed using RLT lysis buffer con-
taining 1% b-mercaptoethanol (Cat. No. 79216; Qiagen, Venlo,
The Netherlands) and then stored at �80�C until further proc-
essing. Extraction and purification of the mRNAs and
microRNAs were performed using a RNA with RNeasy micro kit
(Qiagen, Cat. No. 74004) RNA with RNeasy micro kit (Cat. No.
74004 Qiagen). The concentration of the isolated RNAs was
measured by a NanoDrop ND1000 Spectrophotometer (Thermo
Scientific, Waltham, Massachusetts). RNA quality was verified
using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
California). The minimum RNA integrity number (RIN) was 6.3
(the average RIN in this study was 9.4). For mRNA analysis, 5 ng
total RNA was processed as described in the User Manual for
the Nugen Ovation Pico WTA System V2 (Nugen, Inc., The
Netherlands). GeneChip Human Genome U133 Plus 2.0 Arrays
were used for hybridization. Samples were randomized prior to
RNA extraction and microarray analysis.

Microarray data processing and analysis. Raw CEL files were proc-
essed for background correction, normalization, and summari-
zation by the frozen robust multiarray analysis algorithm
(McCall et al., 2010). Quality control (QC) for all chips was per-
formed using R packages from Bioconductor (affy, affyPLM)
(Bolstad et al., 2003; Brettschneider et al., 2008; Gautier et al.,
2004). The following plots and images were generated for QC
checks: log-intensities plot, normalized unscaled standard error
plot, relative log expression plot, polyA controls boxplot, RNA
degradation plot, spike-in controls boxplot, pseudo image, and
raw image. A total of 125 CEL files passed the QC process. The
gene expression data were submitted to ArrayExpress with the
following accession number: E-MTAB-3462. For each postexpo-
sure time point, 6 biological replicates per CS concentration of
the 3 different samples (ie, BR monoculture, BRF coculture, and
sBR cells) were available.

To identify probe sets that were modulated after CS expo-
sure, a linear model was used in Equation (1).

Expression ¼ b 0 þ b 1 �DTPþ
X6

k¼2
b k � SRk þ e ; (1)

For every dose/type of sample/postexposure time point
(DTP), we fitted a model to the samples in the DTP group and
the corresponding air-exposed group. The SR was considered as
a covariate. The coefficient b 1 is equivalent to a paired pair-
wise comparison, DTP and Sham (DTP). The doses did not fit in
a single model because we expected a strong heteroscedasticity
between the dose and postexposure variables. The coefficient b

representing the effects of interest described above was esti-
mated using the Limma R package (Smyth, 2004).

Functional annotation analysis of differentially expressed genes. To
detect significantly enriched KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathways, we used the Database for
Annotation, Visualization and Integrated Discovery (DAVID)

analysis (Huang et al., 2009) version 6.7 (http://david.abcc.
ncifcrf.gov). Differentially expressed genes (DEGs) below a false
discovery rate (FDR) of <0.01 were uploaded to DAVID. This FDR
cut-off was chosen to ensure equal thresholds for each of the
contrasts for the annotation analysis in DAVID (limited to 3000
genes). Enrichment was determined at DAVID-calculated
p-values of < .05. The KEGG pathways categorized under the
‘human diseases’ category were excluded.

Calculation of the exposure impact on biological processes using a net-
work-based systems biology approach. Transcriptomic data were
analyzed in the context of hierarchically structured network
models describing the molecular mechanisms underlying
essential biological processes in nondiseased lung cells (Hoeng
et al., 2012). Table 1 lists all of the network models and their sub-
networks that were applied for the analysis.

The effects of exposure were quantified by scoring the impact
on each subnetwork (referred to as ‘network perturbation ampli-
tude’ [NPA]) (Martin et al., 2014). NPA aims to reduce the high-
dimensional transcriptomics data by combining the gene expres-
sion log2-fold changes into fewer differential backbone values
(between a few dozen and 200). By definition of the 2-layer struc-
ture, no measurements corresponding to nodes in the functional
layer are available. The differential backbone values are therefore
determined by a fitting procedure that infers values that best sat-
isfy the directional and signed relationships contained in the
backbone model, while being constrained by the experimental
data (the gene log2-fold changes). Once the perturbation is quan-
tified, 3 statistics, the confidence intervals, ‘O’ statistic, and ‘K’
statistic, are computed to assess the significance of the NPA with
respect to the experimental error and its specificity to the given
2-layer subnetwork structure. The confidence intervals test
whether the current NPA score is significantly more than 0 at a
5% type I error. The ‘O’ statistic tests whether the current NPA
score is larger than the 95th percentile of the estimated probabil-
ity density function (PDF) of random NPA scores based on 500
random permutations of downstream genes. The ‘K’ statistic
tests whether the current NPA score is larger than the 95th per-
centile of the estimated PDF of random NPA scores based on 500
random permutations of edges of the backbone subnetwork
(function layer). A network score can be significant without all of
its subnetworks being significant. Finally, the network is consid-
ered to be specifically perturbed (*) if both ‘O’ and ‘K’ statistics are
significant (p< .05) (Martin et al., 2014).

Comparability of in vivo/in vitro responses to CS exposure. To deter-
mine correlations between the effects of CS exposure in vitro
and the effects of smoking in vivo, the network perturbation
scores of the Xenobiotic Metabolism Response network
(Iskandar et al., 2013) generated from the in vitro datasets (CS-
exposed vs air-exposed organotypic tissues) were compared
with those generated from publicly available in vivo datasets
(smokers vs nonsmokers in large airway brushing samples):
GGSE7895 (Beane et al., 2007); GSE160058 (Zhang et al., 2010); and
GSE14633 (Schembri et al., 2009).

RESULTS

Cytotoxicity Following CS Exposure
Cytotoxicity of the tissue models after CS exposure was
assessed at 4-h and 48-h postexposure. At 4-h postexposure,
the levels of AK activity of the CS-exposed BR monoculture were
not significantly different from those of the CS-exposed BRF
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coculture (Fig. 2A), despite a slight increase of AK in the 15%
CS-exposed BRF. However, at 48-h postexposure, a significant
concentration-dependent increase of AK activity levels was
observed in both models (p< .05, Fig. 2A). Overall, CS induced
similar cytotoxicity in both models and the cytotoxicity was
increasing with the duration of postexposure (Fig. 2A).

CYP1A1/1B1 Activity Following CS Exposure
The xenobiotic metabolizing enzymes CYP1A1 and CYP1B1 are
involved in the metabolism of tobacco smoke constituents,
(Anttila et al., 2011; Port et al., 2004). The CYPs-mediated reac-
tions contribute to the generation of toxic metabolites, which
can bind to DNA thereby forming DNA adducts (Anttila et al.,

Table 1. List of networks used for computation of network perturbation

No Network Subnetwork References

1 Cell proliferation Calcium (Schlage et al., 2011;
Thomson et al., 2013)

2 Cell proliferation Cell cycle
3 Cell proliferation Cell interaction
4 Cell proliferation Clock
5 Cell proliferation Epigenetics
6 Cell proliferation Growth factor
7 Cell proliferation Hedgehog
8 Cell proliferation Jak Stat
9 Cell proliferation MAPK
10 Cell proliferation Notch
11 Cell proliferation Nuclear receptors
12 Cell proliferation PGE2
13 Cell proliferation Wnt

14 Cell stress Xenobiotic metabolism response (Schlage et al., 2011)
15 Cell stress Endoplasmic reticulum stress
16 Cell stress Hypoxic stress
17 Cell stress NFE2L2 signaling
18 Cell stress Osmotic stress
19 Cell stress Oxidative stress

20 Inflammatory process Mucus hypersecretion (Westra et al., 2013)
21 Inflammatory process Epithelial cell barrier defense
22 Inflammatory process Epithelial proinflammatory signaling
23 Inflammatory process Tissue damage

24 Apoptosis Caspase cascade (Gebel et al., 2013)
25 Apoptosis ER stress-induced apoptosis
26 Apoptosis MAPK signaling
27 Apoptosis NFjB signaling
28 Apoptosis PKC signaling
29 Apoptosis Prosurvival mitochondrial signaling
30 Apoptosis TNFR1
31 DNA damage Components affecting TP53 activity
32 DNA damage Components affecting TP73 activity
33 DNA damage Components affecting TP63 Activity
34 DNA damage DNA Damage to G1
35 DNA damage DNA Damage to G2
36 DNA damage Double strand break response
37 DNA damage Inhibition of DNA Repair
38 DNA damage TP53 TS
39 Necroptosis Fas activation
40 Autophagy ATG Induction of Autophagy
41 Autophagy mTOR signaling
42 Senescence Oncogene induced senescence
43 Senescence Regulation by tumor suppressors
44 Senescence Replicative senescence
45 Senescence Stress-induced premature senescence
46 Senescence Transcriptional regulation of SASP
45 Senescence Stress induced premature senescence
46 Senescence Transcriptional regulation of SASP

Abbreviations: ATG, anti-thymocyte globulin; ER, endoplasmic reticulum; MAPK, mitogen-activated protein kinase;

mTOR, mammalian target of rapamycin; NFE2L2, nuclear factor (erythroid-derived 2)-like 2; NFjB, nuclear factor kappa-

light-chain-enhancer of activated B-cells; SASP, senescence-associated secretory phenotype; TNFR1, tumor necrosis fac-

tor receptor 1; TP53 TS, tumor protein 53 transcriptional signature.
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FIG. 2. Impact of CS exposure on cytotoxicity, CYP1A1/1B1 activity, and tissue morphology. A, cytotoxicity-based AK activity was assessed in the BR monoculture and

BRF coculture at 4 h and 48 h after CS exposure (N¼6 independent SRs, one insert/tissue type for each run). *p< .05 as compared with the air-exposed. B, Combined

activity of CYP1A1/CYP1B1 was measured at 48 h after CS exposure (N¼ 6 independent SRs, one insert/tissue type for each run). *p< .05 as compared with the air-

exposed. C, H&E-stained tissue sections observed at 48 h after CS exposure (N¼3, 100�magnification). Insets show ciliated columnar epithelial cells (C), basal cells

(black arrow), and the membrane (M). D, Thickness of the epithelium in the BR monoculture and BRF coculture at 48 h after exposure (N¼ 3, each data point represents

an average of 5 measurements from one H&E-stained tissue cross-section). E, Thickness of the fibroblast layer in the BRF coculture at 48 h after exposure (N¼3, each

data point represents an average of 5 measurements from one H&E-stained tissue cross-section). Abbreviations: BR, bronchial epithelial cell monoculture; BRF, bron-

chial epithelial cells cocultured with fibroblasts, PE, postexposure.
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2011; Port et al., 2004). Therefore, we measured the activity of
CYP1A1 and CYP1B1 in the tissues following CS exposure.

The activity of CYP1A1 and CYP1B1 (combined) was assessed
48-h postexposure to CS. Increased levels of CYP1A1/CYP1B1
activity were observed in 8% CS-exposed tissues but not in the
15% CS-exposed tissues compared with their respective air-
exposed controls (Fig. 2B). The CS-induced activities of CYP1A1/
CYP1B1 in the BR monoculture were not significantly different
from those in the BR monoculture (Fig. 2B).

Tissue Histology Following CS Exposure
Histological assessment was performed on tissues 48-h postexpo-
sure. A reduced thickness of the epithelial cell layer and decreased
occurrence of columnar ciliated cells were similarly observed in
CS-exposed BR monoculture and BRF coculture (Fig. 2C). The
reduced epithelium thickness was more pronounced in the tissue
inserts exposed to 15% CS than those exposed to 8% CS (Fig. 2D).
Similarly, the fibroblast layer of the BRF coculture was consider-
ably thinner following 15% CS exposure (Fig. 2C and 2E). Overall,
comparable changes were observed in both models.

Effects of CS on the Secretion of Various Mediators
To determine the effects of CS on the secretion of various medi-
ators, the concentrations of cytokines, chemokines, and growth

factors were measured in the basolateral media of the tissue
models 48-h after exposure. Initially, the capacity of the tissue
models to secrete mediators was examined by treating the tis-
sue inserts with a combination of known proinflammatory
stimuli (TNFaþ IL1b for 24 h) (as a positive control, data not
shown). Here, we first report the basal capacity of the different
cell types (ie, bronchial epithelial cells and fibroblasts, alone or
combined) to secrete mediators. Following a treatment with PBS
for 24 h (negative control), the concentration of various media-
tors was measured in the basolateral media (Fig. 3). Among the
tissue models, higher concentrations of GCSF, IL6, eotaxin,
VEGFA, sICAM1, IL8, GROa/b/c, MCP1, and TIMP1 were found in
the basolateral medium of the BRF coculture (Fig. 3). Moreover,
MMP1, MCP1, and TIMP1 were predominantly observed in the
media of the BRF coculture and fibroblast monoculture, but not
in the BR monoculture (Fig. 3). Finally, MMP9 was detectable pri-
marity in the BR monoculture (Fig. 3). These findings were simi-
lar to those in the tissues exposed to fresh air at the ALI
(Supplementary Figure S1).

Furthermore, the impact of CS on the secretion of mediators
was determined 48-h postexposure. Compared with the air-
exposed tissues, more mediators were altered following CS
exposure in the BR monoculture than in the BRF coculture
(orange and blue indicate fold increase and fold decrease,

FIG. 3. Secreted mediators in the basolateral medium of PBS-treated tissues. Measurements were conducted in the basolateral media of the BR monoculture, BRF cocul-

ture, and fibroblast culture after PBS treatment for 48 h (N¼3 per tissue type).
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respectively, as compared with the air-exposed samples, Fig. 4).
In addition, a higher concentration dependent response of CS
exposure on MCP1, sICAM1, IL8, GCSF, EGF, GROa/b/c, TIMP1,
and MIP3a was found in the BR monoculture as compared with
BRF co-culture (indicated with ‘†’, p< .05, Fig. 4). Whereas, for
MMP1 and RANTES, a higher concentration dependent response
of CS exposure was found in the BRF co-culture as compared to
BR mono-culture (indicated with ‘‡’, p< .05, Fig. 4).

Impact of CS on the Transcriptomes of Monoculture and
Coculture Models
Canonical pathway annotation. In addition to the gene expression
data from the BR monoculture and BRF coculture, data were
also obtained from sBR samples (ie, bronchial epithelial cells
that were isolated/scraped from the exposed BRF coculture and
referred to as scraped bronchial epithelial samples (sBR), as
described in Materials and methods). Biological interpretation
of the gene expression data was done using DAVID annotation
tool (Huang et al., 2009) from the DEGs (FDR of� 0.01). We found

more pathways annotated from the gene expression changes at
the 48-h postexposure time point.

Figure 5 showed that at the 48-h postexposure time point,
8% CS exposure impacted ‘tryptophan metabolism’, ‘steroid
hormone biosynthesis’, and ‘metabolism of xenobiotic by CYP’,
all of which were linked to only 2 genes (CYP1A1 and CYP1B1)
(Supplementary Table S1). Furthermore, for the higher concen-
tration of CS (15%), more pathway annotations were identified,
revealing alterations in stress-related metabolism (‘metabolism
of xenobiotics by CYP’, ‘tryptophan metabolism’, and ‘drug
metabolism’), and inflammatory responses (‘complement and
coagulation cascade’, ‘chemokine signaling pathway’, ‘cytokine-
cytokine receptor interaction’, and ‘natural killer cell-mediated
cytotoxicity’), as well as various signaling pathways.

Biological network approach. A more comprehensive analysis of
the tissue responses among the various sample types following
CS exposure was conducted using a threshold-free, network-
based systems biology approach. The network-based analysis

FIG. 4. Fold changes of the secreted mediators in basolateral media following CS exposure. Values indicate the fold changes as compared with the air-exposed controls

for a given tissue model. Measurements were conducted in the media of the BR monoculture and BRF coculture at 48 h after CS exposure (N¼ 6 independent SRs, one

insert/tissue type for each run). Abbreviations: BR, bronchial epithelial cell monoculture; BRF, bronchial epithelial cells cocultured with fibroblasts; LLOD, lower limit of

detection.
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leverages the transcriptomics data to computationally infer the
biological processes perturbed following CS exposure. The
approach employs our published collection of hierarchically
structured network models that are specific to the respiratory
and cardiovascular system and capture biological processes and
mechanisms (specified as subnetworks), such as Cell
Proliferation (Schlage et al., 2011), Cell tress (Schlage et al., 2011),
DNA Damage, Autophagy, Cell Death, and Senescence (Gebel
et al., 2013), and Pulmonary Inflammation Processes (Gebel et al.,
2013) networks. These biological network models were

constructed from cause-and-effect relationships among biologi-
cal entities derived from published literature within specific
boundaries, ie, within the context of nondiseased mammalian
pulmonary tissue. Because the hierarchical network models
capture mechanisms at the levels of biological processes, path-
ways, and specific molecular entities, the network models have
been useful to evaluate mechanisms/pathways affected by CS
exposure (Gebel et al., 2013; Hoeng et al., 2012). Using the net-
work models and systems biology approach (Martin et al., 2014),
we assessed the impact of CS exposure (ie, perturbation of the

FIG. 5. Pathway annotations associated with CS exposure. The DEGs of the CS-exposed versus air-exposed samples at a FDR of�0.01 were uploaded to DAVID.

Canonical pathway of the KEGG database was annotated in the datasets using the DAVID annotation tool at a p-value of< .05. The KEGG pathways that were catego-

rized under the ‘human diseases’ category were excluded. The different colors designate the p-value annotations. Abbreviations: BR, bronchial epithelial cell monocul-

ture; BRF, bronchial epithelial cell and fibroblast coculture; sBR, isolated/scraped bronchial epithelial cells from the coculture; DEG, differentially expressed genes;

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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networks) using a set of networks that are relevant to bronchial
tissue (Table 1), as used in a previous publication (Talikka et al.,
2014).

The network-based analysis showed that the tissues
exposed to the lower concentration of CS (8%) were impacted at
a greater degree at the earlier postexposure time point (4 h)
than at 48 h (Fig. 6). Among the various sample types, a greater
impact on the BR monoculture was observed most notably in
the following networks: Autophagy, Apoptosis, and Cell Stress
networks. Nonetheless, at the 48-h postexposure time point, a
predominant impact was observed for the DNA Damage net-
work in the BR monoculture.

Following the higher concentration of CS exposure (15%), the
BR monoculture and BRF coculture were impacted at a similar
degree in the majority of the networks at 4 h time point after
exposure, whereas sBR sample were minimally impacted, with
the exception of Autophagy network (Fig. 6). Moreover, at the
later postexposure time point (48 h), the networks were strongly
perturbed in all samples. The degree of impact on the
Senescence and Cell Proliferation networks was higher in the
BRF as compared to the BR monocultures. In contrast, a stronger
impact on the Inflammatory Process and Cell Stress networks
was observed in the BR monoculture than in the BRF

Comparison of in vitro Versus in vivo Bronchial Epithelial
Signatures of Exposure to CS
Activation of xenobiotic metabolism could indicate tissue
responses to foreign compounds, including CS exposure
(Courcot et al., 2012). Using the published Xenobiotic
Metabolism Response network model (Iskandar et al., 2013), we
compared the in vitro tissue response following CS exposure to
that of the in vivo after smoking conventional cigarettes. The
in vivo tissue response to smoking was probed from transcrip-
tomics data of the bronchial epithelial cells obtained from
smoker and nonsmoker volunteers by brushing (from 3 public
datasets GSE14633, GSE16008, and GSE7895). The in vitro tissue
response to CS was probed from the transcriptomics data of the
organotypic models. The backbone-node value of the
Xenobiotic Metabolism Response network model, a computable
value derived using backward reasoning from the altered tran-
script levels (exposed vs nonexposed) of a set of gene (Martin
et al., 2014), would indicate smoking-induced perturbation/
impact of a specific entity that makes up the xenobiotic
metabolism.

The in vitro CS exposure-induced modulation of the back-
bone-node values (from the BRF, BR, and sBR samples) were cor-
related to those of the in vivo samples (Fig. 7). The correlation
plots illustrates that the in vitro xenobiotic responses following
exposure of 8% CS (at 48-h postexposure) to the BRF coculture
and sBR cells were more comparable with the in vivo situation of
apparently healthy smokers (R2¼ 0.59–0.67). The same out-
comes were observed consistently when the in vitro data were
compared with the 3 different in vivo datasets.

DISCUSSION

Here, we demonstrated the impact of whole mainstream CS
exposure on 2 bronchial organotypic models: BR monoculture
and BRF coculture. We aim to advance the understanding of the
models for toxicological assessment of aerosols. The impact of 2
doses of CS exposure on various endpoints was investigated not
only using well-known toxicity assays but also a systems biol-
ogy approach.

Xenobiotic Metabolism Response Following CS-Induced
Cellular Stress
Our results demonstrated that 8% CS exposure led to cellular
stress; the network-based analysis showed that this concentra-
tion of CS was linked to a significant impact on many of the sub-
networks within the Cell Stress network. The impact was more
pronounced at the earlier time point after exposure (4 h) than at
the later time (48 h), suggesting that the tissues were progres-
sively recovering from stress. Independent of the postexposure
time points, the degree of impact on the Cell Stress network
was more pronounced in the BR monoculture as compared with
the BRF coculture or sBR samples, suggesting that fibroblasts
suppressed the CS-induced stress. One possible explanation
could be the differing antioxidant capacities between epithelial
cells and fibroblasts, as reported before (Kartvelishvili et al.,
2004).

Moreover, the stress response of the tissue following 8% CS
exposure can be linked to the activation of xenobiotic metabo-
lism. This finding was supported by our CYP activity assay,
pathway annotation analysis, and network-based systems biol-
ogy analysis. First, we observed increased enzymatic activity of
the major phase I xenobiotic metabolizing enzymes CYP1A1/
CYP1B1 48 h after 8% CS exposure in both models. Second, from
the pathway annotations, we found that the DEGs (8% CS-
exposed vs air-exposed tissues at 48-h postexposure) were sig-
nificantly linked to the following pathways: ‘tryptophan metab-
olism’, ‘steroid hormone biosynthesis’, and ‘metabolism of
xenobiotics by CYP’. Regardless of the annotation names
(according to the KEGG database), these annotations were
linked to the upregulation of CYP1A1 and CYP1B1 genes
(Supplementary Table S1). Third, we observed higher correla-
tion coefficients for xenobiotic response for the comparison
between the 8% CS-exposed models and the bronchial brushing
of smokers, than for the comparison to the 15% CS-exposed
models (ie, the R2 in the context of Xenobiotic Metabolism
Response network model, see Fig. 7). The relationship between
xenobiotic metabolism activation and tissue stress response
can be further supported by other studies, in which CS toxicants
(eg, polycyclic aromatic hydrocarbons, nitrosamines) bind and
activate the transcription factor aromatic hydrocarbon receptor,
leading to the transcription of CYP1A1 and CYP1B1 genes (Cheng
et al., 2012; Zhang et al., 2006). This tissue stress response may
further point to the attempt to restore tissue homeostasis fol-
lowing 8% CS exposure.

In the context of Xenobiotic Metabolism Response network
model, high correlation coefficients were generally observed
when the in vivo bronchial brushing samples (smokes vs non-
smokers) were compared to the in vitro BRF coculture or sBR (8%
CS-exposed vs air-exposed) (R2¼ 0.59–0.67). However, the corre-
lation coefficients were reduced when the in vivo brushing sam-
ples were compared to the BR monoculture (R2¼ 0.43–0.45) at
the 48-h postexposure time. This observation can be explained
by the feature of the in vivo bronchial brushing samples, which
we thought to be more comparable to the isolated epithelial
cells from the in vitro coculture. During the in vitro CS exposure
experiment, the isolated epithelial cells (sBR samples) were a
part of the intact in vitro BRF coculture model, which then sepa-
rately isolated for the transcription analysis. Similarly, in reality
during smoking situation, the brushed epithelial cells were part
of the intact smoker’s bronchial epithelial tissue in which epi-
thelial—fibroblasts interaction occurs. A previous study has
reported that a brushing procedure collects mostly the epithe-
lial cells (�90% of the collected samples) (Spira et al., 2007).
Thus, our results support that the presence of fibroblasts may
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FIG. 6. Impact of CS on various biological processes analyzed using a network-based systems biology approach analyzed at 4 and 48-h postexposure. The network is

considered to be specifically perturbed (*) if both ‘O’ and ‘K’ statistics are significant (p< .05) and confidence interval is more than 0 (Martin et al., 2014). Abbreviations:

ATG, antithymocyte globulin; BR, bronchial epithelial cell monoculture; BRF, bronchial epithelial cell and fibroblast co-culture; MAPK, mitogen activated protein kinase;

mTOR, mammalian target of rapamycin; NFE2L2, nuclear factor (erythroid-derived 2)-like 2; NFjB, nuclear factor kappa-light-chain-enhancer of activated B-cells; PGE2,

prostaglandin E2; SASP, senescence-associated secretory phenotype; sBR, isolated/scraped bronchial epithelial cells from the co-culture; TP53 TS, tumor protein 53

transcriptional signature.
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induce a more robust xenobiotic metabolism response.
Furthermore, we obtained higher correlation coefficients of the
Xenobiotic Metabolism Network response when the in vivo
brushing samples were compared to the in vitro coculture sam-
ples collected at 48-h postexposure time point, than to those
collected at the 4 h time point. This could be attributed to the
standard practice of bronchial brushing procedure, for which
smokers need to refrain from smoking at least 24 h before
undergoing the procedure (American Thoracic Society, 2004).

Tissue Response Against CS-Induced Tissue Damage
The results suggest that tissue damage occurred following the
exposure of the higher dose of CS (15%). Several factors support
this conclusion. First, gross histology examination of the tissues
48 h after CS exposure demonstrated alteration of the tissue
morphology in both BR monoculture and BRF coculture. The
thickness of the epithelial layer and height of the columnar cells
were reduced. Additionally, fewer ciliated cells were observed in
the 15% CS-exposed tissues as compared with the air-exposed
tissues. These changes were analogous to those observed in the
respiratory tissue of asthmatic patients (Persson et al., 1996;

Shebani et al., 2005) and also in a recent in vitro study using
human bronchial epithelial cells exposed to CS extract
(Schamberger et al., 2015). Second, the increased AK activity in
the 15% CS-exposed tissues suggests a disruption of the epithe-
lial integrity. An increase of AK activity may signify cell death or
damage of the cellular membrane (Jacobs et al., 2013).

Furthermore, the changes in the transcriptome profiles fol-
lowing 15% CS exposure were linked to tissue damage. The
KEGG pathway ‘apoptosis’ was significantly annotated in the
DEGs generated from the BR monoculture and BRF coculture
48-h postexposure to 15% CS (as compared with their respective
air-exposed controls). Moreover, the network-based analysis
demonstrated a significant impact of 15% CS exposure on the
Tissue Damage subnetwork (one of the subnetwork within the
Inflammatory Process network) at 48-h postexposure. Finally,
Necroptosis, DNA Damage, and Apoptosis networks were also
impacted, all of which reflect various modes of cell death.

A more comprehensive evaluation using the network-based
systems biology analysis showed that the impact of 15% CS on
the Tissue Damage subnetwork of the BRF coculture was the
smallest than the other samples. This suggests that the

FIG. 7. Correlations between the network backbone values of the nodes in the Xenobiotic Metabolism Response network. The table shows the R2 values of the different

correlations. The correlation plots are representative plots between the in vivo-derived backbone-node values (Zhang et al. GSE16008, y-axis) and the in vitro-derived

backbone node values (x-axis). Abbreviations: BR, bronchial epithelial cell monoculture; BRF, bronchial epithelial cell and fibroblast coculture; sBR, isolated/scraped

bronchial epithelial cells from the coculture.
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presence of fibroblasts may suppress the CS-induced epithelium
damage. The degree of the CS-induced secretion of MCP1 levels
can further support this argument. A previous study reported
that injured bronchial epithelial cells release MCP1 (Lundien et al.,
2002). Here, we found higher levels of MCP1 in the CS-exposed BR
monoculture without fibroblast, suggesting that the presence of
fibroblasts may suppress the epithelial cells injury.

The ability of fibroblast to minimize the epithelium damage
may also be attributed to their capacity to become senescent.
The levels of MMP1, which has been linked to senescent fibro-
blast (Cho et al., 2014; Dasgupta et al., 2010), were higher in the
basolateral media of the BRF coculture than the BR monocul-
ture. Furthermore, our network-based analysis showed that
greater score of the Senescence NPA was observed in the BRF
coculture than in the BR monoculture. Moreover, senescent
fibroblasts can stimulate the proliferation of their surrounding
cells (Bavik et al., 2006; Dean and Nelson, 2008; Eyman et al.,
2009; Liu and Hornsby, 2007). Consistent with this notion, the
perturbation amplitude scores of the various Cell Proliferation
subnetworks were generally smaller in the BR monoculture
without fibroblast, as compared with those in the BRF coculture
and sBR (ie, the isolated epithelial cells from the BRF coculture).
This observation may further suggest that cellular repair was
taking place (Rodier and Campisi, 2011). Overall, the data sug-
gested that fibroblasts contribute to the endurance of the epi-
thelial cells following insults.

Secretion of Mediators
Because the fibroblasts were cultured underneath the mem-
brane (submerged in the basolateral medium), the culture of
fibroblast alone was not exposed to aerosols (CS or fresh air).
However, by measuring secreted mediators in the tissues
treated with PBS or exposed to fresh air, we could evaluate the
basal capacity of the different cell types to secrete mediators. In
the basolateral media of the PBS-treated cultures, the levels of
MMP1, MCP1, and TIMP1 were detected in both BRF coculture
and fibroblast culture, suggesting that the fibroblasts regulate
the secretion of these mediators. A previous study has reported
that fibroblasts secrete a higher level of MMP1 compared with
other lung cell types (O’Kane et al., 2010) and also secrete TIMP1
(Gueders et al., 2006). In contrast, GMCSF and IP10 were only
detected in the BRF coculture and BR monoculture, implying
that their secretions were likely to have originated from the epi-
thelial cells, whereas the contribution of fibroblasts was minis-
cule. Secretions of GMCSF and IP10 from airway epithelial cells
have been reported before (Cox et al., 1992; Kelsen et al., 2004).
This observation also excluded the argument that coculturing
with fibroblast underneath the membrane may hamper the
secretion of mediators to the basolateral media. Moreover,
MMP9 could only be detected in the media of the BR monocul-
ture, suggesting that its basal secretion may be regulated (inhib-
ited) by coculturing with fibroblasts.

CONCLUSION AND OUTLOOK

Based on the AK-based toxicity assays, CYP activity assays, and
histological evaluation, this study demonstrated that the
impact of CS exposure in the 2 culture models were closely
analogous. However, based on the transcriptomics data and
systems biology approach, a more detailed molecular investiga-
tion showed that coculturing with fibroblasts contributed to a
stronger tissue capacity to defend against CS-induced cellular
stress and damage. One of the limitations of the study comes
from our inability to obtain satisfactory RNA from the isolated

fibroblast only (from the BRF coculture) that hinders the confir-
mation of the fibroblast-specific mechanisms. Although various
techniques of obtaining fibroblast samples were tested, the par-
ticularly thin layer of the fibroblasts was challenging for the iso-
lation of satisfactory RNA and the subsequent generation of the
transcriptomic data. Ultimately, we could only obtain a small
number of transcriptomic samples (experimental replicates)
from the scraped fibroblast group. Thus, an accurate and mean-
ingful biological interpretation could not be derived. Future
study may consider using a larger insert size or increasing the
number of replicate per group to overcome these challenges.

Nevertheless, our results demonstrated the manifestation of
cell–cell crosstalk within the MucilAir models, ie, cell–cell com-
munication via the secretion of inflammatory cytokines, che-
mokines, and growth factors. As we have eluded earlier, this
phenomenon may reflect an early repair process and airway
remodeling following 15% CS exposure. However, we acknowl-
edge that the later manifestations of airway remodeling, such
as cell spreading and migration (Crosby and Waters, 2010) could
not be demonstrated in this study. One possible explanation
could be related to the material of the insert that is not optimal
for studying migration of cells. The MucilAir cultures used in
this study were constructed using a corning Transwell polycar-
bonate membrane-insert that has pores with a relatively small
size (0.4 mm), which is suitable for small molecule transport and
permeability studies but inappropriate for cell invasion and
transepithelial migration studies (Corning, 2013). Moreover,
because epithelial mesenchymal transition (EMT) contributes to
airway remodeling and participates in tissue repair (Crosby and
Water, 2010), we compared the gene expression levels of emi-
nent EMT-related markers (Kalluri and Weinberg, 2009) among
the samples following exposure (Supplementary Figure S2). Our
assessment illustrated no observable difference of the EMT-
related markers among the different samples (Supplementary
Figure S2), suggesting that the tissue models—within the con-
text of the current study design—cannot sufficiently display
mesenchymal remodeling. Because cell spreading and migra-
tion may take several weeks (Crosby and Water, 2010), future
studies could consider monitoring the tissues for extended peri-
ods after exposure to better explore tissue remodeling. Finally, a
more complex culture system that integrates additional cell
types (eg, immune cells) and extracellular matrix (eg, collagen,
fibronectin, and laminin) may offer a better recapitulation of
the in vivo airway tissue to study tissue remodeling and EMT-
related processes.

Despite the limitations of the tissue models used in this
study, our results further highlight that the use of a particular
tissue model should be aligned with the primary research
hypothesis. For example, based on the network-based analysis,
we found that the in vivo xenobiotic metabolism response
against cellular stress was better assessed in vitro using a cocul-
ture model. Moreover, the contribution of fibroblasts to tissue
repair (eg, senescence and proliferation) seemed to be better
reflected in coculture models. On the other hand, the impact of
exposures on a specific cell type could be more straightfor-
wardly identified from the monoculture models. Nevertheless,
the functional endpoints, such as cytotoxicity, CYP activity, and
histological changes following CS exposure were less influenced
by the cell-type compositions.
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