
Asthmatic airway epithelial cells differentially regulate
fibroblast expression of extracellular matrix components
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Background: Airway remodeling might explain lung function
decline among asthmatic children. Extracellular matrix (ECM)
deposition by human lung fibroblasts (HLFs) is implicated in
airway remodeling. Airway epithelial cell (AEC) signaling
might regulate HLF ECM expression.
Objectives: We sought to determine whether AECs from
asthmatic children differentially regulate HLF expression of
ECM constituents.
Methods: Primary AECs were obtained from well-
characterized atopic asthmatic (n 5 10) and healthy (n 5 10)
children intubated during anesthesia for an elective surgical
procedure. AECs were differentiated at an air-liquid interface
for 3 weeks and then cocultured with HLFs from a healthy child
for 96 hours. Collagen I (COL1A1), collagen III (COL3A1),
hyaluronan synthase (HAS) 2, and fibronectin expression by
HLFs and prostaglandin E2 synthase (PGE2S) expression by
AECs were assessed by using RT-PCR. TGF-b1 and TGF-b2
concentrations in media were measured by using ELISA.
Results: COL1A1 and COL3A1 expression by HLFs cocultured
with AECs from asthmatic patients was greater than that by
HLFs cocultured with AECs from healthy subjects (2.2-fold,
P < .02; 10.8-fold, P < .02). HAS2 expression by HLFs cocultured
with AECs from asthmatic patients was 2.5-fold higher than
that by HLFs cocultured with AECs from healthy subjects
(P < .002). Fibronectin expression by HLFs cocultured with
AECs from asthmatic patients was significantly greater than
that by HLFs alone. TGF-b2 activity was increased in
cocultures of HLFs with AECs from asthmatic patients (P < .05),
whereas PGES2 was downregulated in AEC-HLF cocultures
(2.2-fold, P < .006).
Conclusions: HLFs cocultured with AECs from asthmatic
patients showed differential expression of the ECM constituents
COL1A1 and COL3A1 and HAS2 compared with HLFs
From athe Division of Pulmonary Medicine, Seattle Children’s Hospital, University of

Washington, Seattle; bthe Center for Immunity and Immunotherapies, Seattle Chil-

dren’s Research Institute; and cthe Benaroya Research Institute, Seattle.

Supported by the Firland Foundation 201208 (PI: S.R.R.); American Lung Association

Senior Research Training Fellowship RT-268263-N (PI: S.R.R.); NIH R01AI068731

(PI: S.F.Z.); NIH PO1 HL098067 (PI: S.F.Z., Subproject T.N.W.).

Disclosure of potential conflict of interest: S. R. Reeves, T. Kolstad, T.-Y. Lien,M. Elliott,

and J. S. Debley have received research support from the National Institutes of Health,

the American Lung Association, and the Firland Foundation. S. F. Ziegler has received

research support from the National Institutes of Health, the American Lung Associa-

tion, and the Firland Foundation and has received payment for lectures from the Amer-

ican Academy of Allergy, Asthma & Immunology. T. Wight has received research

support from the National Institutes of Health/National Heart, Lung, and Blood

Institute.

Received for publication August 12, 2013; revised April 6, 2014; accepted for publication

April 11, 2014.

Corresponding author: Jason S. Debley, MD,MPH, Pulmonary Division (MSOC.7.720),

Seattle Children’s Hospital, 4800 Sand Point Way NE, Seattle, WA 98105. E-mail:

jason.debley@seattlechildrens.org.

0091-6749/$36.00

� 2014 American Academy of Allergy, Asthma & Immunology

http://dx.doi.org/10.1016/j.jaci.2014.04.007
cocultured with AECs from healthy subjects. These findings
support a role for altered ECM production in asthmatic
airway remodeling, possibly regulated by unbalanced AEC
signaling. (J Allergy Clin Immunol 2014;nnn:nnn-nnn.)
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Childhood asthma is a significant global public health burden
that affects the lives of millions of children worldwide, including
an estimated 7.1 million American children.1,2 In addition to the
high cost of missed school attendance and health care use, poorly
controlled asthma results in significant morbidity and even mor-
tality.3 Furthermore, evidence from population-based epidemio-
logic studies has shown that lung function in asthmatic children
as a group declines between birth and school age. Indeed, the
Tucson Children’s Respiratory Study has established that children
who subsequently have asthma demonstrate deficits in lung func-
tion by 6 years of age, despite being born with normal lung func-
tion.4 Data from the Melbourne Asthma Study, the largest and
longest-running asthma cohort study to monitor lung function,
confirmed that children with persistent asthma had decreased
lung function, which did not significantly worsen after age 10
years yet endured into adulthood and was not ultimately recov-
ered.5 This pattern is not observed in children who were early
transient wheezers or children who never wheezed.4 Unfortu-
nately, significant phenotypic overlap among children who
wheeze at an early age exists, making both treatment and early
diagnosis of persistent asthma challenging.6

Airway remodeling, with changes to underlying airway
structure, is a possible explanation for epidemiologic data
demonstrating declines in lung function among children with
asthma. Pathologic examination of the airways of asthmatic
children has revealed evidence of airway remodeling, including
goblet cell hyperplasia, matrix protein deposition in the basement
membrane, angiogenesis, and both smooth muscle cell hypertro-
phy and hyperplasia.7,8 Furthermore, thickening of the basement
membrane is a common feature of both adult and pediatric
asthmatic airway remodeling, suggesting that extracellular
matrix (ECM) protein deposition in the epithelial basement mem-
brane occurs in early childhood and persists into adulthood.7-10

Evidence gathered from the histologic study of airways from
asthmatic patients demonstrates increased amounts of collagen
subtypes, fibronectin, hyaluronan, and several other ECM
constituents.11,12

Although the components of the ECM have been thoroughly
characterized, the active role of the ECM in airway remodeling
and fibrosis is only beginning to be elucidated, as reviewed by
Wight and Potter-Perigo.13 One mechanism central to thickening
of the basement membranes and promotion of airway fibrosis is
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the accumulation of fibrillar collagens through either increased
production or decreased degradation.14 The primary source of the
collagens found in the airways is thought to be derived from the
resident fibroblasts, particularly those that have further differenti-
ated into a myofibroblast phenotype (ie, those that express a
smooth muscle actin).15,16 Further evidence would suggest that
collagen production is augmented by fibroblast to myofibroblast
transition and that this process is highly dependent on TGF-b ac-
tivity17 and modulated by hyaluronan.19,20 Separate studies have
demonstrated that collagen production is increased in the airways
of asthmatic patients and might also be related to inherent in-
creases in TGF-b activity.18,19

In recent years, there has been a growing appreciation for the
role of crosstalk between mesenchymal cells, such as fibroblasts,
and airway epithelial cells (AECs) in the pathogenesis of asthma.
Multiple lines of evidence now point to the AEC as playing an
active role in the orchestration of inflammatory responses, wound
repair, and host immunity.20-22 Furthermore, data supporting the
concept that dysfunctional regulation of these responses might
play a role in the pathogenesis of asthma are accumulating.22 Ev-
idence of this dysfunctional regulation has been observed in both
in vivo animal model systems and bronchial biopsy specimens
from human subjects.23-25

To further investigate the role of cellular signaling from AECs
on the production of ECM, we used a coculture model with
primary AECs from both healthy and asthmatic children and
human lung fibroblasts (HLFs) derived from a single healthy
donor. We hypothesized that HLFs cocultured with AECs from
asthmatic patients would exhibit greater expression of ECM
components, specifically type I and type III collagen, hyaluronan,
and fibronectin, compared with those cocultured with healthy
AECs. Furthermore, we hypothesized that these changes are
associated with increased TGF-b signaling or conversely
decreased inhibitory signaling, such as prostaglandin E2 (PGE2)
activity. The latter could in turn be a mechanism to explain the
predisposition for ECM deposition in the subepithelium, which
is observed in the airways of asthmatic patients.
METHODS

Subjects
Atopic asthmatic and healthy nonatopic nonasthmatic children aged 6 to 18

years who were undergoing an elective surgical procedure requiring
endotracheal intubation and general anesthesia were recruited for this study.

A detailed medical history was obtained at enrollment to ensure that

participants met the following inclusion and exclusion criteria. Children

with asthma had at least a 1-year history of physician-diagnosed asthma, had

physician-documented wheezing in the 12 months before study enrollment,

used a short-acting b-agonist (ie, albuterol) twice a month or more or were

taking a daily inhaled corticosteroid or leukotriene receptor antagonist, and

were born at 36 weeks’ gestation or later. Healthy subjects were born at 36

weeks’ gestation or later; had no history of asthma, reactive airway disease,

chronic daily cough, or physician-diagnosed obstructive lung disease; and had

no history of prior treatment with a systemic or inhaled corticosteroids, short-

acting b-agonists, or oxygen. Children with asthma had 1 or more of the

following atopic features: history of positive skin prick test response, positive

RAST result for a common aeroallergen (discussed below), increased serum

IgE level (>100 IU/mL), history of physician-diagnosed allergic rhinitis, or

history of physician-diagnosed atopic dermatitis. Healthy subjects lacked a

history of any of the above atopic features and were excluded if they had any

other atopic comorbidity.

A blood samplewas drawn from each subject that was used tomeasure total

serum IgE and RAST allergen-specific IgE levels to dust mites (Dermato-

phagoides farinae and Dermatophagoides pteronyssinus), cat epithelium,

dog epithelium, Alternaria tenuis, Aspergillus fumigatus, and timothy grass.

The fraction of exhaled nitric oxide (FENO) was measured according to Amer-

ican Thoracic Society/European Respiratory Society guidelines26 with a

NIOX MINO nitric oxide analyzer (Aerocrine, Solna, Sweden). This device

measures exhaled nitric oxide levels precisely only above a cutoff of 5 ppb

and can thus only be used for clinical purposes. Forced vital capacity

(FVC), FEV1, and forced expiratory flow between 25% and 75% of FVC

were measured according to American Thoracic Society guidelines by using

a VMAX series 2130 spirometer (VIASYS Healthcare, Hong Kong, China).

Spirometry was repeated 15 minutes after administration of 2 puffs of albute-

rol in children with asthma.

Written consent was obtained from parents of subjects, and assent was

obtained for children 7 years or older. The Seattle Children’s Hospital

Institutional Review Board approved this study.
Epithelial cell isolation, proliferation, and

differentiation
Immediately after the endotracheal tubewas secured, 3 bronchial epithelial

cell samples were obtained from subjects during general anesthesia with 4-

mm Harrell unsheathed bronchoscope cytology brushes (CONMED, Utica,

NY). As described by Lane et al,27 the unprotected brush was inserted through

an endotracheal tube, advanced until resistance was felt, and rubbed against

the airway surface for 2 seconds. Cells were seeded onto T-25 cell-culture

flasks precoatedwith type I collagen and proliferated under submerged culture

conditions. By using passage 2 cells, epithelial cells were differentiated at an

air-liquid interface (ALI), according to methods previously described by our

laboratory. See the Methods section in this article’s Online Repository at

www.jacionline.org for further details.28
AEC-fibroblast cocultures
HLFs from a healthy child were obtained from a commercial vendor

(Lonza, Walkersville, Md) and used for each experiment (<_passage 5). HLF

cultures were established with a Fibroblast Cell Media Bulletkit (fibroblast

growth media [FGM]) per the recommendations of Lonza. HLFs were seeded

at a density of approximately 2500 cells/cm2 in 12-well Collagen I BD Bio-

Coat plates (Becton Dickinson, Bedford, Mass) and incubated for 7 days to

achieve a confluent monolayer before initiation of AEC-HLF cocultures. Me-

dia changes of FGM occurred at 48-hour intervals. At 48 hours before exper-

imental day 0, the HLF media was replaced with coculture media (1:1 FGM

and PneumaCult ALI Maintenance Media). ALI transwells were placed in co-

cultures with the HLFs at experimental day 0. The coculturemedia in the baso-

lateral chamber was changed every 24 hours and stored at 2808C for

subsequent analysis. The media and cells were collected for studies 96 hours

after initiation of coculture experiments.

http://www.jacionline.org


TABLE I. Subjects’ characteristics

Healthy control subjects (n 5 10) Asthmatic patients (n 5 10) P value

Age (y), mean 6 SD 10.3 6 3.6 11.7 6 3.4 .4

Female sex (%) 60 20 .07

Current use of inhaled steroids, yes, no. (%) 9 (90)

History of eczema, yes, no. (%) 4 (40)

History of allergic rhinitis, yes, no. (%) 9 (90)

Positive RAST result, yes, no. (%) 9 (90)

IgE (IU/mL), median (IQR) 20.5 (12-27) 242 (81-242) .004

FVC (% predicted), mean 6 SD 101 6 13.2 100.7 6 11.5 .9

FEV1/FVC ratio, mean 6 SD 0.89 6 0.04 0.83 6 0.05 .04

FEV1 (% predicted), mean 6 SD 99.8 6 14.5 96.6 6 12.1 .6

FEF25-75 (% predicted), mean 6 SD 99 6 20.4 88 6 18.5 .2

FENO (ppb), mean 6 SD 9.3 6 4.6 14.9 6 8.8 .2

FEF25-75, Forced expiratory flow between 25% and 75% of expiration; IQR, interquartile range.
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RNA extraction and real-time PCR
Total RNAwas isolated fromHLFs coculturedwith AECs grown at an ALI.

Three wells from each experimental condition were harvested and pooled to

isolate RNA by using the RNAqueous kit for total RNA purification from

Ambion-Applied Biosystems (Austin, Tex). RNA concentration and integrity

were determined by using the Agilent 2100 Bioanalyzer system and Agilent

RNA 6000 Nano Chips (Agilent Technologies, Foster City, Calif). RNA

samples (1 mg) with an RNA integrity number of 8 or greater were reverse

transcribed with MMLV reverse transcriptase with a combination of random

hexamers and oligo-dTs by using the SuperScript VILO cDNA Synthesis Kit

(Life Technologies, Grand Island, NY). Samples were diluted up to a final

volume of 100 mL (10 ng/mL). Semiquantitative real-time qPCR was

performed by using validated TaqMan probes (Life Technologies, Grand

Island, NY) for human collagen I (COL1A1), collagen III (COL3A1),

fibronectin (FNDC), prostaglandin E2 synthase (PGE2S), prostaglandin-

endoperoxide synthase 2 (PTGS2/COX-2), and hyaluronic acid synthase II.

Although there are 3 hyaluronan synthase (HAS) enzyme isoforms (HAS1,

HAS2, and HAS3), HAS2 is the major isoform expressed by HLFs and has

previously been reported to be differentially expressed by fibroblasts from

asthmatic patients.29 Assays were performed with the TaqMan Fast Advanced

Master Mix reagents and accompanying protocol and the Applied Biosystems

StepOnePlus Real-Time PCR System with StepOne Software v2.2.2 (Life

Technologies).
Immunohistochemistry
Sterilized 12-mm round glass cover slips were coated with type I collagen

and placed in the bottom of one of the replicate chambers of the 12-well

plates before seeding the HLFs. After 96 hours of coculture, the cover slips

were carefully removed and placed in a separate 12-well plate for

immunohistochemistry (IHC). Cover slips containing cells were then washed

3 times in room temperature PBS to remove residual media and were then

fixed with 50:50 methanol and acetone at 208C for 10 minutes. Cover slips

were then washed with PBS and blocked with 10% FBS for 30 minutes. After

this, cover slips were washed again with PBS and then incubated with

primary antibodies to COL1A1 (1:1000 ab6310; Abcam, Cambridge, Mass)

and hyaluronan (1:500 ab53842, Abcam) for 1 hour at room temperature.

Additional PBS washes were performed before incubation with appropriate

secondary antibodies for 1 hour at room temperature (1:1000 A11016 and

1:1000 A21202, Life Technologies). Three final PBS washes preceded

mounting the cover slips with ProLong Gold antifade reagent with DAPI

(Life Technologies). Images were acquired with an automated Leica

DM6000B fluorescent microscope (Leica Microsystems, Wetzlar, Germany)

in 7 3 7 grids at 3400 magnification and stitched together with LASAF

software to provide higher-resolution images of larger areas of tissue. Given

that cover slips required coating with COL1A1 to support HLF cultures, we

did not perform IHC studies for COL1A1 because of concern for background

staining.
ELISA analyses
For each condition, sampled basolateral medium from triplicate transwells

was pooled. Measurement of protein levels of activated TGF-b1 and TGF-b2

in sampled basolateral conditioned media was completed with Duoset ELISA

Development Kits (R&D Systems, Minneapolis, Minn), according to the

manufacturer’s recommendations. All measurements were completed in

duplicate. Samples in which concentrations were less than the assay detection

level were assigned a value of one half the lower limit of detection for analysis.
Statistical analysis
Protein levels are presented as means6 SDs when all groups (eg, healthy,

asthmatic, and HLF alone) were normally distributed and as medians with

interquartile ranges if 1 or more groups were not normally distributed. The

Kolmogorov-Smirnov test was used to determine whether data were normally

distributed. One-way ANOVA or the Kruskal-Wallis test if data in 1 or more

groups was nonnormally distributed was used to compare the distributions of

protein levels in coculture media across the 3 groups. Post hoc comparisons

between pairs of groups (eg, between HLFs and asthma cocultures) were

made by using the Dunnmultiple comparisons test, with the significance level

set at a P value of less than .05. For age, sex, lung function parameters, FENO

values, and IgE levels, the paired t test or Wilcoxon signed-rank test for non-

normally distributed data was used for comparisons between asthmatic and

healthy subjects. Statistical analyses of clinical data and protein levels in

ALI cultures were performed with Prism 6.0 software (GraphPad Software,

San Diego, Calif). The relative expression of COL1A1, COL3A1, HAS2,

FNDC, PGE2S, and PTGS2/COX-2 was standardized by using glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH) as a nonregulated reference

gene. Analyses of real-time qPCR results were performed with GenEx version

5.0.1 (MultiD Analyses AB, G€oteborg, Sweden) based on methods described

by Pfaffl.30 Statistical significance was set at a P value of less than .05.
RESULTS
Bronchial epithelial brushings were obtained from 10 healthy

subjects and 10 atopic asthmatic patients and used for the
coculture studies. Characteristic data from the subjects, sum-
maries of laboratory findings, and lung function test results
obtained during the follow-up visit are summarized in Table I.
Subjects were of comparable age (healthy subjects, 10.3 6 3.6
years; asthmatic patients, 11.7 6 3.4 years; P 5 .4); however,
there were more female subjects in our healthy group compared
with the asthmatic group. The majority of our asthmatic patients
were using daily inhaled corticosteroids. Most of the asthmatic
patients had positive RAST results to a specific aeroallergen
(90%). Compared with healthy subjects, the asthmatic patients



FIG 1. A, Expression of COL1A1mRNA by HLFs alone compared with coculture with AECs from healthy sub-

jects or AECs from asthmatic patients. B, Expression of COL3A1mRNA by HLFs alone compared with cocul-

ture with AECs from healthy subjects or AECs from asthmatic patients. C, Expression of HAS2 mRNA by

HLFs alone compared with coculture with AECs from healthy subjects or AECs from asthmatic patients.

D, Expression of fibronectin (FNDC) by HLFs alone compared with coculture with AECs from healthy sub-

jects or AECs from asthmatic patients. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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had a significantly greater serum IgE level (916 IU/mL in asth-
matic patients vs 21.3 IU/mL in healthy subjects, P < .0005).
The FEV1/FVC ratio was significantly lower in asthmatic patients
compared with that seen in healthy subjects (89% 6 4% vs
83%6 5%, respectively;P5.04). Asthmatic patients and healthy
subjects had comparable FENO levels (14.96 8.8 vs 9.36 4.6 ppb,
P 5 .2).

Expression of COL1A1 mRNA production, as assessed by
using RT-PCR, from HLFs alone (noncocultured time control)
was 8.3-fold greater compared with that seen in HLFs cocultured
with AECs from healthy subjects (95% CI, 5.7-10.8; P 5 .002;
Fig 1, A). COL1A1 expression by HLFs alone was 6.6-fold
greater than that by HLFs cocultured with AECs from asthmatic
patients (95% CI, 3.1-10.1; P 5 .002). Direct comparison of
COL1A1 expression by HLFs cocultured with AECs from
healthy subjects and HLFs cocultured with AECs from asthmatic
patients revealed 2.2-fold greater gene expression in the asthma
cocultures (95% CI, 0.4-4.3; P 5 .02), which is consistent with
a lesser degree of attenuation than that seen in healthy cocultures.
We observed similar findings for COL3A1, with expression by
HLFs alone 15.6-fold higher than that by HLFs cocultured with
AECs from healthy subjects (95% CI, 7.5-23.8; P 5 .002;
Fig 1, B). Comparison of COL3A1 expression by HLFs cocul-
tured with AECs from asthmatic patients with that by HLFs
cocultured with AECs from healthy subjects demonstrated
10.8-fold greater gene expression than seen in the asthma cocul-
tures (95% CI, 3.2-24.9; P 5 .02). No significant difference in
expression between HLFs cultured alone and HLFs cocultured
with AECs from asthmatic patients was observed. Staining of
HLFs for COL3A1 protein accumulation in each group was
performed in parallel to RNA expression studies. Representative
images are shown in Fig 2. Additionally, we examined HAS2
expression from HLF time controls, as well as HLFs cocultured
with both AECs from healthy subjects and AECs from asthmatic
patients. Expression of HAS2 by HLFs alone was 6.3-fold greater
than that by HLFs cocultured with healthy AECs (95% CI, 1.8-
10.8; P5 .005; Fig 1, C). When compared with HLFs cocultured
with AECs from asthmatic patients, a trend toward greater expres-
sion by HLFs alone was observed but did not reach statistical sig-
nificance (3.8-fold; 95% CI, 20.6 to 8.2; P 5 .07). Compared
with HLFs cocultured with AECs from healthy subjects, HLFs
cocultured with AECs from asthmatic patients expressed 2.5-
fold greater HAS2 mRNA (95% CI, 1.2-3.8; P 5 .002). Hyalur-
onan accumulation was assessed by using IHC staining of HLFs
treated in parallel with those that were used for RNA extraction.
Representative images are compared in Fig 3. Expression of fibro-
nectin by HLFs cocultured with AECs from asthmatic patients
was 5-fold greater than that for HLFs alone (95% CI, 2-16; P 5
.05); however, no significant difference between HLFs cocultured
with AECs from asthmatic patients and HLFs cocultured with
AECs from healthy subjects was detected.

To examine potential mediators of the altered gene expression,
we performed ELISAs for TGF-b1 and TGF-b2 activity in media
samples obtained at the 96-hour coculture time point. Mean TGF-
b1 concentrations for HLFs alone (n5 4), HLFs cocultured with
AECs from healthy subjects (n 5 8), and HLFs cocultured with
AECs from asthmatic patients (n5 8) are depicted in Fig 4, A. No
significant differences were observed among the groups. Similar
values were also present at the 48-hour time point (data not
shown). In contrast, a separate ELISA performed for TGF-b2



FIG 2. Collagen III expression assessed by using IHC among HLFs alone (A), HLFs plus AECs from healthy

subjects (B), and HLFs plus AECs from asthmatic patients (C).

FIG 3. Hyaluronic Acid expression assessed by using IHC among HLFs alone (A), HLFs plus AECs from

healthy subjects (B), and HLFs plus AECs from asthmatic patients (C).
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activity by using a second aliquot of the same samples revealed
significantly greater detectable levels of TGF-b2 present in the
culture media at the 96-hour coculture time point in cocultures
with AECs from asthmatic patients compared with those seen
in HLFs alone and HLFs cocultured with AECs from healthy sub-
jects (P 5 .01; Fig 4, B).

Given the interesting findings of suppressed ECM production
in the cocultures of HLFs and AECs from healthy subjects, we
sought to examine the possibility that factors inhibiting fibroblast
expression of ECM might be differentially expressed by asth-
matic AECs. To study this, we examined mRNA expression of
PGE2S, as well as expression of PTGS2/COX-2, in AECs from
asthmatic patients and AECs from healthy subjects that were
cocultured with HLFs (Fig 5). We found that PGE2S mRNA
expression by AECs from healthy subjects was 2.2-fold greater
than that by AECs from asthmatic patients (95% CI, 1.3- to 3.8-
fold; P 5 .006). Conversely, PTGS2/COX-2 expression by
AECs from healthy subjects was not significantly different than
that by AECs from asthmatic patients (95% CI, 1.8- to 11-fold;
P 5 .18).
DISCUSSION
This is the first study to examine the regulation of ECM

component expression by HLFs imposed by coculture with
differentiated primary human AECs from well-characterized
healthy and asthmatic children. Herein, we report that coculture
of HLFs with both AECs from healthy subjects and AECs from
asthmatic patients regulates the expression of ECM components,
specifically COL1A1, COL3A1, and hyaluronan. However, HLFs
cocultured with AECs from asthmatic patients displayed
decreased regulation compared with cocultures with AECs from
healthy subjects. In addition, we found that TGF-b2, but not TGF-
b1, is more highly expressed in cocultures with AECs from
asthmatic patients, whereas expression of PGE2S was down-
regulated in these culture systems. Furthermore, HLFs cocultured
with AECs from asthmatic patients had greater expression of
fibronectin than HLFs alone, suggesting perhaps a positive AEC-
derived stimulus as opposed to inhibitory regulation. Taken
together, these data point to a dynamic system that is influenced
by the interaction of the AECs and HLFs and suggests that an
altered balance of proremodeling and antiremodeling signals
from the AECs from asthmatic patients might regulate HLF
expression of ECM constituents.

One of the more striking findings of this study was that
coculture with AECs from healthy subjects markedly attenuated
expression of ECM components compared with HLF time
controls, suggesting that tonic regulation of HLF phenotype
through crosstalk with AECs must be occurring. In a previous
study, Lama et al31 demonstrated that murine fibroblasts grown
alone in cell culture exhibited increased proliferation compared
with those grown in coculture with murine AECs. That study
further linked the downregulation of cells grown in coculture to
the COX-2 pathway and the production of the antiproliferative
signaling of PGE2 using cells derived from transgenic mice. In
line with this, our study demonstrates greater expression of
PGE2S in cocultures of HLFs with AECs from healthy subjects,
which correlated with attenuated production of ECM compo-
nents. In our study PTGS2/COX2 was not significantly different
between the groups; however, it is important to note that produc-
tion of PGE2 is a complex pathway with multiple areas of poten-
tial regulation. In a separate study Hostettler et al32 reported that
incubation of cultured HLFs with conditioned media obtained
from AEC cell lines resulted in an approximately 50% reduction
in fibroblast proliferation. This effect was negated by means of
preincubation with indomethacin, a PGE2 inhibitor. Interestingly,
in the same series of experiments, the authors demonstrated that
adding a TGF-b neutralizing antibody to the conditioned media
also blocked the inhibitory effect and concluded that TGF-b
was likely involved in the induction of the PGE2 axis. Similar
findings were also reported with conditioned media from bovine
AECs in another study.33 The findings of the latter 2 studies high-
light the interdependence of the PGE2 and TGF-b pathways; how-
ever, accumulating evidence would suggest that the activity of



FIG 4. A, Concentrations of TGF-b1 measured in culture media collected at

96 hours from HLFs alone compared with cocultures of AECs from healthy

subjects and HLFs and cocultures of AECs from asthmatic patients and

HLFs (lines at means with SDs). B, Concentrations of TGF-b2 measured in

culture media collected at the 96-hour time point from HLFs alone, cocul-

tures of HLFs plus AECs from healthy subjects, and cocultures of HLFs

plus AECs from asthmatic patients (lines at medians with interquartile

ranges). *P 5 .01.
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TGF-b is likely far more complex than these studies might sug-
gest. One important concept that these studies support is that there
is crosstalk between the AECs and fibroblasts. Other studies have
highlighted the effects of fibroblasts on AEC proliferation34,35;
however, these effects were not directly examined in the present
study.

The concept that the TGF-b family of signaling molecules
exhibits proremodeling effects on fibroblasts is becoming widely
accepted.36-38 Correlation of increased TGF-b expression and
increased subepithelial fibrosis has been reported in adults with se-
vere eosinophilic asthma.39,40 A more recent study by Brown
et al41 demonstrated increased TGF-b1 levels in brochoalveolar
lavage fluid obtained from asthmatic children, which was associ-
ated with markers of increased oxidative stress and evidence of
airway obstruction documented by pulmonary function tests. In
addition to its other profibrotic effects, TGF-b has been shown
to enhance the production of ECM constituents, including colla-
gens.42,43 TGF-bmight also exert remodeling effects by augment-
ing the expression of tissue inhibitors of metalloproteinases,
which in turn disrupt the ability of matrix metalloproteinases to
turn over secreted ECM components, such as hyaluronan.44,45

The latter is essential for appropriate wound repair after epithelial
damage.

It is important to note that multiple isoforms of TGF-b exist,
including TGF-b1 (the most abundant isoform, characteristically
associated with endothelial, hematopoietic, and connective tissue
cells), TGF-b2 (primarily synthesized by AECs and neuronal
cells), and TGF-b3 (principally secreted by mesenchymal
cells).46 Both TGF-b1 and TGF-b2 have been shown to enhance
fibroblast activity in the context of inflammatory remodeling in
respiratory epithelium.47 In the latter study both isoforms were
capable of activating fibroblasts in a concentration-dependent
fashion. In reality, it is likely that both TGF-b1 and TGF-b2
are simultaneously active in orchestrating fibrosis in vivo with
contributions from the epithelium (TGF-b2), eosinophils (TGF-
b1), and macrophages (TGF-b1).48,49 Bronchial fibroblasts
have been shown to respond to both isoforms, and intriguingly, fi-
broblasts derived from asthmatic donors displayed enhanced ac-
tivity to both TGF-b1 and TGF-b2, suggesting the possibility
that greater responses to TGF-b could be accounted for by
augmentation of both ends of the signaling axis.36 Additionally,
our laboratory has previously reported increased secretion of
TGF-b2 from AECs obtained from asthmatic children.28 Data
from the present study are in line with previously published find-
ings; however, it is important to note that the relative amount of
TGF-b2 present in this system is less than the overall levels of
TGF-b1 detected. Radaev et al50 have recently reported that
TGF-b2 has significantly greater affinity for the TGF-b receptor
subunit I and additionally might simultaneously engage TGF-b
receptor subunit I and TGF-b receptor subunit II, whereas
TGF-b1 sequentially engages these receptor complexes and
thus has augmented activation kinetics. These variations in recep-
tor subtype engagement by TGF-b1 and TGF-b2 might
contribute to variable downstream signaling and have significant
functional consequences.

Chakir et al51 have previously reported a link to the expression
of TGF-b and the deposition of both collagen I and collagen III in
bronchial biopsy specimens. Notably, expression of both collagen
I and collagen III in that study was significantly greater in the sub-
jects with more severe asthma. This effect was not modified after
treatment with corticosteroids, suggesting that remodeling that
had already occurred was not reversible. Earlier work byMinshall
et al52 also confirmed the presence of greater amounts of collagen
I and III in asthmatic airways, which correlated with asthma
severity. Similar studies have demonstrated that proteoglycan
deposition in the ECM is increased in patients with moderate-
to-severe asthma and correlates with asthma severity.53 In addi-
tion, hyaluronan has also been implicated in playing a significant
role in the increased deposition of ECM in asthmatic patients.54

Beyond its role as a scaffold for collagen deposition after airway
inflammation,55 hyaluronan has also been implicated in the
persistence of eosinophils and enhanced production of TGF-b
in asthmatic patients.56 The latter finding suggests not only a sig-
nificant role for hyaluronan in airway remolding but also modula-
tion of a variety of inflammatory and signaling mediators. Our
findings of enhanced production of collagens and hyaluronan
by HLFs cocultured with AECs from asthmatic patients
compared with HLFs cocultured with AECs from healthy sub-
jects are in line with these previous reports and provide a novel
model in which relevant signaling pathways can be further
investigated.

There are some inherent limitations to this study design. Our
population of asthmatic patients exhibited mild airflow obstruc-
tion, which is consistent with milder phenotypes of asthma
independent of treatment. Alternatively, this could be related to
good adherence to controller medications because our subjects
reported that 90% of the cohort was presently taking daily inhaled
corticosteroids. Given that the cells used in the cocultures were
multiple passages beyond the initial sample collection, it is
unlikely that any medications being taken at the time of



FIG 5. PGE2S mRNA expression is depicted on the left side of the figure in either AECs from asthmatic pa-

tients or AECs from healthy subjects. The right side of the figure demonstrates mRNA expression of PTGS2/

COX-2 in AECs from asthmatic patients or AECs from healthy subjects, respectively.
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recruitment would still have an effect on the cells; however, we
cannot completely exclude that possibility. If present, this effect
would bias toward the null hypothesis and likely make differences
between the groups less apparent. Despite a relatively mild
asthma phenotype, our asthmatic patients had significantly lower
FEV1/FVC ratios than the healthy subjects, indicating the pres-
ence of airflow obstruction. Another limitation of this study is
that gene expression was only assessed at a single time point.
Given the findings of this study, future investigation into addi-
tional signaling pathways and the balance between profibrotic
and antifibrotic signaling pathways and assessment of gene
expression at multiple time points are warranted. Once a more
clear understanding of the likely multiple pathways that
contribute to this crosstalk are achieved, future studies specif-
ically targeting either or both profibrotic and antifibrotic signaling
might lead to a better understanding of how to ameliorate the
increased deposition of ECMcomponents observed in the airways
of asthmatic patients.

Although this is an in vitro model of cellular function, similar
in vivo studies in healthy and asthmatic children would not be
ethical or feasible. In addition, there are many inherent strengths
to this approach.We have used a common healthy donor HLF cell
line across the experiments, which not only limits the biologic
variability of the HLFs but also helps to isolate differences seen
between the healthy and asthmatic groups to AEC activity.
Furthermore, our model allows for multifaceted characterization
of several outcome measures, including gene expression, bound
and excreted protein production, and histologic examination.
Additionally, we are able to clinically characterize our population
based on history, laboratory testing, and lung function.

In conclusion, we have demonstrated that HLFs from a
common healthy donor behave differently when cocultured
with either AECs obtained from a healthy donor or AECs
obtained from an asthmatic donor. Furthermore, we have shown
differential expression of important ECM components, including
type I and type III collagens, as well as hyaluronan and
fibronectin, depending on whether the HLFs were cocultured
with AECs from healthy subjects or AECs from asthmatic
patients. These findings are clinically relevant given the role
that ECM deposition plays in airway remodeling and might have
further-reaching implications given that we are just beginning to
understand the active role that the ECM plays in airway
remodeling and fibrosis.13 In addition, we have shown that
TGF-b2 levels are increased in cocultures of HLFs with ACEs
from asthmatic patients, despite finding no differences in TGF-
b1 levels compared with those seen in cocultures of HLFs with
AECs from healthy subjects. The latter finding is consistent
with previous work published by our group28 and might be an
important signaling mechanism driving the augmented ECM
deposition observed in the airways of asthmatic patients. In addi-
tion, we have shown in our model that PGE2S is downregulated in
cocultures of HLFs with AECs from asthmatic patients, which is
in line with previous reports from other groups.31,32 Taken
together, these findings are consistent with the paradigm that
signaling from the AEC is an important regulatory mechanism
in the functional coordination of airway cellular subsets22 and
provide further evidence that intrinsic dysregulation of the
epithelial-mesenchymal trophic unit might underlie asthma path-
ogenesis, airway remodeling, or both.57

Clinical implications: ECM components expressed by lung fi-
broblasts are less regulated by AECs from asthmatic children
compared with AECs from healthy children, which might
explain the airway remodeling observed in asthmatic patients.
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METHODS

Epithelial cell isolation
Immediately after the endotracheal tubewas secured, 3 bronchial epithelial

cell samples were obtained from subjects during general anesthesia by using

4-mm Harrell unsheathed bronchoscope cytology brushes (CONMED). As

described by Lane et al,E1 the unprotected brushwas inserted through an endo-

tracheal tube, advanced until resistancewas felt, and rubbed against the airway

surface for 2 seconds. Nasal brushings were also obtained in each subject and

banked for future studies. Cells were seeded onto T-25 cell-culture flasks pre-

coated with type I collagen. Cultures were maintained at 378C in a 5% CO2

atmosphere in a humidified incubator. Cells were cultured in bronchial epithe-

lial growthmedium (Clonetics BEGM, Lonza) containing gentamicin and am-

photericin B and further supplemented with penicillin-streptomycin (100 mg/

mL, Invitrogen). Fluconazole (25 mg/mL) was added to primary cultures for

the first 96 hours, after which medium was aspirated and replaced with

BEGM without fluconazole. BEGM was thereafter changed every 48 hours

until the culture reached approximately 70% to 90% confluence. When P0
flasks became 70% to 90% confluent, cells were passaged into 3 new P1
T-25 flasks.

ALI epithelial cell cultures
For ALI cultures, we used the PneumaCult ALI media system (StemCell

Technologies, Vancouver, British Columbia, Canada).E2 Before seeding, the
cells were incubated with PneumaCult ALI Induction Media for 24 hours in

the T-25 flasks, according to the manufacturer’s recommendations. After in-

duction, cells were then trypsinized with 2 mL of 0.025% Trypsin-EDTA

and then seeded onto collagen I–precoated Corning Costar 12-mm 0.4-mm

Transwells (Corning Life Sciences, Tewksbury, Mass) at a concentration of

100,000 cells per transwell. Cells were then kept in submerged culture by us-

ing PneumaCult ALI Expansion Media in both the apical and well chambers

for 7 days or until confluent, according to the manufacturer’s guidelines. Once

confluent, cells were then changed to PneumaCult ALIMaintenance Media in

the lower well chamber only, and the remaining apical media was aspirated.

ALI Maintenance Media in the basolateral compartment were changed every

other day, and cells were differentiated at an ALI for 21 days before initiation

of cell-culture experiments. Each experimental condition per cell line con-

sisted of triplicate transwells. Sampling of basolateral conditioned media

and extraction of RNAwere performed 96 hours after initiation of cocultures

or at the corresponding time point for HLF-only time controls.
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