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Mast cells regulate procollagen I (a1)
production by bronchial fibroblasts
derived from subjects with asthma
through IL-4/IL-4d2 ratio
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Background: Asthma is characterized by inflammation and

remodeling. Mast cells are generally increased in bronchial

mucosa of subjects with asthma. These cells release a wide

variety of cytokines and mediators that have the capacity to

stimulate other resident cells such as smooth muscle cells and

fibroblasts.

Objective: This study was designed to evaluate whether mast

cells modulate collagen production by bronchial fibroblasts

isolated from subjects with asthma and normal subjects

through cytokine production.

Methods: Human mast cells were cocultured for 72 hours with

primary bronchial fibroblasts isolated from bronchial biopsies

of subjects with mild asthma and normal controls. Procollagen

I (a1), IL-4Ra, IL-13Ra1, and IL-13Ra2 gene expression by

bronchial fibroblasts and IL-4 and IL-4d2 gene expression

by mast cells were quantified by real-time RT-PCR. IL-4

production was also measured by ELISA in culture

supernatants.

Results: Procollagen I (a1) gene expression by fibroblasts from

subjects with asthma was significantly higher compared with

cells from normal controls when cocultured with mast cells.

Mast cells expressed IL-4 isoform and IL-4d2, an alternative

splice variant of IL-4. Coculture significantly increased the

expression of IL-4 but not IL-4d2 by mast cells when they

were cultured with fibroblasts from subjects with asthma

compared with cells from normal controls. Neutralization of

IL-4 abrogated collagen mRNA expression. There was no

significant change in IL-4Ra or IL-13Ra1. However, IL-13Ra2

gene expression was significantly reduced in fibroblasts from

subjects with asthma.

Conclusion: These results suggest that inflammatory process

may regulate airway remodelling through crosstalk between
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inflammatory and structural cells. Targeting this crosstalk may

have therapeutic application.

Clinical implications: Understanding mechanisms that govern

airway remodeling and collagen deposition in asthma is a

step toward therapeutic management of this disease. In this

work, we found that mast cell-fibroblast crosstalk may be a

potential future target to control some aspects of airway

remodeling. (J Allergy Clin Immunol 2006;117:1321-7.)
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Mast cells are effector cells in allergic diseases such as
asthma and rhinitis. Furthermore, they play an important
role in host defence against bacterial infections and may
participate to fibrotic processes.1-3 Through their capacity
to produce different mediators, a wide variety of tissue
responses result. Mast cells are potent source of preformed
lipid mediators as well as a large number of cytokines and
chemokines.4

Evidence suggests that mast cells participate not only in
inflammatory responses but also in tissue remodeling and
fibrotic processes occurring in many tissues.5 Mast cells
are usually present at sites of fibrosis such as the skin in
scleroderma and the pulmonary tissue in fibrotic lung dis-
orders.6,7 Experimental evidence suggests that mast cells
modulate fibroblast functions. They induce skin fibro-
blasts to proliferate and synthesize increased amounts of
collagen.8 Furthermore, rat mast cells increased fibroblast
metalloproteinase 2 and pro–metalloproteinase 2 activity.9

Human mast cells are also a source of basic fibroblast
growth factor, a potent mitogenic factor for fibroblasts.10

Airway remodeling in asthma is characterized by subep-
ithelial fibrosis caused by extensive deposition of extracel-
lular matrix. Ultrastructural and immunohistologic studies
of bronchial biopsies from subjects with asthma revealed
apparent basement membrane thickening caused by the
deposition of fibrillar collagen beneath the epithelial basal
lamina.11 Fibronectin and type I, III, and V collagens are the
major constituents of this subepithelial fibrosis.12 It has also
been shown that bronchial subepithelial fibrosis observed
in asthma correlates with the number of myofibroblasts.13

In asthma, mast cell number is increased in bronchial
biopsies.14 These cells are predominantly activated by IgE
receptor crosslink. In response to activation, preformed
mediators that are stored such as TNF, IL-4, IL-13, hista-
mine, and tryptase are released.15 Tryptase I has been
1321
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Abbreviation used
HMC-1: Human mast cell

shown to increase collagen mRNA expression in skin
fibroblasts.16 Our recent data provided evidence that IL-4,
which is produced by T cells as well as mast cells,
increased production of procollagen I (a1) by bronchial
fibroblasts derived from bronchial biopsies of subjects
with asthma.17

IL-4 and IL-13 have also been shown to induce the
production of cytokines (IL-6, IL-11, and GM-CSF) by
pulmonary fibroblast cell lines.18 Moreover, IL-4 promotes
the differentiation of synovial fibroblasts to myofibro-
blasts.19 The fibrogenic role of IL-4 has been documented
in the skin.20 IL-4 increases collagen and fibronectin syn-
thesis by synovial fibroblasts.21 IL-4 mRNA can be alter-
natively spliced into IL-4d2 variant. In this variant, exon 2
of the human IL-4 gene is omitted.22 This variant is ex-
pressed in much higher levels than IL-4 mRNA in thymo-
cytes and bronchoalveolar lavage cells.23 IL-4d2 encodes
a truncated protein that acts as a receptor antagonist of
IL-4 and interferes with the activation of cells by
IL-4.24,25 The IL-4 signal is conferred to effector cells
through binding to the IL-4 receptors. These represent
transmembrane receptors composed of IL-Ra, the com-
mon g chain, and IL-13Ra1.26

Here, we explored the possibility that mast cells influ-
ence collagen production by bronchial fibroblasts derived
from bronchial biopsies of subjects with asthma and normal
subjects. We found that mast cells induced a significant
increase in procollagen I (a1) gene expression by fibroblasts
from subjects with asthma, but not from normal controls.
This effect is mediated by IL-4 because neutralization
of IL-4 abrogates the collagen mRNA expression. IL4/
IL-4d2 ratio is higher when mast cells were cultured with
fibroblasts obtained from subjects with asthma compared
with fibroblasts from healthy controls. Moreover, we
found that fibroblasts from subjects with asthma expressed
less IL-13Ra2 than cells from normal controls. This ex-
pression was not changed by coculture with mast cells.

METHODS

Cell cultures

The human mast cell line, HMC-1 was cultured in 75 cm2 flasks in

Iscove Dulbecco Eagle medium (Flow Laboratories, Mississauga,

Ontario, Canada) supplemented with 10% FBS, 1% HEPES, and

antibiotics.

Primary fibroblasts were isolated from bronchial biopsies of

subjects with asthma (n 5 8) and healthy (n 5 8) subjects. The

subjects with asthma fulfilling the American Thoracic Society criteria

for asthma27 were recruited from the Asthma Clinic at Laval Hospital.

They used only an inhaled b2-agonist on demand. None used inhaled

or systemic corticosteroids. All patients with asthma were atopic non-

smokers (mean age, 28 years). Healthy subjects (mean age, 29 years)

were nonatopic nonsmokers with no history of asthma or systemic

diseases.28 Bronchial biopsies were obtained by bronchoscopy
from subjects with asthma and healthy subjects. The study was

approved by the ethics Committee at the Laval Hospital, and written

informed consent was obtained from all subjects before entry into the

study.

Isolated fibroblasts were characterized by immunofluorescence

and flow cytometry using a mouse antivimentin and a mouse anti-

human fibroblast antigen Ab-1 antibody (Calbiochem, San Diego,

Calif) that shows no cross-reactivity with epithelial cells, endothelial

cells, smooth muscle cells, or other cell types. This identification

confirmed the purity of bronchial fibroblast cell culture as described

previously.29,30

Cocultures

Bronchial fibroblasts from healthy or subjects with asthma were

plated at 2 3 105 cells/well in 6-well plates (Costar, Big Flats, NY)

in 10% FBS supplemented Dulbecco modified Eagle medium and

allowed to adhere overnight. The next day, medium was changed

and mast cells, HMC-1, were added (2 3 105 cells/well) to the upper

well of a trans-well system (Falcon, Franklin Lakes, NJ) for 4, 24,

48, and 72 hours. Supernatants were harvested and frozen at –80�C.

RNA extraction and real-time PCR

Total RNA was extracted from fibroblasts and HMC-1 after each

coculture using the RNeasy Mini Kit (Qiagen, Mississauga, Ontario,

Canada) following the manufacturer’s protocol. Concentrations of

total RNA were measured by a fluorescent dye with the Ribogreen

RNA quantification reagent (Molecular Probes Inc, Eugene, Ore).

Quantification of the mRNA message coding for b2-microglobulin,

procollagen I (a1) mRNA, and total form of IL-4 was performed

by using Lightcycler technology (Roche Diagnostics, Mannheim,

Germany). Quantification of mRNA of IL-4 isoforms (IL-4 and

IL-4d2), IL-4Ra, IL-13Ra1, IL-13Ra2, and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was performed by using Smart-

Cycler technology (Cepheid, Sunnyvale, Calif) as previously de-

scribed.31 Primers used are listed in Table I.32 PCR reactions were

performed in a volume of 20 mL containing 1 mL cDNA, 0.3

mmol/L of each primer, and 10 mL QuantiTect SYBR Green PCR

(Qiagen, Mississauga, Ontario, Canada) containing Hot Start DNA

polymerase, dNTP mix, buffer, MgCl2, and fluorescent dyes. The

PCR protocol consisted of 3 programs: denaturation, amplification,

and melting curve analysis for product identification. The denatura-

tion and amplification conditions for b2-microglobulin were 95�C

for 15 minutes followed by 45 cycles of PCR. Each cycle included

denaturation at 95�C for 20 seconds, annealing of 20 seconds at

57�C, and extension of 20 seconds at 72�C. The temperature transi-

tion rate was 20�C/s, except when heating at 72�C, when it was at

5�C/s. Fluorescence was measured at the end of every cycle to allow

quantification of cDNA. After amplification, a melting curve was ob-

tained by slowly heating at 95�C with fluorescence detection every

0.2�C following normal cycle. With the use of standard curves, the

amount of copy numbers of procollagen, IL-4, and IL-13Ra2 genes

in each sample was calculated and normalized to b2-microglobulin

or GAPDH in the same sample we previously reported.17

Cytokine measurements

Measurement of hIL-4 and IL-13 in culture supernatant samples

was performed by using ELISA (R&D Systems, Minneapolis, Minn).

The minimum detectable level of IL-4 was less than 0.13 pg/mL and

32 pg/mL for IL-13.

Neutralization

Neutralization of IL-4 was performed during cocultures. IL-4

neutralizing antibody (1.25 mg/105 cells; Pharmingen, San Diego,

Calif) was added to fibroblast and mast cell cocultures. Cells were
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TABLE I. Sequences and predicted sizes of primers used for PCR analysis

Molecules Primers Predicted size of amplicon

Col1a1 59-TGA ATC TGG ACG TGA GGG GG-39 sense 647 bp

59-CACGGTCACGAACCACAT TGG CAT-39 antisense

IL-4 outer primers 59-CGA GTT GAC CGT AAC AGA CAT-39 sense 281 bp

59-CGT CTT TAG CCT TTC CAA GAA G-39 antisense

IL-4d2 outer primers 59-CAG AGC AGA AGA ACA CAA CTG-39 sense 254 bp

59-CGT CTT TAG CCT TTC CAA GAA G-39 antisense

IL-4 and IL-4d2 inner primers 59-TGT GCT CCG GCA GTT CTA CAG-39 sense 164 bp

59-TGG CTT CCT TCA CAG GAC AGG-39 antisense

IL-13 Ra2 59-TTT CGT TTG CTT GGC TAT CG- 39 sense 542 bp

59-TGT AAT GCA TGA TCC AAG CC-39 antisense

GAPDH 59-ATG CAA CGG ATT TGG TCG TAT-39 sense 221 bp

59-TCT CGC TCC TGG AAG ATG GTG-39antisense

b2-Microglobulin 59-GATGAGTATGCCTGCCGTGTG-39 sense 115 bp

59-CAATCCAAATGCGGCATCT-39 antisense
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then washed and fibroblast RNA extracted, and RT-PCR for procol-

lagen I (a1) was performed as described.

Measurement of procollagen I protein
production in culture supernatant

Procollagen I was measured with a radioimmunoassay kit (Phar-

macia and Upjohn, Don Mills, Ontario, Canada) as we previously

reported.29

Statistical analysis

All experiments in this study were performed at least 3 times. The

data shown are representative results. Experimental values are given

as means 6 SDs. To compare groups and conditions, the data were

analyzed by using a crossed-nested design. When interactions

between groups and conditions were significant, each group was

analyzed by using a randomized block design. A posteriori multiple

comparisons were performed by using Tukey-Kramer test. Mean

values 6 SEMs of quantitative variables were used as representative

measures. All reported P values were 2-sided and were declared

significant at .05 levels.

RESULTS

Procollagen I (a1) gene and protein
expression by fibroblasts

A time course analysis was performed to evaluate
procollagen I (a1) gene expression by fibroblasts in the
presence or absence of mast cells. At baseline, fibroblasts
derived from subjects with asthma and healthy subjects
expressed the same level of procollagen I (a1) gene (Fig
1). This expression did not change over time of incubation.
Coculture with mast cells induced a significant increase in
the procollagen I (a1)/b2 microglobulin ratio in fibroblasts
derived from subjects with asthma after 72 hours of culture
(P 5 .04; Fig 1, A). However, there was no significant
change of procollagen I (a1) gene expression in normal
control-derived fibroblasts (Fig 1, B).

Measurement at protein level showed that procollagen
protein expression was significantly increased in asth-
matic cells when cocultured with mast cells (from 43.04 6

6 to 73 6 5 mg/mL; P 5 .017). There was no significant
change in the normal cells (from 41 6 6 to 33 6 5 mg/mL).
IL-4 and IL-4d2 gene expression by mast cells

To determine whether fibroblasts could modulate cyto-
kine production in mast cells, IL-4 gene expression was
investigated. IL-4d2-gene expression by mast cells as
measured by real-time PCR did not change over time in
coculture with fibroblasts from subjects with asthma or
from normal subjects (Fig 2, A). However, total IL-4 gene
expression was significantly increased 48 (P 5 .019) and
72 hours (P 5 .012) after coculture of mast cells with fibro-
blasts from subjects with asthma compared with mast cells

FIG 1. Procollagen 1 (a1) gene expression by bronchial fibroblast

derived from subjects with asthma (A) and normal controls (B)

measured by real-time RT-PCR. Each value represents the average

6 SEM (n 5 5). *P 5 .04.
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alone or cultured with fibroblasts from normal controls
(Fig 2, B).

Fig 3 shows IL-4d2 /IL-4 ratio. This ratio is signifi-
cantly higher at 72 hours (P 5 .001) when mast cells
were cocultured with fibroblasts derived from healthy
controls compared with fibroblasts from subjects with
asthma.

IL-4 and IL-13 production by mast cells

We further investigated IL-4 and IL-13 production at
the protein level. Total IL-4 produced by mast cells
cocultured with bronchial fibroblasts from asthmatic and
healthy subjects for 24, 48, and 72 hours was measured in
cell free supernatants. There was no significant change in
IL-4 production by mast cells when they were cocultured

FIG 2. IL-4d2 (A) and IL-4 (B) gene expressions by mast cells. IL-4

and IL-4d2 gene expression was measured by real-time RT-PCR.

Each value represents the average 6 SEM (n 5 5). *P 5 .01;

**P 5 .01.

FIG 3. IL-4 production by mast cells cocultured with asthmatic

fibroblasts. Each value represents the average 6 SEM (n 5 8).

*P 5 .03.
with normal fibroblasts (data not shown). However, when
they were cocultured with asthmatic fibroblasts, IL-4
production was significantly increased (P 5 .03) at 72
hours compared with control conditions (Fig 4). We also
measured IL-13 production. There was no significant
change in IL-13 release when mast cells were cultured
with asthmatic and normal cells. However, coculture de-
ceased baseline production of IL-13 by mast cells by about
56% (Fig 5).

Neutralization

To evaluate whether the increase in procollagen gene
expression is mediated by IL-4, we added an IL-4
neutralizing antibody to the coculture. Fig 6 shows that
neutralization of IL-4 abrogates the increase of procolla-
gen gene expression in fibroblasts derived from asthmatic
subjects, suggesting an important role of IL-4 in the mod-
ulation of procollagen production.

IL-4Ra, IL-13RaI, and IL-13RaII expression

We looked at the expression of IL-4 and IL-13 receptors
on bronchial fibroblasts at baseline and after coculture
with mast cells. There was no significant difference in
IL-4R-a and IL-13Ra1 expression in fibroblasts from
subjects with asthma compared with those from healthy
controls at baseline and after coculture with mast cells
(data not shown). However, IL-13-RaII, a decoy receptor,

FIG 4. IL-4d2/IL-4 ratio. Each value represents the average 6 SEM

(n 5 5). *P 5 .001.

FIG 5. IL-13 production by mast cells cultured alone or in presence

of fibroblasts obtained from subjects with asthma or normal

subjects. *P 5 .02; **P 5 .01.
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was significantly (P 5 .02) decreased in asthmatic fibro-
blasts compared with normal fibroblasts (Fig 7). Coculture
conditions did not change the baseline level of IL-13-RaII
expression in normal and asthmatic fibroblasts.

DISCUSSION

There is growing evidence that interplay between in-
flammatory and structural cells plays an important role in
the physiopathology of asthma. In this study, we presented
evidence that mast cells induce procollagen gene expres-
sion by bronchial fibroblasts from subjects with asthma
through IL-4 production, thus providing a regulatory loop
for amplification of inflammation in asthma. We also
showed for the first time that mast cells express IL-4d2
isoform, an alternative splice variant of human IL-4. IL-
4d2 isoform acts as an IL-4 antagonist and thus inhibits its
effect by binding to IL-4 receptors.25 Interestingly, IL-4
and IL-4d2 gene expression was dependent on the nature
of fibroblasts cultured with mast cells. Thus, the overall
IL-4d2/IL-4 ratio is higher when mast cells were cocul-
tured with fibroblasts derived from healthy controls
compared with fibroblasts from subjects with asthma. This
suggests that possibly, in normal conditions, bronchial
fibroblasts may stimulate preferentially IL-4d2 gene ex-
pression rather than IL-4. Consequently, procollagen I
(a1) gene is not induced in these cells. However, actually
it is not possible to measure IL-4d2 protein levels. The
activity of IL-4 has not been distinguished from that of
IL-4d2 because validated protein assays that specifically

FIG 6. Neutralization tests. Top represents 1 representative RT-PCR

experiment. Lane 1, Asthmatic fibroblasts 1 IgG; lane 2, asthmatic

fibroblasts 1 mast cells; lane 3, asthmatic fibroblasts 1 mast cells

1 anti–IL-4. Bottom shows the relative intensities of bands. Exper-

iments were repeated at least 3 times (n 5 3).
detect IL-4d2 have yet to be developed. IL-4d2 gene
expression has been described in asthma.33 Seah et al34

have shown that IL-4d2 gene expression is lower in
patients with asthma compared with control subjects.
Hence, the ratio of IL-4 to IL-4d2 may be important in
the regulation of IL-4 effect in asthma. Atamas et al35

have reported that IL-4d2 induces collagen I (a2) gene
expression by skin and lung fibroblasts, and in this case,
it seems to synergize with IL-4. They suggest that the
action of IL-4d2 is dependent on its ability to bind to
different IL-4 receptors. The activity of IL-4 has not
been distinguished from that of IL-4d2 because validated
protein assays that specifically detect IL-4d2 have yet to be
developed. IL-13 is produced by mast cells, and coculture
with fibroblasts from both subjects with asthma and
healthy controls deceased this production at the same
level. This may be a result of different factors produced
by bronchial fibroblasts such as TGF-b. Thus, it has
been shown recently that TGF-b inhibits growth, matura-
tion, granule formation, and mediator release in mast
cells.36,37 Collagen deposition underneath the basement
membrane is a hallmark of asthma. This seems to be a
result of the activation of subepithelial fibroblasts. These
cells acquire the myofibroblast phenotype. There is a cor-
relation between the number of myofibroblasts in the
bronchial mucosa and the degree of subepithelial fibrosis
observed in asthma.13 These fibroblasts increase in num-
ber after an allergen challenge.38 We have shown that in
asthma mesenchymal cells undergo functional and pheno-
typic alterations, which they keep after in vitro culture and
which may play a key role in the manifestation of the dis-
ease.29,39,40 It is largely believed that airway remodeling
results from persistent inflammation, the repair process,
and recurrent physical stresses. Thus, we found that
TH2-type cytokines, particularly IL-4, have a direct regu-
latory effect on collagen metabolism by increasing collagen
production and decreasing its degradation. This effect
is higher with fibroblasts derived from subjects with

FIG 7. Real-time PCR measurement of IL-13Ra2 gene in fibroblasts

derived from subjects with asthma and healthy subjects cultured

alone or in the presence of mast cells. Each value represents the

average 6 SEM (n 5 8).
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asthma.41 In the current study, we show that this effect can
also be indirect through interactions with inflammatory
cells such as mast cells, suggesting that, in asthma,
fibroblasts can not only respond to TH2 cytokines but
also induce release of these cytokines by inflammatory
cells. This release seems tightly regulated by the activation
state of bronchial fibroblasts. Interestingly enough, fibro-
blasts from normal controls promote the expression of
the splice variant of IL-4 that is known for its inhibitory
effect of IL-4. In asthma, the ratio is in favor of IL-4,
thus facilitating its effect on bronchial fibroblasts.

IL-4 signals through receptor complexes. Type I IL-4R
consists of IL-4Ra and the common g chain, and this
receptor predominates in hematopoietic cells.26 IL-4Ra

and IL-13Ra1 form the type II receptor, a receptor shared
by both IL-4 and IL-13.42 Hematopoietic and nonhemato-
poietic cells express this receptor.43 Another IL-13–binding
chain, IL-13Ra2, exists in a monomeric form and binds
to IL-13 with high affinity.44 IL-13Ra2 appears to act as
a decoy receptor that inhibits the activity of IL-13.45 IL-
13Ra2 expression is upregulated by IL-4 and IL-13 in
bronchial epithelial cells and thus downregulated the
IL-13 signal in these cells.46 In the current work, we found
that fibroblasts derived from subjects with asthma express
low level of IL-13Ra2 compared with fibroblasts derived
from healthy controls. This suggests that the effect of
IL-13 is facilitated in the asthmatic cells.

Interaction between mast cells and fibroblasts has been
well documented, particularly in the skin. Mast cells
induce cultured fibroblasts to proliferate and synthesise
increased amounts of collagen.47,48 They produce an array
of mediators that have been shown to stimulate fibroblasts.
For example, histamine increases procollagen I produc-
tion by keloid fibroblasts,49 and tryptase, a specific mast
cell neutral protease, has been also reported to induce
proliferation and collagen gene expression in human
skin fibroblasts.8 In our conditions, neutralization of IL-4
abrogates completely procollagen I (a1) gene expression,
indicating that the observed increase in this gene is mainly
a result of IL-4. Our experiments cannot exclude, how-
ever, that IL-4 can have an indirect effect and acts through
other mediators.

In conclusion, we showed that mast cells can influence
the function of bronchial fibroblasts derived from subjects
with asthma and that IL-4 and IL-4d2 may play an im-
portant role in collagen regulation in asthma.

We are grateful to Luce Trépanier for subject recruitment and

evaluation, Véronique Turmel for her technical help, and Serge

Simard for statistical analysis.
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