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Abstract

 

Airway hyperresponsiveness leading to subepithelial fibro-
sis is mediated by inflammatory cells activated by T helper
(Th) 2–derived cytokines such as IL-4 and IL-5. By analyz-
ing the phenotype and response of human lung fibroblasts
derived from either fetal (ICIG7) or adult (CCL202) tissue

 

as well as from a Th2-type stromal reaction (FPA) to IL-4
and IL-13, we provide evidence that human lung fibroblasts
may behave as inflammatory cells upon activation by IL-4
and IL-13. We show that the three types of fibroblasts con-
stitute different populations that display a distinct pattern
in cell surface molecule expression and proinflammatory
cytokine and chemokine release. All fibroblasts express
functional but different IL-4/IL-13 receptors. Thus, while

 

IL-4 receptor (R) 

 

a

 

 and IL-13R

 

a

 

1 chains are present in all
the cells, CCL202 and FPA fibroblasts coexpress the IL-
13R

 

a

 

2 and the IL-2R

 

g

 

 chain, respectively, suggesting the
existence of a heterotrimeric receptor (IL-4R

 

a

 

/IL-13R

 

a

 

/IL-
2R

 

g

 

) able to bind IL-4 and IL-13. Stimulation with IL-4 or
IL-13 triggers in the fibroblasts a differential signal trans-
duction and upregulation in the expression of 

 

b

 

1 integrin
and vascular cell adhesion molecule 1 and in the production
of IL-6 and monocyte chemoattractant protein 1, two in-
flammatory cytokines important in the pathogenesis of al-
lergic inflammation. Our results suggest that when acti-
vated by IL-4 and IL-13, different subsets of lung fibroblasts
may act as effector cells not only in the pathogenesis of
asthma but also in lung remodeling processes. They may
also differentially contribute to trigger and maintain the re-

 

cruitment, homing, and activation of inflammatory cells. (

 

J.
Clin. Invest.

 

 1998. 101:2129–2139.) Key words: human lung

 

fibroblasts 

 

•

 

 signal transduction 

 

•

 

 adhesion molecules 

 

•

 

proinflammatory cytokines 

 

•

 

 airway inflammation

 

Introduction

 

Asthma is a complex disorder characterized by airway hyper-
responsiveness and inflammation that may lead to the estab-
lishment of a diffuse and irreversible subepithelial fibrosis (1).

The airway inflammation of asthma has been defined recently
by the World Health Organization as “chronic inflammatory
disease of the airways” and summarized by chronic infiltration
and activation of several types of inflammatory cells in the
bronchial mucosa, particularly T lymphocytes, defined as

 

helper type 2 phenotype (Th2)

 

1

 

 by their cytokine profile, eo-
sinophils, and activated mast cells (2–5). When activated, these
cells induce mediators of inflammation and cytokines such as

 

IL-4, IL-5, IL-10, and GM-CSF, which amplify the inflamma-
tory response and may remodel lung architecture (for a re-
view, see reference 6). Activation of lung fibroblasts by inflam-
matory cells is associated with an increased deposition of
collagen and fibronectin, causing the thickening of the basal
membrane and the appearance of a diffuse subepithelial fibro-
sis (1, 7). It has been shown previously that IL-4 may increase
DNA synthesis, collagen, fibronectin and tenascin deposition
in human skin fibroblasts (8, 9). Therefore, it is possible that
some of the effects of IL-4 on asthmatic airway hyperrespon-
siveness can result from a direct and specific action of the cy-
tokine on lung fibroblasts.

Fibroblasts constitute a heterogeneous family of cells that
express different phenotypic and functional features depend-
ing on their site of origin (10). For instance, murine lung fibro-
blasts constitute a mixture of cellular subsets expressing differ-
ent functional markers of lymphoid cells, notably CD4 and
thymocyte (Thy) 1 antigens (11, 12), and probably exert differ-
ent immune functions. In human lung fibroblasts, expression

 

of an IL-2 receptor (IL-2R

 

ab

 

) that is functional even in the ab-
sence of the 

 

g

 

c

 

 chain has been demonstrated (13). Because this

 

g

 

 chain is also a functional component of the IL-4, IL-7, IL-9,
and IL-15 receptors (14–18), it is possible that human lung fi-
broblasts have developed alternative pathways that allow a cy-
tokine-specific response.

In lymphoid cells, the IL-4 receptor is a heterodimer com-
posed of the IL-4R

 

a

 

 (140-kD) and the IL-2R

 

g

 

 (65-kD) chain.
By contrast, in nonlymphoid cells, another IL-4R has been
characterized recently which is probably composed of the IL-
4R

 

a

 

 chain and either the IL-13R

 

a

 

1 or IL-13R

 

a

 

2 chain (19,
20). These observations may partly explain why human IL-13
shares several biological activities with IL-4 (for a review, see
reference 21).

In this study, we analyzed three human lung fibroblastic
strains derived from normal tissues and from a Th2-type stro-
mal reaction. We show that these cells constitute three distinct
fibroblastic populations which differ in the expression of func-
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Abbreviations used in this paper:

 

 

 

a

 

-SMA, 

 

a

 

–small muscle actin;
GAM, goat anti–mouse; MCP, monocyte chemoattractant protein;
R, receptor; RANTES, regulated upon activation, normal T cell ex-
pressed and secreted; RT, reverse transcription; SCF, stem cell factor;
Th, T helper; Thy, thymocyte; VCAM, vascular cell adhesion mole-
cule.
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tional surface antigens and in the production of cytokines and
chemokines generally associated with inflammation and leu-
kocyte recruitment (22–24). Moreover, they all express func-
tional but different IL-4/IL-13 receptors and respond differ-
ently to IL-4 and IL-13, as evidenced by distinct pattern in
tyrosine phosphorylation and upregulation of adhesion mole-
cule and inflammatory cytokine production.

Overall, our results suggest that IL-4 and possibly IL-13 act
directly on lung fibroblasts, which through their phenotypic
heterogeneity may trigger and maintain differentially the re-
cruitment, homing, and activation of inflammatory cells. This
is of particular interest in light of two recent reports that dem-
onstrate germinal center formation in the lung upon antigen
stimulation (25) and recruitment of dendritic cells into the air-
way epithelium (26).

 

Methods

 

Cells.

 

The origin and characteristics of the human fetal lung fibro-
blasts ICIG7 have been reported elsewhere (27). The human adult
lung fibroblasts CCL202 were purchased from American Type Cul-
ture Collection (Rockville, MD). The primary adult lung fibroblasts
FPA were derived from a Th2-type stromal reaction to a lung me-
tastasis and established in culture as described previously (28). The
two types of cells emerging in culture were (

 

a

 

) cells growing in sus-
pension and identified as CD4 lymphocytes bearing the Th2 pheno-
type (IL-4

 

1

 

, IL-5

 

1

 

, and IL-2

 

2

 

) and (

 

b

 

) adherent bipolar cells (FPA).
All cells were cultured in DME (EuroBio S.A., Les Ulis, France) sup-
plemented with 10% FCS (Biological Industries, Kibbutz Beit Hae-
mek, Israel), 2 mM glutamine, and 1% antibiotics (GIBCO BRL,
Cergy-Pontoise, France) in a 37

 

8

 

C, 5% CO

 

2

 

 incubator.

 

Cytokines.

 

Human recombinant IL-4 and IL-13 were a generous
gift from Schering-Plough Laboratory (Dardilly, France) and Sanofi
Recherche (Labège Innopole, France), respectively. Human recom-
binant IL-2 and IFN-

 

g

 

 were kindly provided by Hoechst-Marion-
Roussel (Romainville, France). Human recombinant IL-15 and

TNF-

 

a

 

 were purchased from Tebu (Le Perray en Yvelines, France)
and R&D Systems (Abingdon, UK), respectively.

 

Antibodies.

 

The various mAbs used were as follows: mAbs
CDw124 (IL-4R

 

a

 

), CD106 (vascular cell adhesion molecule [VCAM]
1), CD117 (c-

 

kit

 

/stem cell factor [SCF] receptor), CD4 mAb 13B8.2,
and FITC goat anti–mouse (FITC-GAM) IgG were purchased from
Immunotech (Marseille, France); CD40 mAb EA-5, mAb CDw90
(Thy-1), and anti–HLA-DR mAb L243 were purchased from Dia-
clone (Besançon, France), Becton Dickinson (Le Pont du Claix,
France), and PharMingen (San Diego, CA), respectively; mAb AS02,
specific for human fibroblasts, and CD31, specific for endothelial
cells (mAb JC/70A), were purchased from Dianova GmbH (Ham-
burg, Germany) and Dakopatts A/S (Glostrup, Denmark), respec-
tively; purified anticollagen I, III, and V goat and FITC anti–goat IgG
were obtained from Southern Biotechnology Associates, Inc. (Bir-
mingham, AL); antiphosphotyrosine mAb (P-Tyr) 4G10 from Up-
state Biotechnology, Inc. (Lake Placid, NY); anti-

 

b

 

1 integrin mAb C9
and anti–ED-B fibronectin variant mAb BC-1 were generously pro-
vided by Dr. L. Zardi (I.S.T., Genoa, Italy) and anti–

 

a

 

-smooth mus-
cle actin (

 

a

 

-SMA) mAb 1A4 by Dr. G. Gabbiani (Department of Pa-
thology, University of Geneva, Geneva, Switzerland); anti–IL-2R

 

b

 

mAb MIK

 

b

 

1 and anti–IL-13R

 

a

 

2 mAb BA34 were kindly provided
by Dr. M. Tsudo (Tokyo Metropolitan Institute of Medical Science,
Tokyo, Japan) and Dr. J. Withness (Diaclone), respectively; anti–
IL-2R

 

g

 

 mAbs 3B5 and 3G11 were a generous gift from Dr. J. Ritz
(Dana Farber Cancer Institute, Boston, MA).

 

Indirect immunofluorescence analysis of fibroblast and cell surface
proteins.

 

For the detection of cytoskeletal and extracellular matrix
elements, trypsinized cells were seeded onto eight-chamber Lab-Tek
glass slides (Nunc, Inc., Naperville, IL), fixed with methanol, and pro-
ceeded as described previously (28). For cell surface molecule expres-
sion, adherent cells were detached with a nonenzymatic cell disso-
ciation solution (GIBCO BRL) and incubated with saturating
concentrations of unlabeled primary mAbs. After washing, cells were
incubated with FITC-GAM and fixed with 1% formaldehyde in PBS.
All incubations were performed for 30 min at 4

 

8

 

C. As control, cells
were incubated under similar conditions with murine Ig of the same
isotype followed by FITC-GAM. Analysis of cell labeling was carried

 

Table I. Sequences of Amplification Primers

 

Genes Primers Product size Annealing temperature Cycle no.

 

bp °C

 

IL-6 5

 

9

 

-ATG AAC TCC TTC TCC ACA AGC GC-3

 

9

 

597 68 30
5

 

9

 

-GAA GAG CCC TCA GGC TGG ACT G-3

 

9

 

IL-13R

 

a

 

1* 5

 

9

 

-AGG ATG ACA AAC TCT GGA G-3

 

9

 

358 58 30
5

 

9

 

-CTC AAG GTC ACA GTG AAG G-3

 

9

 

IL-13R

 

a

 

2* 5

 

9

 

-ATA CCT TTG GGA CCT ATT CC-3

 

9

 

426 58 30
5

 

9

 

-TGA ACA TTT GGC CAT GAC TG-3

 

9

 

IL-4R

 

a

 

5

 

9

 

-GAC CTG GAG CAA CCC GTA TC-3

 

9

 

335 53 35
5

 

9

 

-CAT AGC ACA ACA GGC AGA CG-3

 

9

 

IL-2R

 

g

 

5

 

9

 

-CCA GGA CCC ACG GGA ACC CA-3

 

9

 

481 60 35
5

 

9

 

-GGT GGG AAT TCG GGG CAT CG-3

 

9

 

IL-3 5

 

9

 

-ATG AGC CGC CTG CCC GTC CTG A-3

 

9

 

449 60 35
5

 

9

 

-GCG AGG CTC AAA GTC GTC TGT TG-3

 

9

 

Eotaxin 5

 

9

 

-TGA AGG TCT CCG CAG CAC TTC TGT-3

 

9

 

226 63 35
5

 

9

 

-TGG GGT CGG CAC AGA TAT CCT TGG G-3

 

9

 

SCF 5

 

9

 

-CCC AGG CTC TTT ACT CCT GAA-3

 

9

 

348 60 35
5

 

9

 

-CTG CCC TTG TAA GAC TTG GCT G-3

 

9

 

GAPDH 5

 

9

 

-GGT GAA GGT CGG AGT CAA CGG A-3

 

9

 

240 63 19
5

 

9

 

-GAG GGA TCT CGC TCC TGG AAG A-3

 

9

 

*Provided by Sanofi Recherche.
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out on a FacsCalibur

 

®

 

 cytometer (Becton Dickinson). At least 5,000
cells were analyzed in each test.

 

Detection of cytokine/chemokine production.

 

Soluble cytokines and
chemokines were quantified in cell-free culture supernatants using
standard ELISA kits (R&D Systems and Immunotech) according to
the manufacturers’ instructions. The lower limit of detection was 1–8
pg/ml.

 

Detection of cytokines and cytokine receptors by reverse transcrip-
tion (RT) PCR.

 

Primers for the chemokines RANTES (regulated
upon activation, normal T cell expressed and secreted), IL-8, and
monocyte chemoattractant protein (MCP) 1, the adhesion molecule
VCAM-1, and the cytokine GM-CSF were purchased from R&D Sys-
tems and used according to the manufacturer’s instructions. The
primer for IL-11 was purchased from Clontech (Ozyme, Montigny-
Le-Bretonneux, France). The primer sequences for the chemokine
MCP-4 were designed and used as reported (29). The other human
sets of primers are listed in Table I.

Total RNA was isolated using TRIzol reagent (GIBCO BRL) ac-
cording to the manufacturer’s specifications. cDNA was synthesized
from total RNA using oligo-dT primer and Moloney murine leu-
kemia virus reverse transcriptase (GIBCO BRL) according to the
manufacturer’s instructions. In each PCR reaction, 1 

 

m

 

Ci/tube of
[

 

a

 

-

 

32

 

P]dCTP was included to label the PCR product. Aliquots of the
RT-PCR reaction were separated by PAGE. The gel was dried, and
the results were visualized by autoradiography as described (13). Wa-
ter was used as a negative control for contamination, and some sam-
ples were amplified without reverse transcription to check for the
presence of DNA contaminants.

 

Cross-linking experiments.

 

Cells were washed twice in TE buffer
(Tris 10 mM, EDTA 1 mM, pH 7.4) and resuspended at 3 

 

3

 

 10

 

6

 

 cells/
ml in DME containing 1% BSA and Hepes, pH 7.4. Cells were prein-
cubated for 1 h at 4

 

8

 

C with either a 100-fold excess of unlabeled IL-2,
IL-4, IL-13, or IL-15, and blocking mAbs CDw124 (IL-4R

 

a

 

), MIK

 

b

 

1
(IL-2R

 

b

 

), and 3G11 (IL-2R

 

g

 

). The binding was performed in the
presence of 1 nM or 250 pM 

 

125

 

I–IL-4 (DuPout de Nemours, NEN Di-
vision, Dreiech, Germany) for 2 h at 4

 

8

 

C. In some cases, an additional
30-min incubation time at 37

 

8

 

C was used to detect cytokine receptor
internalization. After binding, the cross-linker agent disuccinimidyl
suberate dissolved in DMSO was added at 270 

 

m

 

M to the mixture for
30 min at 4

 

8

 

C. The reaction was quenched by adding ammonium ace-
tate 10 mM. After washing, cells were lysated with buffer containing
0.5% NP-40, NaCl 300 mM, Tris 50 mM (pH 7.4), EDTA 1 mM, and
protease inhibitors for 30 min at 4

 

8

 

C. The lysates were centrifuged at
15,000 

 

g

 

 for 15 min at 4

 

8

 

C, the pellet was discarded, and the superna-
tant was analyzed in a 10 or 15% SDS-PAGE gel under reducing con-
ditions as described (30). The gel was fixed, dried, and exposed on a
x-ray film for 1–2 wk at 

 

2

 

70

 

8

 

C.

 

Detection of protein tyrosine phosphorylation in IL-4/IL-13–stim-
ulated fibroblasts by Western blot.

 

Confluent cell cultures were in-
cubated overnight in serum-free DME at 37

 

8

 

C. Cells were then
washed with the serum-free medium containing 50 

 

m

 

M orthovana-
date (Na

 

3

 

VO

 

4

 

) and stimulated with 100 ng/ml of either IL-4 or IL-13,
FCS (10%), or serum-free medium for 10 min at 37

 

8

 

C. Cells were
washed twice and resuspended in lysis buffer as described (31). The
samples were analyzed in 7.5% or 5–17.5% SDS-PAGE and trans-
ferred to PVDF membranes (Dupont-NEN). The membranes were
then saturated with 5% BSA (Sigma Chemical Co., St. Quentin Falla-
vier, France), probed with anti–P-Tyr mAb 4G10 followed by goat
peroxidase–conjugated anti–mouse IgG (Immunotech), and visual-
ized by an ECL system (Amersham International, Les Ulis, France).

 

Results

 

Phenotype of human lung fibroblasts.

 

As summarized in Ta-
ble II, immunofluorescent staining revealed that in ICIG7 cul-
tures, a few cells (10–15%) stained positively for the myofibro-
blastic 

 

a

 

-SMA marker, whereas the expression of ED-B

fibronectin variant was homogeneous. A similar small percent-
age of 

 

a

 

-SMA–expressing cells was observed in CCL202 cul-
tures, but no ED-B fibronectin was detected. Unlike ICIG7
and CCL202, 100% of FPA fibroblasts expressed 

 

a

 

-SMA and
showed strong positivity for ED-B fibronectin. The coexpres-
sion of these two markers has been reported both in vitro and
in vivo as typical of activated fibroblasts (myofibroblasts) in-
volved in stromal reactions and fibrotic lesions (10, 28, 32).
Thus, FPA cells could resemble the lung myofibroblasts gener-
ated in a Th2-derived cytokine environment (see Methods)
such as those responsible for the subepithelial fibrosis of
asthma. In addition to the above markers, all fibroblasts ex-

 

Table II. Immunophenotype of Human Lung Fibroblasts

 

Antigens

Human lung fibroblasts

ICIG7 CCL202 FPA

Cytoskeletal and matrix elements
a-SMA 1 1 111

ED-B fibronectin 111 2 111

Collagens
Type I 11 11 1

Type III 11 11 1

Type V 11 11 11

Cell surface antigens
ASO2 111 111 111

CD31 2 2 2

Thy-1 111 111 111

b1 integrin 111 111 111

CD4 1 1 2

c-kit 1 1 2

CD40 2 2 1

VCAM-1 2 1 2

HLA-DR 2 2 2

111, 11, 1, Staining relative to isotype controls.

Table III. Production and Transcription of
Cytokines/Chemokines in Human Lung Fibroblasts

Cytokines

Human lung fibroblasts

ICIG7 CCL202 FPA

Protein* Transcript Protein Transcript Protein Transcript

IL-6 1.75 1 2.75 11 4.25 111

IL-11 0.30 1 0.06 6 0.35 1

GM-CSF 0.85 1 0 2 0 2

SCF NT 1 NT 1 NT 1

IL-3 NT 2 NT 6 NT 2

IL-8 3.50 11 1.50 1 1.50 1

MCP-1 4.50 111 1.90 11 0.50 1

RANTES 0 2 0 2 0 2

Eotaxin NT 1 NT 1 NT 1

MCP-4 NT 1 NT 1 NT 2

*Average production (ng/ml) over a 3-d time period in culture. 111,
11, 1, Relative abundance of transcripts. NT, Not tested.



2132 Doucet et al.

pressed collagen I, III, and V. They also stained positively
(100% positive cells in all three cultures) for human fibroblast
membrane antigen AS02, and were found to be negative for
endothelial CD31 marker (Table II).

Different fibroblastic subsets have been identified in mu-
rine lung fibroblasts on the basis of the differential expression
of membrane antigens such as Thy-1, CD4, or HLA class II
(11, 12). By using a large panel of mAbs, we found that all
types of fibroblasts highly expressed Thy-1 antigen and b1 in-
tegrin (Table II). Moreover, while CD4 and c-kit were ex-
pressed in ICIG7 and CCL202 fibroblasts, no expression was
detected in FPA cells. An even more restricted expression was
observed with the other two membrane antigens, CD40, ex-
pressed in FPA fibroblasts, and VCAM-1, in CCL202 fibro-
blasts. Furthermore, no expression of HLA-DR was detected,
whatever the fibroblast’s origin (Table II). However, addition
of 200 IU/ml of IFN-g to the cultures revealed an average of
78, 52, and 33% of HLA-DR–positive cells in FPA, ICIG7,
and CCL202 cultures, respectively (data not shown).

Cytokine production. As seen in Table III, all three types
of fibroblasts produced relatively high but varied levels of IL-6,
IL-11, IL-8, and MCP-1 as assayed by ELISA. By contrast, no
production of RANTES was detected, and GM-CSF was pro-
duced in ICIG7 fibroblasts only. RT-PCR analyses generally
demonstrated a good correlation between the presence or ab-

Figure 1. RT-PCR analysis of SCF, eotaxin, MCP-4, and GAPDH 
transcripts in human lung fibroblasts. ICIG7 (lane 1), CCL202 (lane 
2), FPA (lane 3) fibroblasts and negative control (lane 4). GAPDH 
transcripts were used as positive control. Arrows, Size of the amplifi-
cation products (bp). Each autoradiogram is representative of at least 
three different experiments.

Figure 2. Analysis of IL-4/IL-13 receptors 
in human lung fibroblasts. (A) RT-PCR 
analysis of IL-4Ra, IL-13Ra1, IL-13Ra2, 
and IL-2Rg transcripts in ICIG7 (lane 1), 
CCL202 (lane 2), and FPA (lane 3) cells 
and negative control (lane 4). Detection of 
IL-2Rg in the absence (2) and presence 
(1) of 10 mg/ml cycloheximide. Arrows, 
Size of the amplification products (bp). (B) 
Flow cytometric analysis of IL-4Ra,
IL-13Ra2, and IL-2Rg chain expression 
(solid lines) in ICIG7, CCL202, and FPA, 
respectively. Controls were performed with 
an irrelevant isotype IgG (broken lines). 
Mean fluorescence intensity was analyzed 
with Cellquest software (Becton Dickin-
son). Each histogram is representative of at 
least three different experiments.
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sence of cytokine release and corresponding gene transcription
(Table III). Moreover, SCF and eotaxin transcripts were also
present in all three types of fibroblasts (Fig. 1). However,
MCP-4 transcripts were detected in ICIG7 and CCL202 but
not in FPA fibroblasts (Fig. 1), while IL-3 transcripts were re-
vealed in CCL202 but not in the two other fibroblast popula-
tions (data not shown).

Presence of IL-4 and IL-13 receptors in human lung fibro-
blasts. As illustrated in Fig. 2 A, the specific transcripts for IL-
4Ra (335 bp) and for IL-13Ra1 (358 bp) were detected in all
three human lung fibroblasts by RT-PCR. The presence of IL-
4Ra chain was further evidenced by flow cytometry (Fig. 2 B).
By contrast, the specific transcripts for IL-13Ra2 (426 bp)
were detected in CCL202 but not in ICIG7 and FPA fibro-
blasts (Fig. 2 A). Conversely, the specific transcripts for IL-
2Rg (481 bp) were present in FPA fibroblasts but not in the
two others. Flow cytometric analysis confirmed the restricted

surface expression of IL-13Ra2 and IL-2Rg chain in CCL202
and FPA fibroblasts, respectively (Fig. 2 B).

It is noteworthy that in ICIG7 and CCL202 fibroblasts, the
IL-2Rg chain transcripts were detected after incubating the
cells with the protein synthesis inhibitor, cycloheximide (10
mg/ml). The same treatment also increased the intensity of the
transcripts in FPA fibroblasts (Fig. 2 A). It has been shown
that the IL-2Rg mRNA is unstable and short-lived (33). Our
results support the notion that IL-2Rg is a constitutive gene
and indicate that in lung fibroblasts, there are different post-
transcriptional regulatory mechanisms which can be overcome
by inhibiting protein synthesis.

125I–IL-4 cross-linking to human lung fibroblasts. In ICIG7
cells, 125I–IL-4 (1 nM) was cross-linked to a heterodimeric com-
plex composed of a band of 160 kD and a diffuse band of 80–
90 kD (Fig. 3, A and B, lane 1). IL-4 is a 19-kD protein; thus,
the molecular mass of each cross-linked protein was z 140

Figure 3. Affinity labeling cross-linking of IL-4R 
complexes by 125I–IL-4 in human lung fibroblasts. 
(A) ICIG7 fibroblasts were incubated with 1 nM 
(lane 1) and 250 pM (lane 2) of 125I–IL-4. Internal-
ization of IL-4/IL-4R complex was determined after 
further incubation of labeled cells at 378C for 30 min 
(lane 3). Competition experiments were performed 
with an excess of unlabeled IL-4 (lane 4) and IL-13 
(lane 5). (B) ICIG7 fibroblasts were incubated un-
der the same conditions as above with either 125I–
IL-4 (lane 1) or in the presence of an excess of unla-
beled IL-4 (lane 2), IL-2 (lane 3), IL-15 (lane 4), and 
blocking mAbs MIKb1 (anti–IL-2Rb, lane 5) and 
3G11 (anti–IL-2Rg, lane 6). (C) CCL202 fibroblasts 
were incubated with either 1 nM (lane 1) or 250 pM 
(lane 2) of 125I–IL-4 alone and in the presence of un-
labeled IL-4 (lane 3), IL-13 (lane 4), IL-2 (lane 5), 
and mAb CDw124 (anti–IL-4Ra, lane 6) and
IL-2Rg mAb 3G11 (lane 7). (D) FPA fibroblasts 
were incubated with 1 nM of 125I–IL-4 either alone 
(lane 1) or in the presence of unlabeled IL-4 (lane 
2), IL-13 (lane 3), IL-2 (lane 4), and mAbs CDw124 
(anti–IL-4Ra, lane 5) and 3G11 (anti–IL-2Rg, lane 
6). Numbers represent marker molecular weights 
(kD). Arrows, Receptor chain subunit bound to
IL-4. Each autoradiogram is representative of at 
least three different experiments.
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and 60 kD, respectively. The intensity of the two bands was
strongly decreased after preincubation with a 100-fold excess
of unlabeled IL-4 (Fig. 3 A, lane 4, and Fig. 3 B, lane 2) and
IL-13 (Fig. 3 A, lane 5). By contrast, preincubation with ei-
ther IL-2 (Fig. 3 B, lane 3), IL-15 (lane 4), or blocking mAbs
to IL-2Rb (lane 5) and to IL-2Rg (lane 6) did not affect the
intensity of the two bands. From the above results, both IL-4Ra
(140-kD) and IL-13Ra (60-kD) chains appeared to be pres-
ent in ICIG7 fibroblasts. Furthermore, the decrease (z 50%)
in labeling seen after further incubation at 378C (Fig. 3 A,
lane 3) indicates that the IL-4/IL-4R complex was internal-
ized. Finally, the weaker labeling observed at 250 pM com-
pared with 1 nM of 125I–IL-4 (Fig. 3 A, lane 2) suggests the
presence of a small number of high affinity IL-4 receptors in
these cells.

In CCL202 fibroblasts, only the band of 160 kD (IL-4/IL-
4Ra) was revealed (Fig. 3 C, lane 1). The band intensity was
abolished completely by unlabeled IL-4 (lane 3) and partially
inhibited by either IL-13 (lane 4) or anti–IL-4Ra mAb (lane
6). No changes were observed with IL-2 (lane 5) or anti–IL-
2Rg mAb (lane 7). The intense labeling still detected at 250
pM of 125I–IL-4 (lane 2) suggests the existence of a significant
number of high affinity IL-4 receptors.

In FPA fibroblasts, a new band of z 87 kD was detected in
addition to the two others seen in ICIG7 cells (Fig. 3 D, lane
1). Preincubation either with unlabeled IL-4 (lane 2) or anti–
IL-4Ra mAb (lane 5) exclusively affected the intensity of the
160-kD band (IL-4/IL-4Ra), whereas IL-13 (lane 3) decreased
all three. Whereas IL-2 (lane 4) had no effect, the blocking
anti–IL-2Rg mAb (lane 6) specifically abolished the labeling
of the 87-kD band, indicating the presence of the IL-2Rg chain
(65 kD) in addition to IL-4Ra and IL-13Ra1 subunits.

Taken together, our data clearly demonstrated that all
three distinct lung fibroblasts expressed IL-4/IL-13 receptors
whose composition appeared to differ according to the type of
fibroblast analyzed.

Induction of tyrosine phosphorylation by IL-4 and IL-13.
To determine whether the binding of IL-4 or IL-13 to their re-
ceptors induced a signal transduction in lung fibroblasts, the
phosphorylation of cell-associated proteins was analyzed by
Western blot with the anti–P-Tyr mAb 4G10 (Fig. 4). In
ICIG7 fibroblasts, IL-4 (lane 2) and IL-13 (lane 3) induced the
tyrosine phosphorylation of at least three proteins, of z 90–
100, 170–180, and 190–210 kD, compared with unstimulated
cells (lane 1). In CCL202 fibroblasts, IL-4 and IL-13 induced
the phosphorylation of another protein, of 200–210 kD (lanes

Figure 4. Tyrosine phosphorylation in-
duced in human lung fibroblasts by IL-4 
and IL-13. Cells were starved overnight 
and then stimulated with serum-free me-
dium (lane 1), 100 ng/ml of either IL-4 
(lane 2) or IL-13 (lane 3), and 10% FCS 
(lane 4) for 10 min at 378C. The total cell 
lysates were separated on 7.5% or 5–17.5% 
SDS-PAGE, transferred to PVDF mem-
branes, and then immunoblotted with anti–
P-Tyr mAb 4G10. Numbers represent 
marker molecular weights (kD). Arrows, 
Tyrosine-phosphorylated proteins induced 
by IL-4 and IL-13. Each autoradiogram is 
representative of at least three indepen-
dent experiments.

Figure 5. Increase in b1 
integrin expression in
human lung fibroblasts by 
IL-4 and IL-13. (A) b1
integrin expression in 
ICIG7 fibroblasts left
untreated (broken black 
line) or incubated with 50 
(broken gray line) and 
100 ng/ml (solid gray line) 
of IL-4 and (B) with ei-
ther 100 ng/ml IL-4 (solid 
gray line) or 10 ng/ml
IL-13 (solid black line). 
Mean fluorescence inten-
sity was determined with 
Cellquest software. Each 
histogram is representa-
tive of at least three dif-
ferent experiments.
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2 and 3) in addition to the 170–180-kD band seen in ICIG7
cells compared with serum-stimulated cells (lane 4). In FPA fi-
broblasts, an overall increase in protein phosphorylation was
observed (lanes 2 and 3) that was to about the same extent as
that observed under serum stimulation (lane 4).

Modulation of b1 integrin and VCAM-1 expression by IL-4
and IL-13. IL-4 and IL-13 have been shown previously to
modify the expression of different adhesion molecules in var-
ied cell types (34–36). In ICIG7 fibroblasts, IL-4 induced a
dose-dependent increase in the expression of b1 integrin (Fig.
5 A). Similarly, IL-13 increased b1 integrin expression, with a
maximal effect at 10 ng/ml (Fig. 5 B). No modulation was ob-
served in the two other fibroblasts (data not shown).

In CCL202 fibroblasts, a significant increase in the level of
VCAM-1 expression was observed with IL-4, even at very low
amounts (0.5 ng/ml), and with IL-13 (Fig. 6, A and B), whereas
IL-4 and IL-13 had no effect in VCAM-1–unexpressing ICIG7
and FPA fibroblasts (Fig. 6, C and D, and Fig. 6, E and F, re-

spectively). However, in such cells, VCAM-1 was expressed
when high concentrations (100 ng/ml) of IL-4 but not IL-13
were combined with TNF-a (0.5–2 ng/ml) (Fig. 6, C and E).

When the expression levels of two other adhesion mole-
cules, intercellular adhesion molecule 1 and very late antigen 4,
known to play an important role in asthma pathogenesis (37, 38),
were analyzed, no change was detected in response to IL-4 and
IL-13 (data not shown).

Modulation of IL-6 and MCP-1 production by IL-4 and
IL-13. Among the various cytokines produced by the three
types of fibroblasts (see Table III), IL-6 and MCP-1 are two
important inflammatory cytokines involved in the pathogene-
sis of allergic inflammation. In ICIG7 fibroblasts, IL-6 produc-
tion (left) was increased significantly by IL-4 and IL-13 after a
48- and 72-h treatment (Fig. 7 A), whereas no changes were
observed in CCL202 and FPA cells (Fig. 7, B and C). By con-
trast, upregulation in MCP-1 production (right) was observed
in all three fibroblasts after 48- and 72-h treatment with IL-4.

Figure 6. Differential modulation of VCAM-1 ex-
pression in human lung fibroblasts by IL-4 and
IL-13. (A) VCAM-1 expression in CCL202 fibro-
blasts left untreated (broken black line) and incu-
bated with 0.5 (light gray solid line), 2.5 (dark gray 
solid line), and 50 (black solid line) ng/ml of IL-4 
and (B) with either 100 ng/ml of IL-4 (thick gray 
line) or IL-13 (thick black line). (C) VCAM-1 ex-
pression in ICIG7 cells left untreated (broken 
black line) and incubated either with 100 ng/ml
IL-4 (dark gray solid line), 0.5 ng/ml TNF-a (light 
gray solid line) alone and in combination (black 
solid line), or (D) with 100 ng/ml IL-13 (black 
solid line) instead of IL-4. (E) VCAM-1 expres-
sion in FPA fibroblasts left untreated or incubated 
with either 100 ng/ml IL-4 (dark gray solid line),
2 ng/ml TNF-a (light gray solid line) alone and
in combination (black solid line), or (F) with
100 ng/ml IL-13 (black solid line) instead of IL-4. 
Mean fluorescence intensity was determined with 
Cellquest software. Each graph is representative 
of at least three different experiments.
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However, the stimulation was less significant with IL-13 than
with IL-4 and was detected in CCL202 but not ICIG7 and FPA
fibroblasts (Fig. 7 B).

Discussion

Although distinct subpopulations of fibroblasts have been
identified in murine lung fibroblasts by different phenotypic
characteristics and functions (11, 12), the possible involvement
of specific fibroblastic subsets in the development of human
chronic inflammatory airway diseases such as asthma as well as
the role of the immune factors regulating this cellular interplay
are, at present, poorly understood. We provide evidence here
that IL-4 and IL-13, which are produced by Th2 lymphocytes
in the initial phase of the asthmatic process, may be active not
only on inflammatory cells but also on different lung fibroblast
populations, transforming these target cells into effectors of
the inflammatory process.

We demonstrate that human lung fibroblasts derived from
fetal and adult normal tissue and from a Th2-type stromal re-
action maintain distinct phenotypes and functions in vitro.
Thus, fetal ICIG7 fibroblasts differ from adult CCL202 cells in

that they express ED-B fibronectin variant and spontaneously
produce GM-CSF, but lack VCAM-1 expression and IL-3
transcription. Likewise, differences are found between stroma-
derived FPA fibroblasts and normal CCL202 cells in that FPA
cells express a-SMA, a marker of the activation of fibroblasts
into myofibroblasts, ED-B fibronectin, an oncofetal marker of
myofibroblasts present in tumor stroma and fibrotic tissues
(29, 32, 39), and CD40 antigen, but lack CD4 and c-kit expres-
sion and MCP-4 transcription. Despite these differences, the
three fibroblasts also share some characteristics. For example,
they all spontaneously produce a number of cytokines capable
of activating inflammatory cells (i.e., IL-6, IL-8, and MCP-1) at
levels similar to those scored in human eosinophils and mono-
cytes (23). All fibroblasts also express the transcripts for SCF
and eotaxin, an eosinophil-selective chemokine which plays a
major role in airway hyperresponsiveness (24).

The differences we found in the profile of cytokines and
chemokines involved in proinflammatory processes (IL-3, IL-6,
IL-11, and GM-CSF) or eosinophil recruitment (MCP-4) as
well as in molecules interacting and activating T (CD4) and B
(CD40) lymphocytes or eosinophils (VCAM-1) between the
three fibroblastic populations can lead to different patterns of

Figure 7. Modulation of IL-6 and MCP-1 
production in human lung fibroblasts by 
IL-4 and IL-13. ICIG7 (A), CCL202 (B), 
and FPA (C) fibroblasts were incubated 
with 100 ng/ml of either IL-4 or IL-13 for 
24 (white bars), 48 (black bars), and 72 
(gray bars) h. Histograms represent the 
percent increase in IL-6 (left) and MCP-1 
(right) production calculated from the ra-
tio, cytokine-stimulated cell production/un-
stimulated cell production 3 100. Dotted 
lines, Control level. Each value represents 
the mean6SEM of three different experi-
ments.
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immunoregulation. In this context, we have observed that an
eosinophilic cell line, Eol-3, was able to adhere spontaneously
to CCL202 but not to ICIG7 and FPA fibroblasts (data not
shown). It is also likely that the differential expression of HLA
class II we detect in the three fibroblasts may influence the ho-
motypic and heterotypic cell–cell interactions mediated by
CD4/HLA class II.

Regarding the interactions between human lung fibroblasts
and IL-4/IL-13, we show that the three populations express
functional but different receptors. We found by RT-PCR that
the transcripts for IL-4Ra and IL-13Ra1 are present in all
three types of fibroblasts. The presence of IL-4Ra chain was
further evidenced by flow cytometry. Cross-linking experi-
ments with 125I–IL-4 reveal different patterns of binding ac-
cording to the type of fibroblasts. Thus, in ICIG7 fibroblasts,
the size of the two chains recognized by 125I–IL-4 and the total
IL-4 binding inhibition by IL-4/IL-13 suggest that these two
chains are IL-4Ra and IL-13Ra1, which form a heterodimer
able to bind IL-4 and IL-13 (40, 41). In CCL202 fibroblasts,
125I–IL-4 only binds to a single chain with a migratory pattern
corresponding to the IL-4Ra. On the other hand, the presence
of IL-13Ra1 transcript as well as the partial inhibition of 125I–
IL-4 binding by IL-13 suggest the involvement of this chain in
the composition of the IL-4 receptor (42). Another difference
between ICIG7 and CCL202 fibroblasts is evidenced by the
complete and partial inhibition of 125I–IL-4 binding to ICIG7
and CCL202 cells, respectively, by the same amount of IL-13.
This can be explained by the presence of the IL-13Ra2 chain
that we detect by RT-PCR and flow cytometry and which has
been reported to bind IL-13 but not IL-4 with high affinity
(43), thereby partially sequestering IL-13 in competition ex-
periments. On the other hand, we cannot exclude the presence
of IL-4Ra homodimers in CCL202 fibroblasts in light of recent
reports on chimeric receptors (44–46).

In addition to the two IL-4Ra and IL-13Ra1 chains, IL-4
also binds, in FPA cells, to a third chain, corresponding to the
IL-2Rg chain whose transcription and expression is also de-
tected by RT-PCR and flow cytometry. Moreover, the total
inhibition of 125I–IL-4 binding to this third chain by an anti–
IL-2Rg blocking mAb as well as the partial inhibition of the
cytokine to the IL-4Ra and IL-13Ra1 subunits by unlabeled
IL-4 and anti–IL-4Ra mAb suggest the existence of a hetero-
trimer IL-4Ra/IL-13Ra1/IL-2Rg in FPA fibroblasts and the
possible involvement of the IL-2Rg chain in its stabilization.
Finally, we show that IL-13 partially inhibits the binding of
IL-4 to the three subunits, indicating that this cytokine also ef-
ficiently recognizes the heterotrimer and physically interacts
with the IL-2Rg chain, as reported recently (47). For the first
time, our data provide evidence for the presence of a heterotri-
mer IL-4Ra/IL-13Ra1/IL-2Rg able to bind not only IL-4 but
also IL-13 in nonexperimentally modified cells, and for a spon-
taneous membrane expression of the IL-2Rg chain in human
fibroblasts.

The different IL-4/IL-13 receptors we detect in the three
human lung fibroblasts appear to be functional, since both cy-
tokines trigger a specific signal transduction which is some-
what different according to the fibroblast population analyzed.
Thus, tyrosine phosphorylation of three proteins of z 90–100,
170–180, and 190–200 kD is induced in ICIG7 fibroblasts,
whereas two proteins, of 170–180 and 200–210 kD, are de-
tected in CLL202 cells. In FPA fibroblasts, an overall increase
in protein phosphorylation is observed in response to IL-4 and

IL-13. Therefore, our results suggest a specific metabolic ac-
tion of the two cytokines in human lung fibroblasts.

The differences in signal transduction induced in the three
types of fibroblasts by IL-4 and IL-13 seem to be associated
with different biological effects. For instance, differences in
the regulation in adhesion molecules are observed among the
three types of fibroblasts. Thus, although a significant increase
in VCAM-1 expression is noted in CCL202 fibroblasts after
stimulation with IL-4 and IL-13, no VCAM-1 expression is in-
duced in ICIG7 and FPA fibroblasts, which both lack sponta-
neous expression, unless IL-4 but not IL-13 are combined with
TNF-a. Therefore, the two cytokines IL-4 and IL-13 may con-
tribute to a differential activation of the VCAM-1 adhesion
pathway, thereby allowing the selective infiltration and hom-
ing of eosinophils in the bronchial wall (34–36, 48). Another
difference is also evident in the selective upregulation of b1 in-
tegrin induced by IL-4 and IL-13 in actively growing ICIG7 fi-
broblasts but not in the two other cells. This effect can lead to
altered interactions between fibroblasts and matrix compo-
nents such as collagen and fibronectin (49, 50), which are gen-
erally overexpressed in fibrotic tissues and play an important
role in the remodeling of lung architecture and activation of
signal transduction. Additionally, the differential modulation
in cytokine and chemokine production that we found in hu-
man lung fibroblasts in response to IL-4 and IL-13 may also
have important implications in lung pathologies. For instance,
the increased production of IL-6 observed in ICIG7 cells can
activate autocrine loops involved in the evolution of fibrosis,
and can also positively regulate survival and histamine release
in human mast cells during allergic reactions (51). On the
other hand, IL-4 increases MCP-1 production in the three fi-
broblasts at levels comparable to those observed in activated
monocytes and eosinophils (23). This may be important, since
MCP-1 plays a role in fibrosis (52) and in allergic inflammation
through induction of chemotaxis and activation of basophils
(23).

Overall, our results clearly demonstrate that IL-4 and IL-13
act on human lung fibroblasts by increasing the expression of
cell surface b1 integrin and VCAM-1 adhesion molecules and
the secretion of some of the cytokines/chemokines implicated
in inflammatory and asthmatic pathologies. Our data support
the hypothesis that lung resident cells such as fibroblasts be-
have not only as target cells but also as important effector cells
in the regulation of the asthmatic process in response to IL-4
and IL-13. If the fibroblastic populations we have character-
ized in vitro do have in vivo counterparts, they could play a
pivotal role in the amplification of the inflammatory cascade in
response, for instance, to IL-4 or IL-13. Through their differ-
ential modulation of adhesion molecules and inflammatory cy-
tokine and chemokine release, they could act separately or,
more probably, integrate their functions during lung remodel-
ing processes.
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