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Distinct subpopulations of fibroblasts contribute to
lung fibrosis, although the mechanisms underlying
fibrogenesis in these subpopulations are not clear.
Differential expression of the glycophosphatidyli-
nositol-linked protein Thy-1 affects proliferation and
myofibroblast differentiation. Lung fibroblast popula-
tions selected on the basis of Thy-1 expression by cell
sorting were examined for responses to fibrogenic
stimuli. Thy-1 (�) and Thy-1 (�) fibroblast popula-
tions were treated with platelet-derived growth factor-
BB, interleukin-1� , interleukin-4, or bleomycin and
assessed for activation of transforming growth factor
(TGF)-� , Smad3 phosphorylation, and �-smooth mus-
cle actin and fibronectin expression. Thy-1 (�) fibro-
blasts responded to these stimuli with increased
TGF-� activity, Smad3 phosphorylation, and expres-
sion of �-smooth muscle actin and fibronectin,
whereas Thy-1 (�) fibroblasts resisted stimulation.
The unresponsiveness of Thy-1 (�) cells is not be-
cause of defective TGF-� signaling because both sub-
sets respond to exogenous active TGF-�. Rather,
Thy-1 (�) fibroblasts activate latent TGF-� in response
to fibrogenic stimuli, whereas Thy-1 (�) cells fail to
do so. Defective activation is common to multiple
mechanisms of TGF-� activation, including throm-
bospondin 1, matrix metalloproteinase, or plasmin.
Thy-1 (�) lung fibroblasts transfected with Thy-1 also
become resistant to fibrogenic stimulation, indicating
that Thy-1 is a critical biological response modifier
that protects against fibrotic progression by control-
ling TGF-� activation. These studies provide a molec-
ular basis for understanding the differential roles of
fibroblast subpopulations in fibrotic lung disease
through control of latent TGF-� activation. (Am J
Pathol 2004, 165:659–669)

Idiopathic pulmonary fibrosis (IPF) is a progressive, fi-
brotic lung disorder with a poor prognosis. It is charac-

terized by excessive proliferation of fibroblasts and ac-
cumulation of excessive amounts of extracellular matrix
proteins, with subsequent abnormal lung remodeling
within fibroblastic foci.1 Although the pathogenesis of IPF
remains incompletely understood, a recently developed
paradigm supports a model of IPF as an abnormal wound
healing response, in which excessive fibroblast migration
and proliferation, progressive extracellular matrix accu-
mulation, increased activity of fibrogenic cytokines such
as transforming growth factor (TGF)-�, continuous epi-
thelial cell death, and abnormal re-epithelialization, as
well as decreased myofibroblast apoptosis are in-
volved.2–4

The fibroblast, particularly the myofibroblast, is the
primary source of extracellular matrix in the development
of lung fibrosis.5–7 The myofibroblast, characterized by
expression of �-smooth muscle actin (�-SMA), is a highly
contractile and proliferative cell that actively produces
collagen and cytokines.5,8,9 Myofibroblasts are present in
the fibrotic foci of IPF and have been shown to be impor-
tant for fibrosis of multiple organs including kidney and
liver.10–13 In vitro, TGF-�, interleukin (IL)-1�, and IL-4 can
induce the myofibroblast phenotype.14–16 Although there
is evidence that there are lung fibroblast subpopulations
that actively drive the fibrogenic phenotype, little is actu-
ally known about the molecular mechanisms that deter-
mine whether a fibroblast responds to injury by fibrogen-
esis or by normal wound healing. Several molecules,
including Thy-1, COX-2, and telomerase, are differentially
expressed by subsets of normal fibroblasts and are sug-
gested to be differentially associated with the fibrogenic
phenotype.17,18 However, it is not clear to what extent
these molecules correlate with the myofibroblast pheno-
type and whether they are direct molecular modulators of
this phenotype.

Thy-1 is a glycophosphatidylinositol-linked outer mem-
brane leaflet glycoprotein expressed on subsets of neu-
rons, lymphocytes, and fibroblasts. In vitro, lung fibro-
blasts that do not express Thy-1 [Thy-1 (�)] express

Supported in part by the National Institutes of Health (grants DK606058 to
J.E.M.-U. and HL65348 to J.S.H.) and the American Lung Association
(career investigator award to J.S.H.).

Accepted for publication April 27, 2004.

Address reprint requests to Joanne E. Murphy-Ullrich, Ph.D., Depart-
ment of Pathology, Volker Hall 668, 1670 University Blvd., Birmingham, AL
35294-0019. E-mail: murphy@path.uab.edu.

American Journal of Pathology, Vol. 165, No. 2, August 2004

Copyright © American Society for Investigative Pathology

659



increased levels of connective tissue growth factor, a
cytokine important in fibrotic processes, as compared to
fibroblasts that express Thy-1 [Thy-1 (�)].19 Significantly
higher levels of platelet-derived growth factor (PDGF)-�
receptor are present on Thy-1 (�) fibroblasts.20 As a
result, Thy-1 (�) fibroblasts show an increased prolifera-
tive response to PDGF-AA.20 In addition, primary cultures
of lung fibroblasts from fibrosis-prone rats exhibit signif-
icantly fewer Thy-1-expressing cells than those from a
more resistant strain.21 In a bleomycin (BLM)-induced
model of lung fibrosis, mice in which the Thy-1 gene was
disrupted developed more severe lung fibrosis than wild-
type animals (J.S. Hagood et al, submitted manuscript).
Moreover, analysis of human lung sections reveals that
fibroblasts from normal lungs are predominantly Thy-1
(�), whereas most fibroblasts in the fibroblastic foci of
IPF lungs do not express Thy-1 (J.S. Hagood et al, sub-
mitted manuscript). These results suggest that the pres-
ence of Thy-1 expression on lung fibroblasts limits the
development of lung fibrosis.

There is abundant evidence that TGF-� is a key medi-
ator of lung fibrosis.22–24 TGF-� stimulates fibroblast pro-
liferation and migration,25 induces synthesis of extracel-
lular matrix proteins,26–28 and promotes myofibroblast
differentiation.29 In addition, TGF-� protects myofibro-
blasts from apoptosis.30 Although TGF-� is a potent in-
ducer of lung fibrosis, large amounts of TGF-� protein are
present in the lungs of healthy adults without apparent
effect. This is in part because of the fact that TGF-� is
initially synthesized as an inactive latent precursor. Latent
TGF-� must be activated to elicit biological effects
through its widely expressed signaling receptors.31 Us-
ing an adenovirus-mediated transfection approach, Sime
and colleagues22 showed that overexpression of latent
form of TGF-� failed to stimulate fibrosis in rat lung,
whereas overexpression of a constitutively active form of
TGF-� resulted in extensive and persistent lung fibrosis.
Studies in bronchoalveolar lavage fluid from human lung
also revealed that alveolar macrophages from lungs with
IPF secreted biologically active TGF-�, whereas alveolar
macrophages from normal lungs secreted only latent
TGF-�.32 These results indicate that control of latent
TGF-� activation is a critical checkpoint for developing
lung fibrosis. To date, at least two mechanisms have
been suggested for regulation of latent TGF-� activation
in fibrogenic lung injury. Alveolar macrophages activate
latent TGF-� through a mechanism that involves interac-
tion of the latent complex with thrombospondin 1 (TSP1)
bound to its CD36 receptor on the macrophage and
subsequent cleavage by plasmin.33 Alveolar epithelial
cells activate TGF-� through interaction of the latent com-
plex with the epithelial cell-specific �v�6 integrin.34 Mech-
anism(s) regulating latent TGF-� activation by interstitial
lung fibroblasts have not been addressed.

In this study, we examined whether there is a differen-
tial ability of Thy-1 (�) and (�) lung fibroblasts to activate
latent TGF-� in response to fibrogenic cytokines (PDGF-
BB, IL-1�, and IL-4) and the fibrogenic pulmonary toxin
BLM. We showed that Thy-1 (�) lung fibroblasts, but not

Thy-1 (�) lung fibroblasts, respond to profibrotic cyto-
kines or BLM by stimulating activation of latent TGF-�.
Resistance of Thy-1 (�) fibroblasts to activation was not
limited to a specific TGF-� activation mechanism. Our
findings suggest that the expression of Thy-1 affects
fibroblast responses in the development of pulmonary
fibrosis through regulating TGF-� activation and myofi-
broblast differentiation.

Materials and Methods

Cytokines, Growth Factors, Media, and Other
Reagents

IL-4, aprotinin, and �2-anti-plasmin were purchased from
Sigma (St. Louis, MO); IL-1� and recombinant human
TGF-� from R&D Systems (Minneapolis, MN); PDGF-BB
and neomycin sulfate (G418) from ICN Biomedicals (Au-
rora, OH); GM6001 from Biomol (Plymouth Meeting, PA);
BLM from Calbiochem (La Jolla, CA); Zeocin from Invitro-
gen (Carlsbad, CA); Luciferase 1000 assay system from
Promega (Madison, WI); nitrocellulose membranes from
Schleicher and Schuell (Keene, NH); Western Lightning
Chemiluminescence Reagent Plus from Perkin-Elmer Life
Science (Boston, MA); Dulbecco’s modified Eagle’s me-
dium (DMEM) with 25 mmol/L HEPES from Life Technol-
ogies, Inc. (Grand Island, NY); fetal bovine serum (FBS)
from HyClone (Logan, UT); F12K from Cellgro (Herndon,
VA); and Bio-Rad protein assay reagent from Bio-Rad
Laboratories (Hercules, CA)

Proteins, Antibodies, and Peptides

Antibodies were purchased from the following vendors:
anti-�-SMA antibody from Biocarta (San Diego, CA), anti-
phospho-Smad2 (Ser465/467) from Cell Signaling (Bev-
erly, MA), anti-Smad2/3 and anti-fibronectin antibody
from BD Transduction Laboratories (San Diego, CA), anti-
�-tubulin from Santa Cruz Biotechnology (Santa Cruz,
CA), anti-TGF-� neutralizing antibody from R&D Systems.
Nonimmune mouse IgG was purchased from Sigma.
Mouse anti-TSP 133 antibody (Mab133) raised against
TSP1 depleted of associated TGF-� was developed by
our lab in a joint effort with the University of Alabama at
Birmingham Hybridoma Core Facility. LSKL, SLLK, GG-
WSHW, and GGASHA peptides were synthesized and
purified by AnaSpec, Inc. (San Jose, CA).

Primary Rat Lung Fibroblast Purification, Cell
Sorting, and Transfection

Lung fibroblasts from Lewis rats were isolated and cul-
tured as described previously.21 Single cell suspensions
were labeled with fluorescein isothiocyanate-conjugated
anti-CD90.1 antibody (OX-7, BD Pharmingen) and la-
beled cells were washed and sorted using a FACSTAR-
Plus Cell Sorter under sterile conditions (Becton-Dickin-
son, Mountain View, CA). The original population of rat
lung fibroblasts contained 78% Thy-1 (�) cells and 22%
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Thy-1 (�) cells. Fibroblasts positive and negative for
Thy-1 expression were subcultured and resorted one to
two times until subpopulations of � 90% purity were
obtained. Sorted fibroblasts were used within four pas-
sages. Thy-1-transfected cells (RFL-6 CD90) were gen-
erated as described.35 Briefly, full-length murine Thy-1.2
cDNA was ligated into the mammalian expression vector
pCDNA3.1 (Invitrogen), sequenced for verification and
orientation, then transfected into RFL-6 cells using Tran-
sIT-LT1 transfection reagent (Invitrogen), and selected in
200 �g/ml Zeocin. Transfectants were selected using
flow cytometry. Empty-vector-transfected RFL-6 cells
(RFL-6 EV) were used as controls. All cells for experi-
ments were demonstrated free of Mycoplasma contami-
nation using MycoAlert mycoplasma detection kit (Cam-
brex Bio Science, Rockland, ME).

Cell Culture and Treatment

The sorted fibroblasts were seeded at a density of 5 �
104 cells/well in six-well plates and allowed to grow in
DMEM containing 25 mmol/L HEPES and 15% FBS for 2
to 3 days until 70 to 80% confluence. Cells were then
rendered quiescent in 2.5 ml of DMEM with 0.1% FBS for
48 hours and in serum-free DMEM for 2 hours. After
removal of quiescent media, 1 ml of fresh serum-free
media was added in the presence or absence of
PDGF-BB (0 to 40 ng/ml), IL-1� (0 to 20 ng/ml), IL-4 (0 to
20 ng/ml), or BLM (0 to 3 �g/ml). Cells were treated for 24
hours. For treatment of cells with antibodies, peptides, or
inhibitors, cells were seeded in 24-well plates and grown
to 70 to 80% confluence. Quiescent cells were treated
with 25 �g/ml of Mab133 antibody, 25 �g/ml of nonim-
mune mouse IgG, 1 �g/ml of anti-TGF-� antibody, 1
�mol/L LSKL peptide, 1 �mol/L SLLK peptide, 20 �mol/L
GGWSHW peptide, 20 �mol/L GGASHA peptide, 200
�g/ml of aprotinin, 64 nmol/L �2-antiplasmin, or 25
�mol/L GM6001 for 24 hours. RFL-6 CD90-transfected
cells and RFL-6 EV-transfected cells were seeded in
six-well plates and cultured in F12K media supplemented
with 10% FBS, 1% penicillin-streptomycin, and 1 �g/ml
Zeocin until 70 to 80% confluent. Cells were made qui-
escent with media containing 0.1% FBS for 24 hours and
treated with cytokines or BLM for 24 hours.

Preparation of Conditioned Media and Cell
Lysates

At the end of the treatments, culture supernatants were
harvested in siliconized tubes on ice, centrifuged at
300 � g for 10 minutes at 4°C to remove cell debris.
Cell-free conditioned media were aliquoted and stored at
�80°C until used. For collection of cell lysates, cells were
washed with cold phosphate-buffered saline twice and
lysed with RIPA (50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L
NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxy-
cholic acid, 1% Nonidet P-40, 0.5 mmol/L phenylmethyl
sulfonyl fluoride, 0.5 �g/ml leupeptin, 0.5 �g/ml pepsta-
tin, 100 �mol/L sodium vanadate) for 1 minute on ice. The

cell lysates were harvested in siliconized tubes and son-
icated for 5 seconds to shear DNA. After centrifugation at
4000 � g for 1 minute at 4°C to remove cell debris, cell
lysates were aliquoted and stored at �80°C until used.

Bioassay of TGF-� Activity

Active and total TGF-� levels were quantified by the PAI-1
promoter luciferase reporter assay.36 Briefly, mink lung
epithelial cells stably expressing the TGF-� response
element of the plasminogen activator inhibitor-1 promoter
fused to the firefly luciferase reporter gene (a generous
gift from Dr. D. B. Rifkin, New York Medical Center, New
York, NY) were plated in 24-well plates at a density of 2 �
105 cells/well with DMEM containing 10% FBS, 2 mmol/L
L-glutamine, 1% penicillin-streptomycin, and 200 �g/ml
G418. Cells were allowed to attach for 4 hours and then
washed with serum-free media. For measurement of ac-
tive TGF-�, 0.5 ml of conditioned media were directly
added to each well. For assay of total TGF-�, 0.05 ml of
conditioned media were first heat-activated for 3 minutes
at 100°C, then mixed with 0.45 ml of serum-free media
and a final volume of 0.5 ml of media was incubated with
reporter cells for 18 hours at 37°C, mink lung epithelial
cell lysates from each well were prepared using reporter
lysis buffer (Promega). Luciferase activity was measured
as relative light units using an Orion microplate luminom-
eter from Berthold (Pforzheim, Germany), and converted
to TGF-� activity (picomoles) using a standard curve
generated by human recombinant TGF-�1. All assays
were performed in triplicate.

SDS-Polyacrylamide Gel Electrophoresis
(PAGE) and Immunoblotting

Protein concentration was measured using the Bio-Rad
protein assay. Equal amounts of protein from conditioned
media or cell lysates were loaded onto SDS-polyacryl-
amide gels under reducing conditions. After electro-
phoresis, the proteins were electrophoretically trans-
ferred from the gels to nitrocellulose at 100 V for 2 hours
at 4°C. Equal loading and transfer of protein samples
were verified by staining the blots with Ponceau S. Mem-
branes were incubated with 5% bovine serum albumin in
Tris-buffered saline/Tween-20 (0.1%) (TBS-T) for 1 hour
at room temperature to block nonspecific protein-binding
sites present in the membranes. Membranes were then
incubated with primary antibodies diluted in TBS-T (anti-
fibronectin antibody at 1:5000 for 18 hours at 4°C, Mab
133 at 0.05 �g/ml for 18 hours at 4°C, anti-phospho-
Smad2/3 at 1:3000 for 18 hours at 4°C, anti-�-SMA anti-
body at 1:1000 for 1 hour at room temperature, anti-
Smad2/3 at 1:2000 for 1 hour at room temperature, and
anti-�-tubulin at 1:500 for 1 hour at room temperature).
After extensive washing, membranes were incubated
with appropriate peroxidase-conjugated secondary anti-
bodies (0.1 �g/ml) diluted in TBS-T for 1 hour at room
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temperature. Immunodetection was performed by chemi-
luminescence.

Densitometry

Immunoblots were scanned and bands were quantified
by Scanalytic’s One-Dscan version 1.31, and fold in-
creases in fibronectin (FN) and TSP1 were normalized to
total amounts of protein in conditioned media. Fold in-
creases in Smad3 phosphorylation and �-SMA were nor-
malized to total Smad3 and �-tubulin, respectively.

Statistical Analysis

Experiments were repeated with cells from multiple rats
over different isolations. Results were expressed as
means � SD for three separate experiments. Statistical
differences among treatment conditions were determined
using one-way analysis of variance. The analysis was
performed with SigmaStat 3.0 software (SPSS Inc., Chi-
cago, IL). Values of P � 0.05 or P � 0.01 were consid-
ered significant.

Results

Thy-1 (�) Lung Fibroblasts Are Resistant to
TGF-� Activation by Fibrogenic Stimuli

Sorted Thy-1 (�) and Thy-1 (�) rat lung fibroblasts were
treated with fibrogenic cytokines (IL-4, PDGF-BB, IL-1�)
or BLM. Levels of active and total TGF-� from the condi-
tioned media were measured. Treatment of Thy-1 (�)
cells with IL-4, PDGF-BB, IL-1�, or with BLM stimulated a
dose-dependent increase in active TGF-� levels (Figure
1; A to D). In contrast, active TGF-� levels were not
increased by these treatments in the conditioned media
of Thy-1 (�) cells. Levels of total TGF-� activity were
unaffected in either cell type by any of these treatments,
indicating that there is no induction of latent TGF-� pro-
duction. The specificity of cytokine/BLM-induced in-
crease in TGF-� activity was demonstrated by preincu-
bation of conditioned media from Thy-1 (�) cells with
TGF-� neutralizing antibody, which led to abrogation of
increases in luciferase activity (data not shown). Heat
activation of latent TGF-� to measure total TGF-� protein

Figure 1. Thy-1 (�) fibroblasts are resistant to
additional TGF-� activation by fibrogenic stim-
uli. Thy-1 (�) and Thy-1 (�) rat lung fibroblasts
were seeded in six-well plates and grown until
70 to 80% confluent. After quiescence, cells
were cultured in fresh serum-free DMEM in the
presence or absence of increasing concentra-
tions of IL-4 (A), PDGF-BB (B), IL-1� (C), or
BLM (D) for 24 hours. Conditioned media were
harvested and cell number in each well was
determined by cell counting. Conditioned me-
dia were assayed for active TGF-� activity (top)
or heated for 3 minutes at 100°C to activate latent
TGF-� for measurement of total TGF-� activity
(bottom) with the PAI-1 promoter luciferase re-
porter assay. Values of TGF-� activity were cor-
rected for cell number. Results are shown as
mean � SD of triplicate wells. *, P � 0.01 for basal
active TGF-� activity versus 10 ng/ml IL-4-, 20
ng/ml PDGF-BB-, 5 ng/ml IL-1�-, or 1 �g/ml
BLM-induced active TGF-� activity in Thy-1 (�)
cells. E: Measured active and total TGF-� activity
from Thy-1 (�) and (�) cells under basal condi-
tions were corrected by total protein levels in cell
lysates. Results are shown as mean � SD of trip-
licate wells.
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showed that Thy-1 (�) cells have similar levels of latent
TGF-� as do Thy-1 (�) cells, suggesting that resistance
to TGF-� activation is not because of a defect in expres-
sion of the latent TGF-� molecule itself. When TGF-�
activity was normalized by cell number, Thy-1 (�) cells
showed higher levels of basal active and total TGF-�
activity than Thy-1 (�) cells (Figure 1; A to D). Preincu-
bation with TGF-� neutralizing antibody reduced lucif-
erase activity to similar levels for both the Thy-1 (�) and
Thy-1 (�) cells, ruling out that the higher basal levels of
TGF-� observed in Thy-1 (�) cells result from different
levels of nonspecific luciferase activity (data not shown).
However, because Thy-1 (�) and (�) cells have different
size and morphology, the protein per cell differs between
the two cell types. When data are normalized to cell
protein, levels of basal active and total TGF-� are equiv-
alent between the two cell types (Figure 1E). Taken to-
gether, our data suggest that Thy-1 (�) and (�) lung
fibroblasts differ in their ability to activate latent TGF-� in
response to fibrogenic stimuli and that Thy-1 (�) cells are
resistant to stimulation of TGF-� activation.

Thy-1 (�) Fibroblasts Increase Smad3
Phosphorylation in Response to Cytokines
or BLM

To investigate differences in autocrine TGF-� signaling,
we examined whether intracellular TGF-� signaling was
triggered in response to extracellular TGF-� activation.
We evaluated levels of Smad2/3 phosphorylation in stim-
ulated Thy-1 (�) and (�) fibroblasts by immunoblotting of
cells lysates with a polyclonal antibody that recognizes
Smad2 and Smad3 phosphorylated on ser465/467. This
antibody recognizes the phosphorylated forms of both
Smad2 and Smad3, which can be distinguished by their
different electrophoretic mobilities. Consistent with data
from the TGF-� activity assay, we observed that Thy-1
(�) cells increase Smad phosphorylation in response to
cytokine or BLM treatment, whereas Thy-1 (�) cells are
refractory (Figure 2, A and B). The electrophoretic mobil-
ity of the bands in these blots is consistent with Smad3
phosphorylation. Maximal levels of Smad phosphoryla-
tion were observed at 4 to 24 hours after stimulation with
cytokines or BLM, in contrast to a rapid induction (1 to 4
hours) with exogenous active TGF-�1 (Figure 8). Under
basal conditions, Smad3 phosphorylation levels were
equivalent in both cell types (Figure 3).

Thy-1 (�) Fibroblasts Increase TGF-�-
Dependent Soluble FN Expression in Response
to Cytokines or BLM, but Thy-1 (�) Fibroblasts
Do Not

Increased expression of matrix proteins including FN has
been identified as a hallmark of the fibrogenic activity of
TGF-�.1,37 Further experiments were performed to deter-
mine whether the differential ability of these cell popula-
tions to activate latent TGF-� affects expression of FN.
Treatment of Thy-1 (�) cells with cytokines or BLM in-

creased FN in the conditioned medium. In contrast, Thy-1
(�) cells are resistant to stimulation of FN expression
(Figure 4A). Stimulation of FN in Thy-1 (�) cells was
because of TGF-� activity because anti-TGF-� antibody
blocked up-regulation of FN by BLM, IL-4, and PDGF-BB.

Figure 2. Thy-1 (�) fibroblasts increase Smad3 phosphorylation in response
to cytokines or BLM. A: Quiescent cells were treated with 10 ng/ml of IL-4,
20 ng/ml of PDGF-BB, 5 ng/ml of IL-1�, or 1 �g/ml of BLM. Cell lysates were
collected at 0, 1, 4, 8, 16, and 24 hours. Levels of phosphorylated Smad3
(p-Smad3) and total Smad3 were detected in samples (equal protein loading)
by immunoblotting. B: Relative p-Smad3 levels were determined by scanning
densitometry of the blots and normalized to total Smad3 levels. The level of
p-Smad3 at 0 hours of each treatment was set to 1. Results are the means of
three independent experiments each performed in triplicate � SD. *, P �
0.01 for basal control versus IL-4 at 16 hours, PDGF-BB at 24 hours, IL-1� at
4 hours, or BLM at 4 hours in Thy-1 (�) cells.

Figure 3. Basal levels of Smad3 phosphorylation are similar in Thy-1 (�)
and (�) fibroblasts. Quiescent Thy-1 (�) cells and Thy-1 (�) cells were
cultured in 1 ml of fresh serum-free media for 24 hours. Cell lysates were
harvested and equal amounts of protein were subjected to electrophoresis on
10% SDS-PAGE under reducing conditions. Levels of p-Smad3 and total
Smad3 were detected by immunoblotting and quantified by scanning densi-
tometry setting Thy-1 (�) p-Smad3 to an arbitrary value of 1. Results are the
means � SD of three separate experiments.
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Basal and IL-1�-stimulated FN expression is indepen-
dent of TGF-� activity (Figure 4B). Although cytokines or
BLM fail to stimulate Thy-1 (�) cells to synthesize FN,
addition of exogenous TGF-� to Thy-1 (�) cells induces
FN expression (Figure 4A), suggesting that the inability to
activate latent TGF-� correlates with the failure to up-
regulate FN by Thy-1 (�) cells.

Differential Susceptibility to TGF-� Activation in
Thy-1 Subpopulations Involves Multiple
Activation Mechanisms

Latent TGF-� can be activated by diverse mechanisms.
To determine whether Thy-1 resistance to latent TGF-�
activation is associated with defects in a particular acti-
vation mechanism, we examined which mechanisms fi-
broblasts might use to regulate TGF-� activation. Previ-
ously, we and others33,38–42 identified the matricellular
protein TSP1 as an important mediator of TGF-� activa-
tion both in vivo and in vitro. By use of peptide and
antibody antagonists that block TSP1-mediated TGF-�
activation, we examined whether TSP1 is involved in the
cytokine- or BLM-induced TGF-� activation by Thy-1 (�)
fibroblasts. In addition, we also tested the possible in-
volvement of plasmin- or matrix metalloproteinase (MMP)
in TGF-� activation using the plasmin-specific inhibitors,
aprotinin and �2-anti-plasmin, or the MMP-specific inhib-
itor, GM6001. As shown in Figure 5A, preincubation of
cells with Mab133 or either of the TSP1 antagonist pep-
tides completely blocked TGF-� activation by either IL-4
or BLM, whereas the same concentration of nonimmune
mouse IgG or control peptides (SLLK and GGASHA) had
no inhibitory effect, suggesting that both IL-4 and BLM

Figure 4. Thy-1 (�) fibroblasts increase TGF-�-dependent soluble FN ex-
pression in response to cytokines or BLM, but Thy-1 (�) fibroblasts do not.
A: Quiescent cells were treated with 8 pmol/L TGF-�1, 10 ng/ml IL-4, 20
ng/ml PDGF-BB, 5 ng/ml IL-1�, or 1 �g/ml BLM for 24 hours. Conditioned
media were harvested and equal amounts of protein were subjected to
electrophoresis on 8% SDS-PAGE under reducing conditions. Levels of FN
were detected by immunoblotting. B: Thy-1 (�) cells were treated with
cytokines or BLM in the absence or presence of 1 �g/ml of anti-TGF-�
neutralizing antibody (anti-TGF-�) for 24 hours. Levels of FN in supernatant
of cultures were detected by immunoblotting. Relative FN protein levels were
determined by scanning densitometry of the blots. The basal level of FN
expressed in Thy-1 (�) cells was set to 1. Results are the means of three
independent experiments � SD. *, P � 0.01 for basal control versus TGF-�1,
IL-4, PDGF-BB, IL-1�, or BLM in Thy-1 (�) cells, basal control versus TGF-�1
in Thy-1 (�) cells, IL-4 versus IL-4 � anti-TGF-�, PDGF-BB versus PDGF-BB
� anti-TGF-�, TGF-�1 versus TGF-�1 � anti-TGF-�, and BLM versus BLM �
anti-TGF-� in Thy-1 (�) cells.

Figure 5. Differential susceptibility to activation
in Thy-1 subpopulations involves multiple acti-
vation mechanisms. Thy-1 (�) cells were cul-
tured in 24-well plates until 70 to 80% confluent.
Quiescent cells were treated with 10 ng/ml of
IL-4, 20 ng/ml of PDGF-BB, 5 ng/ml of IL-1�, or
1 �g/ml of BLM in the presence or absence of
25 �g/ml of nonimmune mouse IgG (mIgG), 25
�g/ml of Mab133, 1 �mol/L LSKL peptide, 1
�mol/L SLLK control peptide, 20 �mol/L GGW-
SHW peptide, 20 �mol/L GGASHA control pep-
tide, 200 �g/ml of aprotinin (apro), 64 nmol/L
�2-anti-plasmin (a2AP), or 25 �mol/L GM6001
for 24 hours. Conditioned media were har-
vested. Cell number in each well was deter-
mined by cell counting. Conditioned media
were assayed for active TGF-� activity (A) and
total TGF-� activity (B). Results are the means
of three separate experiments � SD, each per-
formed in triplicate. *, P � 0.01; and #, P � 0.05
for comparisons as indicated.
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activate latent TGF-� through a TSP1-dependent mech-
anism. Stimulation of TGF-� activity by IL-1� was inhib-
ited by either aprotinin or �2-anti-plasmin, suggesting
that plasmin is required for IL-1�-induced activation. The
MMP inhibitor GM6001 also blocked activation by both
BLM and IL-1�. These data suggest that the agents use
more than one mechanism to activate latent TGF-�. In-
terestingly, stimulation of TGF-� activity by PDGF-BB was
not blocked by TSP1, plasmin, or MMP inhibitors, sug-
gesting an alternate activation mechanism is involved.
Total TGF-� levels were unaffected by any of the inhibi-
tors (Figure 5B).

Figure 6. IL-4 stimulates TSP1 expression and TSP1 antagonists block IL-4
stimulation of Smad phosphorylation and FN synthesis. A: Thy-1 (�) cells
and Thy-1 (�) cells were treated with increasing concentration of IL-4.
Conditioned media were harvested and equal amounts of protein were
subjected to electrophoresis on 8% SDS-PAGE under reducing conditions.
Protein levels of TSP1 were detected by immunoblotting with Mab133 anti-
TSP1 antibody. Relative TSP1 protein levels were determined by scanning
densitometry of the blots. The level of TSP-1 expressed in Thy-1 (�) cells
without IL-4 treatment was set to 1. Results are the means of three indepen-
dent experiments � SD. B: Thy-1 (�) cells were treated with 10 ng/ml of IL-4
in the presence or absence of 1 �g/ml of TGF-� antibody (TGF-� Ab), 25
�g/ml of mIgG, 25 �g/ml of Mab133, 1 �mol/L LSKL, 1 �mol/L SLLK, 20
�mol/L GGWSHW, or 20 �mol/L GGASHA. Cell lysates were harvested at 16
hours and subjected to immunoblotting to detect p-Smad3 and total Smad3.
Blots were stripped and reprobed for total Smad3. Levels of p-Smad3 were
normalized to total Smad3. The protein level without IL-4 treatment was set
to 1. C: Cells were treated as in B and conditioned media were harvested at
24 hours and subjected to immunoblotting to detect FN. Relative protein
levels were determined by scanning densitometry of the blots. Results are the
means of three independent experiments � SD. *, P � 0.01 for comparisons
as indicated.

Figure 7. Thy-1 (�) cells express increased �-SMA and increase expression
in response to fibrogenic stimuli. A: Thy-1 (�) and (�) fibroblasts were
made quiescent in DMEM with 0.1% FBS for 48 hours and in serum-free
DMEM for 2 hours. Cell lysates were collected and subjected to electrophore-
sis on 10% SDS-PAGE under reducing conditions. Levels of �-SMA were
detected by immunoblotting. To verify equal loading, the same blot was
stripped out and reprobed with anti-�-tubulin antibody. B: Quiescent cells
were treated with 8 pmol/L TGF-�1, 10 ng/ml of IL-4, 20 ng/ml of PDGF-BB,
5 ng/ml of IL-1�, or 1 �g/ml of BLM for 24 hours. Cell lysates were collected
and subjected to immunoblotting. Relative �-SMA protein levels were deter-
mined by scanning densitometry of the blots and were normalized to �-tu-
bulin. The level of �-SMA expressed in Thy-1 (�) cells was set to 1. Results
are the means of three independent experiments � SD. *, P � 0.01 for basal
level of �-SMA in Thy-1 (�) cells versus basal level of �-SMA in Thy-1 (�)
cells, basal control versus TGF-�1, IL-4, PDGF-BB, or BLM in Thy-1 (�) cells,
and basal control versus PDGF-BB in Thy-1 (�) cells. #, P � 0.05 for basal
control versus IL-1� in both Thy-1 (�) cells and Thy-1 (�) cells.

Figure 8. Smad-dependent TGF-� signaling is intact in Thy-1 (�) fibroblasts.
Thy-1 (�) cells and Thy-1 (�) cells were treated with 8 pmol/L TGF-�1. Cell
lysates were collected at 0, 1, 4, 8, 16, and 24 hours. Equal amounts of protein
were separated on 10% SDS-PAGE. Levels of phosphorylated Smad3 and
total Smad3 were detected by immunoblotting. Relative phosphorylated
Smad3 levels were determined by scanning densitometry of the blots and
normalized to total Smad3 levels. The level of p-Smad3 at 0 hours was set to
1. Results are the means of three independent experiments � SD. *, P � 0.01
for basal control versus TGF-�1 at 1 hour in Thy-1 (�) or (�) cells.
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IL-4 Stimulates TSP1 Expression and TSP1
Antagonists Block IL-4 Stimulation of Smad
Phosphorylation and FN Synthesis

To further evaluate the involvement of TSP1 in IL-4 stim-
ulation of TGF-� activation, we first investigated the effect
of IL-4 on TSP1 expression. As shown in Figure 6A, IL-4
treatment dramatically increases TSP1 protein expres-
sion in Thy-1 (�) cells as compared to Thy-1 (�) cells.
Treatment of Thy-1 (�) cells with TSP1 antagonist pep-
tides or antibody blocks IL-4 stimulation of Smad phos-
phorylation (Figure 6B) and FN synthesis (Figure 6C).
These data provide evidence that TSP1 is involved in IL-4
stimulation of TGF-� activity by Thy-1 (�) fibroblasts.
Incidentally, TSP1 protein is also increased by PDGF-AA,
PDGF-BB, and BLM treatment of Thy-1 (�) cells (data not
shown).

Thy-1 (�) Cells Express Increased �-Smooth
Muscle Actin and Further Increase Expression in
Response to Fibrogenic Stimuli

�-SMA is a marker for myofibroblast differentiation.43 To
evaluate the potential ability of Thy-1 (�) and (�) lung
fibroblasts to differentiate into myofibroblasts, we com-
pared basal and stimulated expression of �-SMA in Thy-1
(�) and (�) fibroblasts. As shown in Figure 7, under
basal conditions, Thy-1 (�) cells express 4.8-fold more
�-SMA than do Thy-1 (�) cells (Figure 7A). When stimu-
lated with IL-4, PDGF-BB, or BLM, Thy-1 (�) cells signif-
icantly increased �-SMA, whereas Thy-1 (�) cells were
primarily refractory, except for a slight stimulation with
PDGF-BB treatment. Decreased �-SMA levels were ob-
served in both cell types after IL-1� treatment, confirming
the previous finding that IL-1� dose dependently down-
regulated both �-SMA protein and mRNA in lung fibro-
blasts.43 Interestingly, Thy-1 (�) cells did not increase
�-SMA when treated with active TGF-�. Because directly
adding active TGF-� to the cultures bypasses the re-
quirement for activation, this result suggests that Thy-1
expression renders lung fibroblasts resistant to the myo-
fibroblast phenotype. Alternately, these findings might
indicate that Thy-1 (�) cells are unable to signal in re-
sponse to active TGF-� because of receptor or Smad
defects or the presence of inhibitors. To test this possi-
bility, we added active TGF-� to Thy-1 (�) and (�) cul-
tures and examined cell lysates for Smad phosphoryla-
tion (Figure 8) and conditioned media for FN synthesis
(Figure 4, A and B). Thy-1 (�) cells respond to the addi-
tion of active TGF-� with increased Smad phosphoryla-
tion and increased FN expression, comparable to Thy-1
(�) cells, suggesting that Smad-dependent TGF-� sig-
naling is intact in Thy-1 (�) fibroblasts.

Thy-1 Is Mechanistically Important for
Differential Regulation of TGF-� Activation

Finally, we addressed whether or not Thy-1 itself is a
biological response modifier or rather a molecular marker

Figure 9. Thy-1 is mechanistically important for differential regulation of
TGF-� activation. A: Thy-1-transfected RFL-6 CD90 cells express Thy-1 on the
cell surface, whereas empty vector-transfected RFL-6 EV cells do not. RFL-6
EV (top right) and RFL-6 CD90 cells (bottom left) were harvested and
incubated with fluorescein isothiocyanate-conjugated anti-CD90.2 antibody.
Expression of Thy-1 on the cell surface was determined by flow cytometry.
RFL-6 EV cells treated with fluorescein isothiocyanate-conjugated mIgG1�
(top left) were used as a control. B: RFL-6 EV and RFL-6 CD90 cells were
cultured in six-well plates until 70 to 80% confluent. Cells were made
quiescent in F12K media with 0.1% FBS for 24 hours and in serum-free media
for 2 hours. Cells were treated with increasing concentrations of IL-4, PDGF-
BB, IL-1�, or BLM for 24 hours. Conditioned media were harvested and
assayed for active TGF-� activity and total TGF-� activity. Cell number in
each well was determined by cell counting. Values of TGF-� activity were
normalized for cell number. Results are shown as mean � SD of triplicate
wells. *, P � 0.01 for basal active TGF-� activity versus 5 ng/ml IL-4-, 20
ng/ml PDGF-BB-, 10 ng/ml IL-1�-, or 0.5 �g/ml BLM-induced active TGF-�
activity in Thy-1 (�) cells. C: Expression of Thy-1 in RFL-6 CD90 cells does
not abrogate increased phosphorylation levels of Smad3 in response to
exogenous TGF-�1. RFL-6 EV and RFL-6 CD90 cells were treated with 8
pmol/L TGF-�1 for 1 to 24 hours as indicated. Levels of phosphorylated
Smad3 and total Smad3 were determined by immunoblot. Phosphorylated
Smad3 levels were normalized to total Smad3. Results are the means of three
independent experiments � SD. *, P � 0.01 for basal control versus TGF-�1
at 1 hour in RFL-6 CD90 cells or RFL-6 EV cells.
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for resistance to TGF-� activation. We generated Thy-1-
expressing fibroblasts by transfecting rat lung fibroblasts
(RFL-6) that lack Thy-1 expression with Thy-1.2 (RFL-
CD90) (Figure 9A). RFL-6 cells transfected with empty
vector (RFL-6 EV) were used as controls. The two cell
populations were stimulated with cytokines or BLM and
evaluated for active and total TGF-�. As for the sorted
fibroblast populations, RFL-6 CD90 cells were refractory
to stimulation of TGF-� activation, whereas RFL-6 EV cells
responded to cytokine/BLM stimulation with increased
TGF-� activation (Figure 9B). In addition, restoration of
expression of Thy-1 in lung fibroblasts did not impair
TGF-� signaling (Figure 9C). These data indicate that
Thy-1 is a molecular biological response modifier that
down-regulates activation of TGF-� in response to fibro-
genic stimuli.

Discussion

Because lung fibroblasts separated on the basis of Thy-1
expression have distinct morphologies, proliferative char-
acteristics, expression of class II major histocompatibility
complex (MHC) antigens, as well as production of extra-
cellular matrix proteins,44–46 it is reasonable to speculate
that these functionally distinct lung fibroblast subsets
may have differing roles in the progression of lung fibro-
sis. In this study, we addressed whether Thy-1 expres-
sion differentially regulates TGF-� activity of lung fibro-
blasts in response to fibrogenic stimuli. Our results
suggest that Thy-1 expression is a molecular modulator
of TGF-� activation. In the absence of Thy-1 expression,
lung fibroblasts respond to profibrotic stimuli by activa-
tion of autocrine latent TGF-�, leading to signaling of its
fibrogenic properties and expression of �-SMA consis-
tent with the myofibroblastic phenotype. In contrast,
Thy-1 (�) expression renders cells resistant to TGF-�-
dependent profibrotic sequelae.

Stimulation of Thy-1 (�) lung fibroblasts with fibrogenic
cytokines or the pulmonary toxin BLM resulted in in-
creased active TGF-� in the conditioned media without
affecting total TGF-�, suggesting that the stimulated in-
crease of TGF-� activity occurs at the level of latent
TGF-� activation rather than at the level of latent TGF-�
synthesis. Stimulation of TGF-� activation triggered intra-
cellular signal transduction and induction of fibrogenic
responses to TGF-�. In contrast, Thy-1 (�) fibroblasts are
resistant to activation of TGF-�. It is well established that
expression of TGF-� protein is in itself inadequate to
stimulate fibrosis and that activation of the latent growth
factor is critical for the development of fibrotic sequel-
ae.22,47

Our studies showed that the resistance of Thy-1 (�)
fibroblasts is not associated with one particular mecha-
nism of TGF-� activation. IL-4 stimulation induced signif-
icantly greater expression of TSP1 in Thy-1 (�) lung
fibroblasts than in Thy-1 (�) lung fibroblasts. This may be
because of the fact that Thy-1 (�) lung fibroblasts have
been shown to express higher levels of IL-4 receptor than
do Thy-1 (�) cells.48 Pretreatment of Thy-1 (�) fibro-
blasts with antagonists of TSP1-dependent TGF-� activa-

tion abrogates IL-4 induction of TGF-� activation, signal
transduction, and FN synthesis, suggesting that IL-4-
induced TGF-� activation in lung fibroblasts is mediated
through TSP1. TSP1 has been previously shown to par-
ticipate in TGF-� activation in alveolar macrophages after
lung injury.33 In this model, plasmin is required for cleav-
age of active TGF-� from latent TGF-�-TSP1 complex
bound to the cell surface receptor CD36 on alveolar
macrophages. However, preincubation of fibroblasts with
plasmin inhibitors did not inhibit IL-4-induced TGF-� ac-
tivation, suggesting that plasmin is not involved in the
IL-4-stimulated TGF-� activation by lung fibroblasts.
BLM-stimulated TGF-� activation involves both TSP1 and
MMP activity. On the other hand, plasmin and MMP ac-
tivity are important for IL-1�-induced TGF-� activation.
Because IL-1� is able to up-regulate urokinase-type plas-
minogen activator (uPA) and uPA receptor (uPAR),49 and
increased expression of uPA and uPAR has been found
in fibroblasts in fibrotic lung tissues,14 it will be of interest
to investigate whether up-regulation of uPA or uPAR by
IL-1� results in activation of TGF-� in Thy-1 (�) lung
fibroblasts.

A common feature of pulmonary fibrosis in humans
and animal models is the appearance of myofibroblasts
in the fibroblastic foci.50 Myofibroblasts are character-
ized by the expression of �-SMA. Consistent with the
recent finding that fibroblasts/myofibroblasts in fibrotic
foci of IPF are predominantly Thy-1 (�) cells (J.S. Ha-
good et al, submitted manuscript), we found that Thy-1
(�) lung fibroblasts constitutively express significantly
more �-SMA than do Thy-1 (�) fibroblasts. Treatment of
Thy-1 (�) fibroblasts with TGF-�1, IL-4, PDGF-BB, or
BLM induced further increases of �-SMA expression,
whereas the same treatments induce only a slight in-
crease (PDGF-BB) or no increases (TGF-�1, IL-4, and
BLM) in Thy-1 (�) cultures. These data suggest that lung
fibroblasts that lack Thy-1 expression have a greater
potential to differentiate into a myofibroblastic phenotype.

The role of Thy-1 expression in myofibroblastic differ-
entiation is complex. Koumas and colleagues51 recently
reported that human Thy-1 (�) myometrial and orbital
fibroblasts constitutively express �-SMA, whereas Thy-1
(�) myometrial and orbital fibroblasts do not. Further-
more, the Thy-1 (�) myometrial and orbital fibroblasts
express increased �-SMA when stimulated by active
TGF-�. Neither latent TGF-� activation nor Smad signal-
ing were addressed in this study. The reason for the
apparent discrepancy between our findings in rat lung
fibroblasts and those of Koumas and colleagues51 in
human myometrial and orbital fibroblasts is not clear, but
may support the concept of tissue-specific fibroblasts
whose functions and characteristics vary according to
their anatomical location and the cellular and extracellu-
lar matrix environment to which they are exposed. This
concept is also supported by recent studies demonstrat-
ing distinct and characteristic gene expression patterns
in fibroblasts isolated from different tissues.52

The mechanisms by which Thy-1 expression confers
resistance to TGF-� activation and �-SMA induction in
response to cytokine or BLM stimuli are currently un-
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known. Interestingly, treatment of Thy-1 (�) cells with
exogenous active TGF-� stimulated Smad-dependent
TGF-� signaling, with consequent up-regulation of FN
expression. These data argue against intrinsic defects of
TGF-� receptors or signaling cascades or elevated levels
of secreted TGF-� inhibitors such as decorin or �2-mac-
roglobulin in Thy-1 (�) fibroblasts, at least under basal
conditions. Furthermore, the resistance of Thy-1 (�) cells
to fibrogenic stimuli does not seem to be because of
altered TGF-� protein synthesis or synthesis of defective
latent protein that cannot be activated because levels of
total protein expression between cell types did not differ
significantly and latent protein was able to be activated
by standard conditions (heat). It is possible that Thy-1
expression regulates expression of TGF-� modulatory
proteins such as the latent TGF-�-binding protein or of
soluble inhibitors under stimulated conditions. Cell-matrix
interactions and cytoskeletal organization regulate cell
function and Thy-1 has been shown to associate with
cytoskeletal elements.53–55 Recent findings indicate that
Thy-1 expression modulates cytoskeletal organization
and focal adhesion formation in fibroblasts.35 Thus it is
possible that cell shape and cell-matrix interactions are
determinants of TGF-� activation. Such a possibility
would be consistent with integrin-dependent mecha-
nisms of TGF-� activation that require that the actin cy-
toskeleton be organized.34,56–58

IPF is a progressive, fatal disease for which there is no
effective treatment. TGF-� activity has been shown
through in vitro studies, animal models, and in clinical
data to play a critical role in the lethal progression of
fibrotic replacement of the alveolar wall. The abnormal
myofibroblast is a key cell type involved in fibrotic remod-
eling of the lung interstitium. We reported novel findings
identifying a differential ability between normal lung fibro-
blasts expressing the glycophosphatidylinositol-an-
chored protein, Thy-1, and the myofibroblast-like lung
fibroblasts that lack Thy-1 expression to activate latent
TGF-� in response to fibrogenic stimuli. These data indi-
cate that profibrotic Thy-1 (�) cells respond to fibrogenic
stimuli by activating latent TGF-�, leading to signaling of
its fibrogenic properties. In contrast, Thy-1 expression
confers a resistance to TGF-� activation by fibrogenic
stimuli, protecting cells from TGF-�-dependent fibrotic
sequelae. Although the significance of TGF-� activity for
disease progression is well-established and multiple
mechanisms of latent TGF-� activation in the lung have
been identified, our observations are the first to correlate
susceptibility or resistance to TGF-� activation with either
specific fibrotic phenotypic characteristics or with spe-
cific cellular subpopulations in lung fibroblasts. Further-
more, we have identified Thy-1 as a specific cell surface
molecule capable of modulating fibroblast susceptibility
to TGF-� activation by multiple mechanisms. Resistance
or susceptibility to TGF-� activation is potentially a sig-
nificant determinant of normal resolution of wound heal-
ing or fibrotic disease progression, respectively. As such,
molecules that modulate TGF-� activation represent po-
tent therapeutic targets.
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