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Interleukin (IL)-6 and IL-11 are elevated in a variety of
lung conditions and may impact on repair mecha-
nisms in chronic inflammatory disorders. However,
the mechanisms by which these cytokines influence
fibroblast proliferation in normal and disease states
have not been previously addressed. We examined
the effect of these cytokines on proliferation and cell-
cycle kinetics of primary human lung fibroblasts ob-
tained from normal patients and patients with idio-
pathic pulmonary fibrosis (IPF). IL-6 inhibited the
proliferation of normal fibroblasts due to the sus-
tained phosphorylation of STAT-3 and production of
the cyclin-dependent kinase inhibitor p19™*%", In
contrast IL-6 was mitogenic for IPF fibroblasts due to
the sustained activation of MAPK, which in turn in-
hibited the production of p27****, allowing activation
of cyclin D, and hyperphosphorylation of retinoblas-
toma protein. IL-11 was mitogenic for both normal
and IPF fibroblasts. These results provide strong evi-
dence for a fundamental abnormality in a cytokine-
signaling pathway, as opposed to alterations in cyto-
kine production, in the pathogenesis of IPF. (Am J
Pathol 2003, 163:345-354)

Idiopathic pulmonary fibrosis (IPF) is a primarily untreat-
able, progressive fibrotic lung disorder with 5-year sur-
vival ranging from 30 to 50%."? Morphologically, the
disease is characterized by abnormal parenchymal tis-
sue remodeling and re-epithelialization, increased colla-
gen deposition, and angiogenesis.>° The progression of

fibrosis appears to be strongly correlated with the pres-
ence and number of fibroblastic foci in the injured lung.
Fibroblasts within these foci assume a migratory, fol-
lowed by a proliferative, and ultimately a profibrotic, myo-
fibroblastic phenotype.?©

Myofibroblasts are characterized by the expression of
markers of smooth muscle differentiation such as
a-smooth muscle actin («-SMA) and are thought to be
primarily responsible for increased deposition of collagen
within the lung and are a major source of cytokines,
chemokines, and profibrogenic growth factors.”® Under
normal conditions, myofibroblasts disappear from
wounds by apoptosis.®'® However, the increased num-
ber of myofibroblasts in IPF suggests that these cells may
be hyperproliferative and/or resistant to apoptosis.

Interleukin (IL)-6 and IL-11 belong to a family of cyto-
kines that include oncostatin M, ciliary neurotrophic fac-
tor, leukemia inhibitory factor, and cardiotrophin-1.""12
These cytokines are grouped together on the basis of a
weak structural homology and the use of gp130-signaling
subunit in their receptor complexes. IL-6 is released by a
variety of cells including monocytes, macrophages, fibro-
blasts, and endothelial cells in response to inflammatory
and profibrotic mediators such as IL-18, tumor necrosis
factor-a, platelet-derived growth factor, and transforming
growth factor-g."""2 On this basis, it is not surprising that
IL-6 mediates many inflammatory processes in the lung
and its dysregulated release is implicated in the patho-
genesis of a variety of respiratory conditions including
interstitial lung diseases.'® However, depending on the
cell type, IL-6 can either stimulate or inhibit proliferation.

IL-11 is also released by a variety of cell types includ-
ing fibroblasts and epithelial cells after stimulation by a
number of factors central to lung fibrosis such as trans-
forming growth factor-g1."*"® IL-11 attenuates the acute
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inflammatory response in the lung after exposure to hy-
peroxia'® and radiation-induced injury'” via pathways
linked to the inhibition of apoptosis.

To more precisely define the role of these cytokines in
the lung, mice genetically engineered to overexpress IL-6
and IL-11 in the lung have been developed. Mice that
overexpressed IL-6 were shown to have a predominantly
lymphocytic infiltration of the airways and alveolitis but
minimal fibrosis,'® whereas overexpression of IL-11 was
associated with prominent airway remodeling, subepithe-
lial fibrosis, and accumulation of fibroblasts, myofibro-
blasts, and myocytes as well as airway hyperresponsive-
ness. These studies provided the first evidence that
although IL-6 and IL-11 use the same signal transducer
these cytokines may have contrasting effects on cell
function.

On this basis, we hypothesized that IL-6 would play a
minor role in regulating fibroblast proliferation in chronic
fibrotic lung diseases, whereas IL-11 would augment
proliferation. We tested this hypothesis using primary
cultures of human lung fibroblasts obtained from three
normal patients (normal Fb) and three patients with IPF
(IPF-Fb). Our results show that IL-6 inhibited proliferation
of normal Fb. However, IL-6 was a potent mitogen for
IPF-Fb. The switch in responsiveness corresponded with
a shift from STAT-3-dependent signaling in normal Fb to
ERK-dependent signaling in IPF-Fb. In contrast to IL-6,
both normal Fb and IPF-Fb proliferated in response to
IL-11.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), RPMI
1640, fetal calf serum, penicillin, gentamicin, and ampho-
tericin were purchased from Life Technologies (Mel-
bourne, Australia), Monoclonal anti-gp130 antibodies
and propidium iodide were purchased from Sigma
Chemicals (St. Louis, MO). Coverslip chamber wells were
obtained from Labtec (NUNC, Roskilder, Denmark).
Genestein, wortmannin, C3 exoenzyme, pp2, and
PD98059 were purchased from Biomol (Plymouth, PA).
Antibodies against, IL-11, and IL-6 were purchased from
Boehringer Ingelheim (Sydney, Australia). Antibodies
against p27KiPT p19QINK4D 1h21CiPT cyclins D and E, and
phosphorylated retinoblastoma protein (pRb), phosphor-
ylated-STAT-3, phosphorylated-ERK 1/2 were purchased
from Santa Cruz (La Jolla, CA). Tritiated thymidine was
purchased from Bresagen (Adelaide, Australia).

Cell Culture

Primary cultures of fibroblasts were derived from normal
human lung and patients with IPF as previously de-
scribed.™ Three primary lines of normal human alveolar
lung fibroblasts were obtained from Clonetics (San Di-
ego, CA), American Type Culture Collection (Manassas,
VA) and lung transplant donor, respectively, and were
used between passages 3 to 5. For comparison, primary

cultures of lung fibroblasts harvested from three patients
with UIP-IPF were used for all experiments. All IPF-Fb
were used between passages 4 to 6. Fibroblasts were
cultured in DMEM supplemented with 10% fetal calf se-
rum, penicillin, gentamicin, and amphotericin. For all ex-
periments, fibroblasts were quiesced by the addition of
serum-free DMEM for 16 hours, before treatment with IL-6
or IL-11.

Anti-Sense Oligonucleotide Synthesis

Phosphothiorated 21-mer oligonucleotides were synthe-
sized on an Applied Biosystem 394 synthesizer by means
of B-cyanoethylphosphoramidite chemistry to minimize
degradation by endogenous nucleotides. The anti-sense
oligonucleotides (ASON) were directed against the trans-
lational site (AUG codon) and surrounding nucleotides of
the human STAT-3 and STAT-5 genes. The sequence of
the ASON to STAT-3 was 5'-CCATTGGGCCATCCTGTT-
TCT-3' and the corresponding sense oligonucleotide se-
quence was 5-AGAAACAGGATAACCCAATGG-3'. The
sequence of the ASON to STAT-5 was 5'-AGCCCGC-
CAT-3" and the corresponding sense oligonucleotide se-
quence was 5'-ATGGCGGGCT-3'. To examine the effect
of ASON, cells were cultured at a density of 10* cells/well
in a 96-well plate for 24 hours. Cells were incubated with
250 pl of fresh serum-free medium containing 12.5
pmol/L of either ASON or sense oligonucleotides for 24
hours. After incubation with oligonucleotides, fibroblasts
were treated with IL-6 and IL-11 for 3, 6, 24, or 48 hours.

Assessment of Proliferation

Fibroblasts were seeded in DMEM supplemented with
10% fetal calf serum at 3 X 10 cells/well in 96-well plates
and allowed to adhere for 24 hours before quiescing by
replacing the medium with serum-free DMEM for a further
18 hours. Cells were then treated with IL-6 or IL-11 for
either 24, 48, or 72 hours. When experiments were per-
formed in the presence of pharmacological inhibitors,
these were added 30 minutes before the addition of
either cytokine. Tritiated thymidine (®*H-Tdr, 1 uCu/well)
was added to each well 12 hours before analysis. Cells
were then rinsed with ice-cold phosphate-buffered saline
(PBS) and treated with 5% trichloroacetic acid for 20
minutes at 4°C, followed by the addition of an equal
volume of 0.5 N NaOH. Incorporation of °H-Tdr was as-
sessed by scintillation counting in a Packard Direct
Counter (Canberra, NSW, Australia).

Cell Cycle Analysis

The effect of IL-6 or IL-11 on cell-cycle kinetics was
assessed by incorporation of propidium iodide into DNA
by fluorescence-activated cell sorting analysis. Briefly,
10° cells were induced into the log phase of growth and
fixed in ice-cold 70% ethanol for 1 hour. After washing
with PBS, ribonucleotide reductase (10 wl) and Triton
X-100 (100 wl) were added to the cells for 30 minutes at
37°C. Propidium iodide (1 ug/ml) was added and incu-



Table 1. Proliferation Rates of the Three Primary Lines of IPF-Fb
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Culture

IPF-Fb no. 1

IPF-Fb no. 2 IPF-Fb no. 3

[®H]Thymidine incorporation (cpm)

3600 + 400

3410 = 600 3540 + 800

IPF-Fb were grown to 70% confluence before quiescing in serum-free media for 16 hours. Cells were then re-exposed to media containing 10%
FCS for 48 hour and proliferation assessed by incorporation of [*H]thymidine as described in Materials and Methods. Because of the scarcity and
limited life of IPF-Fb, results represent the mean = sem of two experiments performed in triplicate.

bated on ice for 10 minutes. Labeled cells were analyzed
on a FACScalibur (Becton Dickinson, San Jose, CA) and
quantified by CellQuest software. Ten to thirty thousand
events were collected for analysis.

Flow Cytometry

For detection of intracellular gp130 staining, fibroblasts
were permeabilized by treatment with 0.1% Triton X-100
for 3 minutes before incubation with a monoclonal gp130
antibody. After multiple washings, cells were incubated
with a rabbit anti-mouse PE-conjugated secondary anti-
body. Labeled cells were analyzed by flow cytometry as
described above. Ten to thirty thousand events were
collected for analysis.

Western Blot Analysis

The expression of p27<PT p19!NK4D K2 1CPT cyclin D,
cyclin E, pRb, phosphorylated-STAT3, and phosphorylat-
ed-ERK 1/2 were assessed by Western blot analysis as
previously described.?° Trypsinized cells (2 X 10°) were
suspended in lysis buffer (50 mmol/L Tris, 0.5 nmol/L
EGTA, 150 mmol/L NaCl, 1% Triton X-100, pH 7.5) con-
taining a cocktail of protease inhibitors and centrifuged at
10,000 rpm for 20 minutes. The protein content of the
supernatant was determined by the Bradford method.
Equal amounts of protein (40 ng) were added to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
buffer, boiled for 5 minutes, and electrophoresed on an 8
to 16% gradient gel and then transferred to nitrocellulose
membranes. Membranes were incubated with Tris-buff-
ered saline with 0.5% Tween-20 (TBST) containing 5%
skim milk powder overnight to block nonspecific binding
and then incubated with primary antibodies for a further 2
hours. After washing in TBST, membranes were incu-
bated with horseradish peroxidase-conjugated second-
ary antibody in TBST, washed, and developed using the
enhanced chemiluminescence detection system.

Confocal Microscopy

The expression of a-SMA by normal Fb and IPF-Fb and
phospho-STATS translocation was visualized by confocal
microscopy as described previously.2° Briefly fibroblasts
(1 X 10%) were plated on coverslip chamber wells. After
being quiesced for 12 hours in serum-free DMEM, cells
were fixed in 4% paraformaldehyde for 15 minutes at
room temperature and permeabilized by exposure to 1%
Triton X-100 for 2 minutes. After PBS washes, fibroblasts
were stained with a monoclonal a-SMA antibody for 1
hour. After further washes in PBS, slides were exposed to

Alexa Fluor-488-conjugated secondary antibodies. Cells
were counterstained with 4,6-diamidino-2-phenylindole
to visualize nuclei. Fluorescent images were obtained
using a confocal laser-scanning microscope (Bio-Rad
MRC 1000) using COMOS software. Image processing
was performed using Confocal Assistant software and
Adope Photoshop.

Statistical Analysis

Data are expressed as mean + SE of at least four exper-
iments. Statistical comparisons of mean data were per-
formed using one-way analysis of variance and Student’s
t-test with Bonferroni correction performed posthoc to
correct for multiple comparisons. A P value <0.05 was
regarded as statistically significant.

Results

Cultures of IPF-Fb Are Predominantly a-SMA-
Positive

Confocal microscopic analysis of fibroblast cultures at
similar passage, revealed that 69 = 5% of the IPF-Fb
expressed high levels of a-SMA compared to 2 + 0.2%
normal Fb.

Cultures of IPF-Fb Proliferate Faster than
Normal Fb in Response to Serum

The effect of 10% fetal calf serum on the rate of prolifer-
ation of IPF-Fb and normal fibroblasts was assessed by
[®H]-thymidine incorporation. IPF-Fb proliferated faster
than normal Fb (3500 = 500 cpm versus 1500 * 500
cpm, P < 0.01). The proliferative rates of the three IPF
primary cultures were compared and found not to be
significantly different (Table 1).

IL-6 Inhibits Proliferation of Normal Fibroblasts
but Is a Mitogen for IPF Fibroblasts

IL-6 inhibited the proliferation of normal Fb in a dose- and
time-dependent manner to a maximum of 35 = 2% (P <
0.01) at a concentration of 160 ng/ml after 48 hours
(Figure 1a). In contrast, this concentration of IL-6 was
strongly mitogenic for IPF-Fb, increasing proliferation by
50% (Figure 1b). Cell-cycle analysis showed that IL-6
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Figure 1. IL-6 inhibits proliferation of normal Fb but is a mitogen for IPF-Fb.
Normal Fb (a) or IPF-Fb (b) were incubated with increasing concentrations
of IL-6 for 24 hours and proliferation was assessed by incorporation of
[*H}-thymidine as described in Materials and Methods. *, P < 0.01 compared
with serum-free control (+). ¢z Exposure to IL-6 caused cell-cycle arrest of
normal Fb in G, (black bars), whereas in IPF-Fb, IL-6 induced a significant
progression of cells into S phase (striped bars). *, P < 0.01 compared with
serum-free normal Fb; **, P < 0.01 compared with serum-free IPF-Fb. Data
shown represent mean * SEM of four experiments performed in triplicate.

induced cell-cycle arrest of normal Fb in the G,; phase
of the cell cycle. In contrast, exposure of IPF-Fb to IL-6
allowed progression from the Gg,; phase to S phase
(Figure 1c).

Expression of gp130 in Normal Fb Is Not
Different to Expression in IPF-Fb

Both normal Fb and IPF-Fb expressed gp130 as evi-
denced by the rightward shift in mean fluorescence in-
tensity (Figure 2). However, expression of gp130 was not
different between normal and diseased cells, with mean
fluorescence intensity values of 52 + 5 for normal Fb and
58 * 6 for IPF-Fb (Figure 2).
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Figure 2. Expression of gp130 is not different between normal Fb and
IPF-Fb. Normal Fb (left) or IPF-Fb (right) were permeabilized and incu-
bated with antibodies against gp130 and expression assessed by flow cytom-
etry as described in Materials and Methods. Mean fluorescence intensity
values were 52 * 5 for normal Fb and 58 =+ 6 for IPF-Fb. Data shown are
representative of each of three normal and three IPF-Fb lines.

Reciprocal Signaling Requirements for IL-6 in
Normal Fb and IPF-Fb

To dissect the signaling pathways mediating the effects
of IL-6 in normal Fb and IPF-Fb, cells were incubated with
selective signaling pathway inhibitors and proliferation
assessed after 24 hours. Figure 3a shows the effect of
ASON against STAT-3 and STAT5a/5b on IL-6-mediated
growth arrest. ASON-STAT-3 abrogated the inhibitory ef-
fect of IL-6 on normal fibroblast proliferation whereas
ASON-STAT5a/5b had no effect. In addition, exposure to
PD98059 or nimesulide had no effect on IL-6-induced
growth arrest (Figure 3b), suggesting that ERK 1/2 and
COX-2 were not involved.

In contrast to normal Fb, treatment of IPF-Fb with
ASON-STAT-3 or ASON-STAT-5a/5b did not influence
IL-6 induced mitogenic responses of IPF fibroblasts (Fig-
ure 3c). However, in IPF-Fb, IL-6-induced proliferation
was almost completely abrogated by PD98059. Addition
of the COX-2 inhibitor nimesulide did not influence IL-6
responses, suggesting that PGE, was not playing a sig-
nificant role (Figure 3d).

9II\IK4D i

STAT 3 Induces the Expression of p1 in

Normal Fb but Represses p27<°P" in IPF-Fb

The transition from the G, to S phase of the cell cycle is
coordinated by the activation and inactivation of CDKs. We
investigated the interaction between STAT-3 phosphoryla-
tion and the expression of the CDK inhibitors p19™K4P,
p21°PT and p27KP1. In normal Fb, IL-6 induced the ex-
pression of p19™N<4P and this effect was abrogated by
ASON-STAT-3 (Figure 4a). Accordingly, IL-6 did not induce
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Figure 3. The inhibitory effect of IL-6 on normal Fb is STAT-3-dependent whereas the mitogenic effect on IPF-Fb is ERK-dependent. Normal Fb (a, b) or IPF-Fb
(¢, d) were incubated with ASON against STAT-3 or STAT 5a/b (a, ¢) or pharmacological inhibitors to signaling pathways (b, d) and proliferation was assessed
by incorporation of [*H]-thymidine as described in Materials and Methods. Data shown are mean * SEM of four experiments conducted in triplicate. *, P < 0.01
compared with serum-free normal Fb; **, P < 0.01 compared with serum free IPF-Fb.

the expression of either cyclin D, or cyclin E4, which, in turn,
inhibited the hyperphosphorylation of pRb, preventing the
transition from G/ to the S phase.

Expression of the CDK inhibitor p27%P' was elevated
in IPF-Fb cultured in a serum-free media, consistent with
cells in growth arrest (Figure 5). The elevation in p27<iP’
was inhibited by IL-6. Treatment with PD98059 abrogated
this effect, suggesting that the effects were dependent on
the activation of MAPK (Figure 5). Repression of p27"<F!
allowed phosphorylation of cyclin D, and E; and hyper-
phosphorylation of pRb resulting in progression from G4
to S phase (Figure 5). Expression of p21“®! was not
observed in either normal Fb or IPF-Fb in response to

IL-6. Expression of p19™K4P was not observed in IPF-Fb
in response to IL-6 or IL-11.

The Kinetics of ERK 1/2 and STAT-3 Activation
Differ in Normal Fb and IPF-Fb

Figure 6a shows that in normal Fb, phosphorylated ERK
1/2 is only transiently expressed after IL-6 exposure,
whereas phosphorylated STAT-3 was detected for at
least 6 hours. In contrast, in IPF-Fb phosphorylated ERK
1/2 was detected for up to 12 hours, whereas expression
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Figure 4. 1L-6 induces the STAT-3-dependent expression the cdk inhibitor

p19™NKID in normal Fb. a: Cells were exposed to IL-6 (100 ng/ml) in the
9INK4D,

presence or absence of ASON to STAT-3 and the expression of pl
cyclin Dy, cyclin E;, and retinoblastoma protein assessed by Western blot
analysis as described in Materials and Methods. The figure is representative
of three separate experiments. b: Control blots confirming the specificity of
STAT 3 phosphorylation induced by IL-6, but not IL-11. The effect of IL-6 on
STAT 3 is blocked by ASON to STAT 3, but not sense oligonucleotides or
ASON against STAT 5a/b. ¢: Control blot showing that exposure to IL-6 for 24
hours does not induce phosphorylation of ERK 1/2 above that seen in
unstimulated control cells.

of phosphorylated STAT-3 was transient in nature, being
detected for up to 3 hours (Figure 6).

IL-117 Is a Mitogen for Normal and IPF
Fibroblasts

In contrast to IL-6, IL-11 was mitogenic for both normal Fb
and IPF-Fb (Figure 7, a and b) increasing the rate of
proliferation by 100% above control in both cell types.
The mitogenic effect of IL-11 was associated with a sig-
nificant increase in the number of cells progressing from
Gyyq to the S phase.

The IL-11-Dependent Proliferation of Fibroblasts
Is Medliated by p42/p44 MAPK

Transfection of ASON to STAT-3 or STAT-ba/b did not
affect the proliferative response to IL-11 in either normal
Fb or IPF-Fb (Figure 8, a and c). Having demonstrated
that the IL-11-dependent proliferation of both normal and
IPF fibroblasts were not STAT-dependent, we investi-
gated the role of ERK 1/2 in mediating this effect. Figure
7b shows that pretreatment of cells with PD98059 inhib-
ited mitogenic responses to IL-11 in both normal Fb. A
similar response was observed in IPF-Fb (Figure 8d).
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Figure 5. IL-6 inhibits the expression of cdk inhibitor p27""! in IPF-Fb. a:
Cells incubated in serum-free media were exposed to IL-6 (100 ng/ml) in the
presence or absence of PD98059. Lysates were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and the expression of p27<iP!
cyclin Dy, cyclin E,, and phosphorylated retinoblastoma protein assessed by
Western blot analysis as described in Materials and Methods. The figure is
representative of three separate experiments. b: Control blots confirming the
specificity of STAT 3 phosphorylation induced by IL-6, but not IL-11. The
effect of IL-6 on STAT 3 is blocked by ASON to STAT 3, but not sense
oligonucleotides or ASON against STAT 5a/b. ¢: Control blot showing that
exposure to IL-6 for 24 hours induces phosphorylation of ERK 1/2 compared
to unstimulated control cells. Phosphorylation of ERK 1/2 is reduced to basal
levels after exposure to PD98059 (50 uwmol/L).
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Figure 6. Sustained STAT-3 signaling in normal Fb is replaced by sustained
ERK signaling in CFF-Fb in response to IL-6. Normal Fb (a) or IPF-Fb (b)
were exposed to IL-6 (100 ng/ml) for periods of time up to 24 hours. Lysates
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and the duration of phosphorylation (activation) of ERK 1/2 (top) or STAT-3
(bottom) assessed by Western blot analysis. The figure is representative of
three separate experiments.
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Inhibition of COX-2 activity by nimesulide did not influ-
ence proliferation.

IL-117 Inhibits p27"P" by the Activation of the
MAPK Pathway in Both Normal Fb and IPF-Fb

Exposure to IL-11 inhibited the expression of p27KP! in
both normal Fb and IPF-Fb (Figure 9). However, pretreat-
ment of these cells with PD98059, abrogated the inhibi-
tion of p27®" suggesting a direct role for ERK 1/2 in this
effect. Down-regulation of p27<P" allowed the expression
and activation of cyclins D, and E; and hyperphospho-
rylation of pRb.
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IL-17 Induces Sustained Activation of ERK 1/2
in Both Normal Fb and IPF-Fb

Because IL-11 was a mitogen for fibroblasts, we exam-
ined the duration of activation of ERK 1/2 after IL-11 in
both normal Fb and IPF-Fb. In both cell types, ERK 1/2
demonstrated sustained activation with phosphorylated
protein being detected for more than 6 hours in a similar
pattern to that observed for IL-6 exposure in IPF-Fb (data
not shown).

Discussion

In this study, we have examined the effect of IL-6 and
IL-11, two cytokines belonging to the IL-6/gp130 family
on the proliferation and cell-cycle kinetics of normal Fb
and IPF-Fb. Our study has yielded several major findings:
1) in normal Fb, IL-6 is anti-proliferative, whereas in
IPF-Fb IL-6 is strongly proproliferative. 2) In normal Fb,
IL-6 induces sustained activation (>6 hours) of STAT-3,
but only transient activation (1 hour) of ERK 1/2, resulting
in the induction of the cdk4/6 inhibitor p19™ 4P inhibition
of cyclin D, and E, expression, and inhibition of phos-
phorylation of pRb, culminating in cell-cycle arrest. 3) In
IPF-Fb, IL-6 induced transient activation (1 hour) of
STAT-3 but sustained activation (>12 hours) of ERK 1/2,
down-regulation of the cdk inhibitor p27<"*" resulting in
the induction of cyclin D, and E, expression as well as
hyperphosphorylation of pRb forcing progression
through the cell cycle and proliferation. 4) IL-11 was
mitogenic for both normal Fb and IPF-Fb and in both cell
types and proliferation was mediated via p42/44 MAPK-
dependent down-regulation of p27<P'. 5) surface ex-
pression of gp130 did not appear to differ between nor-
mal Fb and IPF-Fb. Our results provide strong evidence
for a fundamental abnormality in a cytokine signaling
pathway, as opposed to alterations in cytokine produc-
tion, in the pathogenesis of IPF.

Itis now increasingly recognized that the pathogenesis
of IPF is directly related to the presence and activity of
myofibroblasts.”?! We have shown that there are a sig-
nificantly higher number of a-SMA-positive staining cells
(myofibroblasts) within the IPF-Fb population compared
to normal Fb (69% versus 3%). Our findings are in general
agreement with the proportions observed by Ramos and
colleagues®® (63% versus 15%). Hadden and Henke?3
also reported a high percentage of a-SMA-positive cells
(55%) in their fibrotic cultures but did not report the
number of a-SMA-positive cells in control cultures. The
increased number of myofibroblasts in this condition im-
plies that these cells may be hyperproliferative and/or
resistant to apoptosis. However, whether IPF-Fb prolifer-
ate faster than normal Fb has been a source of contro-
versy. Jordana and colleagues®” reported that fibroblasts
derived from areas of fibrosis proliferated faster than cells
derived from histologically normal areas of lung tissue. In
contrast, Ramos and colleagues®® showed that the
growth rate of IPF-Fb was significantly slower than normal
Fb. Our data, using primary cultures obtained from three
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Figure 8. The mitogenic effects of IL-11 on normal Fb and IPF-Fb are ERK-dependent. Normal Fb (a, b) or IPF-Fb (¢, d) were incubated with IL-11 (50 ng/ml)
in the presence or absence of ASON against STAT-3 or STAT 5a/b (a, ¢) or pharmacological inhibitors to ERK, COX-2, or PKC (b, d) and proliferation assessed
by incorporation of [*H]-thymidine as described in Materials and Methods. Data shown are mean * SEM of four experiments conducted in triplicate. *, P < 0.01
compared with serum-free normal Fb; **, P < 0.01 compared with serum-free IPF-Fb.

different patients, clearly shows that IPF-Fb proliferate
faster than normal Fb under standard culture conditions.

IL-6 and IL-11 belong to a family of closely related
pleiotropic cytokines that are produced by a variety of
cells in response to inflammatory stimuli."" The actions of
these cytokines are mediated through specific cell-sur-
face receptors, which consist of a unique « chain and the
shared signal transducing subunit, gp130.%>2¢ |L-6 has a
variety of well-documented direct effects that are poten-
tially relevant to pulmonary inflammation and fibrosis and
levels of IL-6 are also elevated in a variety of chronic lung
diseases such as asthma, sarcoidosis, '® and scleroder-
ma.?’ Mitogenic responses of fibroblasts to IL-6 show
marked tissue and species heterogeneity. For example,
IL-6 inhibits proliferation of dermal fibroblasts and fibro-
blastic synovial cells from patients with rheumatoid arthri-
tis,?® whereas it is mitogenic for murine lung fibroblasts.?®

Our results demonstrate that in primary cultures of
normal Fb, exposure to IL-6 results in growth arrest in the
Gy,q phase of the cell cycle. However, in the presence of
ASON to STAT-3, cell-cycle arrest was abrogated and
proliferation returned to control levels, suggesting a crit-
ical role for this transcription factor in regulating this
response. Indeed, we have shown that cell-cycle arrest in
response to IL-6 is associated with sustained activation of
STAT-3 and concomitant, but transient activation of ERK
1/2. Activation of STAT-3 was associated with the induc-
tion of the cdk4/6 inhibitor p19'™*“P and as a conse-
quence, down-regulation of cyclin D; and cyclin E;,
which ultimately leads to hypophosphorylation of Rb, pre-
venting cells from transiting through G4 to S phase. In
contrast to our findings, Fukada and colleagues,®° using
transformed pro-B cells, showed that under normal con-
ditions, gp130-mediated STAT-3 signaling induced G, to
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Figure 9. IL-11 inhibits expression of ERK-dependent p27*! expression in
normal Fb and IPF-Fb. Cells were incubated in serum-free media and ex-
posed to IL-11 (50 ng/ml) in the presence or absence of PD98059. Lysates
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and the expression of p27%P! cyclin D,, cyclin E,, and phosphorylated
retinoblastoma protein assessed by Western blot analysis as described in
Materials and Methods. The figure is representative of three separate exper-
iments.

S phase transition. The reasons for the discrepancy are
not clear, although it is highly likely that gp130-mediated
signaling can exert distinct biological activities on differ-
ent target cells. Consistent with this, Nakajima and col-
leagues,®’ reported that gp130-stimulation could simul-
taneously induce growth enhancing and suppressing
signals in M1 cells. Another reason may relate to our use
of a single cytokine (IL-6) to activate gp130, compared to
chronic, cytokine-independent activation of gp130 used
by Fukada and co-workers.*° Given that gp130 is the
common signal-transducing subunit for a family of cyto-
kines, the final effect observed may be dependent on
which cytokine binds and activates the receptor com-
plex. Indeed, as highlighted in the Results section, we
have shown that IL-11 is a potent mitogen for both normal
Fb and IPF-Fb.

The most striking observation of this study was that in
contrast to normal Fb, treatment of IPF-Fb with IL-6 in-
duced progression through G, to S phase and prolifer-
ation. In addition, the responsiveness of IPF-Fb to IL-6,
was resistant to treatment with ASON to STAT-3, but were
inhibited by PD98059, suggesting a role for ERK in me-
diating the proliferative response. Indeed, IL-6 induced a
sustained activation of ERK 1/2 (>12 hours) accompa-
nied by only a transient activation of STAT-3. Further
investigation revealed that sustained ERK 1/2 activity was
associated with down-regulation of p27<"* induction of
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cyclin D,y and E; and hyperphosphorylation of Rb. Previ-
ous studies have shown a correlation between the acti-
vation of ERK 1/2 and proliferation. For example, ERK 1/2
is a major negative regulator of p27<P' and has also
been shown to stimulate cyclin D, promoter activity.3?

As is the case for IL-6, little is known about the effects
of IL-11 on fibroblast proliferation, although transgenic
mice with targeted overexpression of IL-11 in the lung,
demonstrate an increase in the number of myofibro-
blasts, suggesting that IL-11 is a mitogen.®*** Our data
support this finding by demonstrating that IL-11 induces
a strong proliferative response in both normal Fb and
IPF-Fb. Furthermore we have shown that the mode of
action, namely ERK 1/2 activation, down-regulation of
p27P1 and consequent induction of cyclin D, and E;,
and hyperphosphorylation of Rb, is similar between the
two different cell types.

One potential reason as to why IL-6 has differing ef-
fects on normal Fb compared to IPF-Fb may relate to the
observation that fibroblasts derived from patients with IPF
are composed of heterogeneous subpopulations that dis-
play differing sensitivities to cytokines and growth fac-
tors.2* This duality may be because of sites in the lung
where IPF-Fb are harvested from, because the magni-
tude of inflammation and fibrosis are well known to be
heterogeneous in distribution and areas of active fibrosis
may vyield rapidly proliferative fibroblasts compared to
areas of established fibrosis in which cells may be hy-
poproliferative.? However, this argument does not ade-
quately address the dichotomy observed for IL-6 and
IL-11 on normal Fb proliferation.

Similarly, eicosanoids such as PGE, have been shown
to regulate fibroblast proliferation.®**¢ Wilborn and col-
leagues®® reported that IPF-Fb have decreased expres-
sion of cyclooxygenase and PGE, production compared
to normal Fb, allowing unrestricted proliferation. How-
ever, in our study we did not observe evidence of aber-
rant synthesis of PGE, in response to IL-6 because the
COX-2 selective inhibitor nimesulide did not influence the
proliferative rate in either normal Fb or IPF-Fb.

In conclusion, we have provided initial evidence for a
fundamental signaling abnormality involving IL-6 activa-
tion of gp130 in IPF. Specifically, we have demonstrated
that IPF-Fb proliferate in response to IL-6, whereas in
normal Fb, this cytokine is anti-mitogenic. The mecha-
nism involves a shift in signaling dependency from
STAT-3 in normal Fb to ERK in IPF-Fb. In contrast, IL-11
was mitogenic for both types of fibroblasts. The contrast-
ing roles of ERK and STAT in healthy and IPF fibroblasts
however, provide interesting insights into possible phe-
notypic changes that occur in IPF. Results from animal
models have demonstrated that overexpression of IL-6
does not induce fibrosis per se. From these data and
ours, itis compelling to suggest that in normal tissue, IL-6
does not initiate fibrosis. Indeed, under normal condi-
tions, IL-6 may inhibit fibrosis. In stark contrast, in dis-
eases such as IPF, characterized by phenotypic differ-
ences in fibroblasts, IL-6 seems likely to promote
fibroblast proliferation, which may ultimately contribute to
the development of fibrosis.
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