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A prominent feature of fibrotic tissue in general and of lungs in
particular is fibroblast proliferation and accumulation. In patients
overcoming fibrosis, apoptosis limits this excessive cell growth.
We have previously shown resistance to Fas-induced apoptosis of
primary lung fibroblasts from mice with bleomycin-induced lung
fibrosis, their escape from immune surveillance, and continued
accumulation in spite of overexpression of the Fas death receptor.
Cellular FLICE-like inhibitory protein (c-FLIP) is a regulator of cell
death receptor-induced apoptosis in many cell types. We aimed to
determine c-FLIP levels in myofibroblasts from fibrotic lungs and to
directly assess c-FLIP’s role in apoptosis and proliferation of primary
lung myofibroblasts. c-FLIP levels were determined by apoptosis
gene array, flow cytometry, Western blot, and immunofluorescence
before and after down-regulation with a specific small interfering
RNA. Apoptosis was assessed by caspase cleavage in Western blot
and by Annexin V affinity labeling after FACS and tissue immunoflu-
orescence. Proliferation was assessed by BrdU uptake, also using
FACS and immunofluorescence. We show that myofibroblasts from
lungs of humans with idiopathic pulmonary fibrosis and from
bleomycin-treated versus normal saline-treated mice up-regulate
c-FLIP levels. Using the animal model, we show that fibrotic lung
myofibroblasts divert Fas signaling from apoptosis to proliferation
and that this requires signaling by TNF receptor-associated factor
(TRAF) and NF-kB. c-FLIP down-regulation reverses the effect of Fas
activation, causing increased apoptosis, decreased proliferation,
and diminished recruitment of TRAF to the DISC complex. This indi-
cates that c-FLIP is essential for myofibroblast accumulation and may
serve as a potential target to manipulate tissue fibrosis.

Keywords: fibrosis; c-FLIP; myofibroblast; apoptosis; proliferation

Deregulation of a controlled healing response after injury results
in tissue scarring due to uninterrupted accumulation of myofibro-
blasts (1). Persistent myofibroblast survival and accumulation ap-
pear to be important in the evolution of lung fibrosis in animal
models and idiopathic pulmonary fibrosis (IPF) in humans (1).
We have recently shown that myofibroblasts accumulating in
fibrotic, but not in normal, lungs resist Fas-death receptor-induced
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CLINICAL RELEVANCE

As opposed to currently available treatment, which sup-
presses the immune system in an attempt to block scar
formation, the treatment approach we propose boosts im-
mune system activity by blocking the evasion of fibrotic
tissue fibroblasts from immune cell-induced apoptosis to
alter their uncontrolled accumulation. We show here that
an established mechanism for regulating resistance to cell
death in cancer cells also affects proliferation in lung
myofibroblasts isolated from fibrotic tissue in the experi-
mental model of bleomycin-induced chronic lung inflam-
mation culminating in fibrosis. This involves the caspase 8
inhibitor Flice-like inhibitory protein (FLIP). The role of
FLIP in fibrotic tissue is to block fibroblast susceptibility to
Fas- and immune cell-induced apoptosis and to impose
proliferation during active fibrosis. Thus, the regulation of
FLIP expression and function may pave the way for the
regulation of fibrotic diseases.

apoptosis and escape immune surveillance (2). Fas contains
a classic death domain within its cytosolic tail called FADD
(Fas-associated death domain) (3, 4). FADD binds to an analo-
gous domain within the zymogen form of caspase 8, also known
as FLICE (5). Members of a family of viral proteins called
v-FLIP and a related cellular protein called c-FLIP, also known
as CFLAR and I-FLICE (6), contain a death effector domain that
is similar to the corresponding segment in FADD and caspase 8.

c-FLIP expression usually correlates with resistance to Fas-
and immune cell-induced apoptosis that is signaled via death
receptors (7) and with escape from immune surveillance in vivo
(8-11). Down-regulation of c-FLIP confers sensitivity to Fas-
mediated apoptosis (7, 12, 13).

Under some conditions, Fas can stimulate proliferation of
several types of cells (14, 15), including fibroblasts (16). c-FLIP
provides the molecular switch allowing Fas to promote cell pro-
liferation, as opposed to apoptosis, as reviewed by Thome and
Tschopp (17) and Peter (18). When overexpressed, c-FLIP
induces kinase and NF-kB activation, apparently by binding
the upstream kinase Raf-1 (19).

c-FLIP has been shown to be overexpressed in lung myofibro-
blasts of humans with IPF (12); however, this finding was not
confirmed in a more recent study (20). Thus, c-FLIP’s role in myo-
fibroblast apoptosis and proliferation in the lungs of humans with
IPF remains controversial. It is therefore essential to perform ex-
periments directly and specifically interfering with myofibroblast
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c-FLIP expression to unequivocally identify its biological properties
in apoptosis and proliferation of primary lung myofibroblasts.

We characterized c-FLIP expression on myofibroblasts dur-
ing the evolution of fibrosis in the lungs of mice and of humans
with IPF and determined c-FLIP’s role as a potential inhibitor of
Fas-induced myofibroblast apoptosis and mediator of prolifera-
tion using the experimental model of bleomycin-induced lung
fibrosis in mice.

We show that c-FLIP is consistently overexpressed in lung
myofibroblasts of bleomycin-treated C57BL/6 mice and humans
with IPF. We further show that, upon Fas stimulation, fibrotic
lung myofibroblasts resist Fas-induced apoptosis and become
sensitive to Fas-induced proliferation. Concomitantly, after
Fas stimulation, these fibroblasts form DISC-FADD complexes
and show a significant increase in the recruitment of the TNF
receptor-associated factor (TRAF) signaling molecule to the
DISC-FADD complex. Despite overexpression of other antia-
poptotic genes, the selective down-regulation of c-FLIP by
small interfering RNA (siRNA) was sufficient to sensitize
fibrotic lung myofibroblasts to Fas-induced apoptosis and to
annul Fas-induced proliferation.

Therefore, we conclude that c-FLIP is a key regulator of
death receptor resistance in fibrotic lung myofibroblasts, that
its up-regulation might be a mechanism for myofibroblast prolif-
eration, and that the TRAF signaling molecule is recruited by
c-FLIP to uphold this process, leading to myofibroblast accumu-
lation in injured lungs and resulting in fibrosis.

MATERIALS AND METHODS

Animals

Sprague Dawley C57BL/6 mice (11-12 wk old) (Harlan, Indianapolis, IN)
were used in these experiments. All animal experiments and animal care
procedures were reviewed and approved by our institutional committee
for the protection of animals.

Intratracheal Instillation for Induction of Fibrosis

Bleomycin intratracheal instillation was performed in C57BL/6 mice as
we have previously detailed (2, 21-25).

Lung Myofibroblast Isolation

Myofibroblasts were isolated 14 days after intratracheal instillation of
bleomycin or saline at the time of maximal fibrosis (23) as we have
reported previously (2, 21).

Tissue and Myofibroblast Isolation from Human

Lung Biopsies

Lung samples were obtained from lung biopsy specimens of seven
patients with IPF and from five patients undergoing lung cancer resec-

tion. Lung tissues were embedded in paraffin or minced and cultured for
myofibroblast isolation (2, 26).

Fas Activation

Myofibroblast Fas activation was performed as we have previously
detailed (21).

Gene Array

GEArray/SuperArray (SuperArray Biosciences Corp., Bethesda, MD)
analysis was performed using cDNA isolated from lung myofibroblasts
as we have previously detailed (21).

Real-Time PCR

RNA samples were reverse transcribed and subjected to PCR analysis
(MiniCycler; MJ Research, Waltham, MA) as we have previously detailed

(27). The following primers were used: forward, FLIPy, (the long isoform
of FLIP) 5TGCTGAAGTCATCCAT CAGG3'; reverse, FLIP.
5S'"ATTCCTAGGGGC TTGCTCT3'. The housekeeping gene was glyc-
eraldehyde 3-phosphate dehydrogenase.

Analysis of Apoptosis

Annexin V affinity labeling was performed, and apoptosis was assessed
using low cytometry or confocal analysis as detailed previously (2, 21).
Caspase-8 activity was measured as we have detailed previously (28).

Down-Regulation of c-FLIP by siRNA Transfection

Mouse siRNA-FLIP (Qiagen, Hilden, Germany) and control nonspe-
cific siRNA (Qiagen), were delivered into fibrotic lung myofibroblasts
in culture as we have detailed (29). Down-regulation of c-FLIP was
verified by flow cytometry.

Immunoprecipitation

Myofibroblast lysates incubated with 2 pg anti-FADD pAb (R&D
Systems, Minneapolis, MN) were immunoprecipitated with 100 pl
protein-A—gel slurry (Pierce, Rockford, IL). FLIP-FADD complex
was detected by enhanced chemiluminescence using anti-FLIP antibody
as detailed previously (29).

Proliferation Analysis by BrdU

BrdU uptake was analyzed by flow cytometry (FACStar; Becton
Dickinson, Franklin Lakes, NJ) or confocal microscopy (Carl Zeiss
AG, Oberkochen, Germany) as previously detailed (29).

Immunofluorescence of c-FLIP and a-Smooth Muscle Actin
or TRAF or Ik-B Kinase Expression in Lung Tissue Sections
or Monolayers

Lung myofibroblasts were cultured on 0.2-mm-thick coverslips or
pelleted and incubated with 1:100 FITC-conjugated, anti-a-smooth
muscle actin (a-SMA) (Dako, Carpenteria, CA) and Cy5-conjugated,
anti-FLIP (ClonTech, Mountain View, CA) mAbs or FITC-conjugated,
anti-TRAF mAb or with I-kB kinase (IKK) mAb (Cell Signaling,
Danvers, MA). Myofibroblast monolayers were analyzed by confocal
microscopy (Axio Scope 2; Carl Zeiss AG) and cell pellets by flow
cytometry as we have previously detailed (2, 21, 29). Lung sections
were similarly stained for «-SMA, FLIP, TRAF, or IKK and subjected
to confocal analysis.

Immunohistochemical Staining of Tissue Sections

Sections were stained as we have previously described in detail (21).
Briefly, lung sections were incubated overnight at 4°C with polyclonal
rabbit anti-FLIP (Santa Cruz Biotechnology, Santa Cruz, CA) diluted
1:100 in 1% BSA PBS Tween 0.05%. The Envision Detection System
(DAKO, Glostrup, Denmark) containing secondary anti-rabbit horse-
radish peroxidase—conjugated antibody and 3,3’-diaminobenzidine as a
substrate was used for staining detection.

Trypan Blue Exclusion

Myofibroblasts were exposed to trypan blue dye (0.04% in 1X PBS),
placed on a hemocytometer, and counted under light microscopy.

Western Blot

Myofibroblast protein was blotted, incubated with anti-FLIP (Stressgen,
San Diego, CA) or anti-FADD, reincubated for 1 hour in the appropriate
horseradish peroxidase—conjugated antiserum (1:2,500 dilution) (Jackson
ImmunoResearch Labs, West Grove, PA), and analyzed by enhanced
chemiluminescence as previously reported (29).

IKK Inhibition

Myofibroblasts were activated by Fas mAb or IgG with IKK-2 inhibitor
(200 pM, 24 h) (Calbiochem, Gibbstown, NJ). Cell mass were deter-
mined by methylene-blue assay.
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Electrophoretic Mobility Shift Assay

We used the nuclear extraction kit from Active Motive (Carlsbad, CA).
Extracts (10 pl) were subjected to bandshift analysis as described else-
where (30). We used the NF-kB probe 5'-ACCAAGAGGGATTT
CACCTAAATC-3'. In each reaction, 2 X 10* cpm of labeled probe
was used. Bandshifts were resolved on 5% PAGE.

RESULTS

c-FLIP Is Overexpressed in Fibrotic Murine
Lung Myofibroblasts

We have previously shown that fibroblasts from fibrotic lungs
overexpress the Fas death receptor (21) yet resist Fas-induced
apoptosis (2). To find a molecular mechanism for this phenom-
enon, we randomly assessed the expression of 96 genes known
to interfere with apoptosis using gene array techniques described
previously (21). Although several mRNA molecules were over-
expressed in cultured lung myofibroblasts isolated from fibrotic,
bleomycin-treated mice (14 d after intratracheal instillation)
compared with saline-treated normal control mice (Figure 1A),
the Fas-inhibitor FLIP mRNA was markedly up-regulated (Figure
1A, arrow). Overexpression of FLIP-RNA was validated by real-
time RT-PCR (Figure 1B). We also detected an increased c-FLIP
expression in bleomycin- versus saline-treated lung myofibro-
blasts at the protein level using anti-FLIP mAb in Western blot
from an optical density (OD) of 0.26 to 2.07 (Figure 1C) and in
flow cytometry from 25 to 64% (Figure 1D).

We then determined c-FLIP expression in myofibroblasts
in vivo in mice with bleomycin-treated versus normal lungs. Incre-
mental c-FLIP expression in a-SMA—positive cells of fibrotic ver-
sus normal lungs was detected in lung tissue sections stained with
anti-FLIP and/or anti-a-SMA mAbs and analyzed by immunoflu-
orescence (Figure 1E) or immunohistochemistry (Figure 1F). Flow
cytometry analysis of myofibroblasts freshly isolated from fibrotic
lungs and from control saline-treated lungs confirmed this phenom-
enon. FACS results revealed that a median of approximately 49%
of the fibrotic lung myofibroblasts express c-FLIP, compared with
only 28% of those from normal lungs (Figure 1E, insert).

c-FLIP Is Overexpressed in Lung Myofibroblasts from Humans
with IPF

We assessed whether increased c-FLIP expression detected in
the mouse model is a feature of fibrosis in the lungs of humans
with IPF. We noted that myofibroblasts isolated from open lung
biopsy specimens of seven patients with IPF overexpress c-FLIP
at the transcriptional level as assessed by real-time PCR, in
comparison with myofibroblasts isolated from biopsy specimens
of five patients with no clinical or pathological evidence of lung
fibrosis who underwent surgery for lung cancer (Figure 2A).
Three samples of lung sections and isolated myofibroblasts from
patients with IPF and from non-IPF patients were analyzed.
Similar results were obtained at the protein level using Western
blot (Figure 2B) after staining for FLIP and detection in fibroblast
foci (FF) in lung sections on immunohistochemistry (Figure 2C,)
and after double staining of FLIP and a-SMA with detection on
immunofluorescence (Figure 2C,).

c-FLIP Down-regulation in Fibrotic Lung Myofibroblasts
Reverses Resistance to Fas-Induced Apoptosis

We examined the potential for a change in myofibroblast cell
viability after FLIP down-regulation by siRNA transfection
and Fas activation. One day after being transfected with c-FLIP
siRNA, myofibroblasts were activated for 24 hours by Jo2 anti-
Fas mAb or control IgG (20 pg/ml). After Fas activation, we
detected, by light microscope and Trypan blue exclusion,
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Figure 1. Cellular FLICE-like inhibitory protein (c-FLIP) overexpression
in lung myofibroblasts of bleomycin-treated mice. (A) Apoptosis gene
array analysis of cDNA probes from a pool of three total RNA samples
corresponding to cultured myofibroblasts after intratracheal saline or
bleomycin instillation into wild-type C57BL/6 mice. Signal optical in-
tensities were compared with the RPLA 13A-housekeeping gene and
quantified by densitometry after background subtraction. c-FLIP is
marked by an arrow. Representative results from two experiments.
(B) Real-time PCR. *P < 0.05. (C) Western blot and (D) flow cytometry
analyses of FLIP expression in RNA and protein levels in myofibroblasts
from bleomycin- versus saline-treated mouse lungs. Representative
results from three or four experiments in (B), four experiments in (C),
and three experiments in (D). (E) Immunofluorescence of c-FLIP and
a-smooth muscle actin (a-SMA) dual staining in paraffin-embedded
consecutive lung sections of bleomycin-treated mice lungs. Original mag-
nification: X40. (E, insert) Flow cytometry analysis of freshly isolateda-
SMA and c-FLIP double-stained cells among total lung cells. Comparisons
of double-stained cells (%) were made between the bleomycin (solid
circles) and saline (open circles) groups. *P < 0.05. (F) Immunohistochem-
istry of c-FLIP and a-SMA staining in paraffin-embedded consecutive
lung sections of bleomycin- versus saline-treated lungs (n = 6). Original
magnification: X40. lllustrative example (arrows).

a significant decrease in cell number (from 2.7 £ 0.7 SD X
10* to 0.4 = 0.2 SD X 10% in siRNA FLIP-transfected but
not in control siRNA-transfected lung myofibroblasts (Figure
3A; note inserted numbers). The controls showed increments
in the cell number from 2.5 + 0.6 SD X 10* to 3.8 = 0.6 SD X 10*
(Figure 3A; note inserted numbers, siRNA ctl). This indicates that,
after down-regulation of c-FLIP levels, primary fibrotic lung myo-
fibroblasts lose their ability to survive after activation of the Fas
death receptor. Concomitantly, the cell death ratio between Fas
and IgG treatments in fibrotic lung myofibroblasts, determined by
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Figure 2. c-FLIP overexpression in myofibroblasts from lungs of
humans with idiopathic pulmonary fibrosis (IPF). (A) Real-time PCR of
c-FLIP_ (the cellular long form of FLIP) RNA levels in myofibroblasts from
IPF (solid circles) versus normal (open circles) lungs. *P < 0.02. (B) West-
ern blot using rabbit anti-human c-FLIP primary Ab and donkey anti-
rabbit secondary antibody detecting c-FLIP in lysates of human fibrotic
(IPF) versus normal lung myofibroblasts (n = 3). (C7) Immunohistochem-
istry of c-FLIP in paraffin-embedded lung tissue sections from the lungs of
humans with IPF (original magnification: X40). Note fibroblastic foci (ff)
(arrow) (n = 8). (C2) Immunofluorescence of c-FLIP and a-SMA staining
in paraffin-embedded lung tissue sections from the lungs of humans
with IPF (original magnification: X40). lllustrative example of double
staining (arrow) (n = 3).

the percentage of trypan blue—stained cells among the total cell
count, was increased after treatment with siRNA FLIP (Figure 3B).
In addition, Fas or control IgG activation after c-FLIP down-
regulation showed, in comparison to control siRNA-treated cells,
a remarkable decrease in cell mass from a median of 0.85 OD to
a median of 0.15 OD (Figure 3C).

We then determined changes in the extent of apoptosis
induced after Fas activation in siRNA-treated fibroblasts using
a variety of assays, including the specific assay of caspase 8
activation by Western blot (Figure 3D) and immunofluores-
cence of Annexin V together with propidium iodide staining
of the nucleus (Figure 3E). All assays were repeated in two in-
dependent experiments that yielded similar results. After Fas
activation, primary fibrotic lung myofibroblasts with down-
regulated c-FLIP showed a 1.8-fold increase in caspase 8 activ-
ity, as determined by the ratio of uncleaved (55 kD) and cleaved
(43 kD) subunits in anti-Fas-treated versus IgG-treated cells
(Figure 3D), confocal microscopy assessment of increased stain-
ing with Annexin V, and increased nucleus condensation shown
by propidium iodide—positive staining (Figure 3E).

This indicates that, after down-regulation of c-FLIP levels,
primary lung myofibroblasts from fibrotic lungs are rendered
susceptible to Fas-induced cell death and apoptosis.

Myofibroblasts from Fibrotic Bleomycin-Treated Mouse
Lungs Switch Fas-Induced Apoptosis toward Proliferation
and Activate TNF Receptor-Associated Factor

and the NF-kB Signaling Pathway

The apparent contradiction between Fas overexpression and resis-
tance to Fas-induced apoptosis that we detected in primary fibrotic
lung myofibroblasts (2, 21) is consistent with a previously described
nonapoptotic function of Fas and with the diversion to Fas-
induced cell proliferation (14, 15, 31, 32). We thus initially compared
proliferation of primary lung myofibroblasts from bleomycin-treated
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Figure 3. Resistance to Fas-induced cell death in fibrotic lung myofibro-
blasts is c-FLIP dependent. Fas mAb versus control IgG activation (20 g,
24 h, room temperature [RT]) of mouse lung myofibroblasts (0.3 X 10°)
harvested after bleomycin intratracheal instillation, maintained in RPMI
medium and 0% serum, and subjected to transient transfection with small
interfering RNA (siRNA) c-FLIP or control (24 h, RT). (A) Light microscope
imaging of myofibroblasts and counts (mean * SD) in culture after IgG or
Fas activation with the addition of siRNA FLIP or control. (B) Methylene
blue staining quantitated by fold ratios of optical densities (OD) of cell
death (n = 3 measurements in each treatment). *P < 0.01. (C) Cell mass
was assessed using methylene blue staining after treatment with IgG (solid
circles) versus anti-Fas (open circles) and siRNAs. Four measurements were
made in each treatment. *P < 0.01. (D) Western blot of caspase 8 activa-
tion based on the ratio between p43-cleavage product and p55 uncleaved
caspase 8. (E) Detection of Annexin V (green) and propidium iodide (red)
staining with confocal microscopy. Arrows indicate the Annexin V staining
and apoptotic condensate nucleus. Representative results of two experi-
ments in each assay.

(fibrotic) and normal saline-treated mice after 24 hours of activation
with 20 pwg/ml Jo2 anti-Fas mAb or control IgG. After Fas mole-
cule activation, we detected almost no change in cell number (Fig-
ure 4A; Saline), with an arrest (3.3% versus 54%) in cell
proliferation (Figure 4B; Saline) only in myofibroblasts from nor-
mal lungs of saline-treated mice. In contrast, myofibroblasts from
fibrotic lungs manifested almost a 2.5-fold increase in cell number
(Figure 4A; Bleomycin) and an increased rate of cell proliferation,
from 19.8 to 31% (Figure 4B; Bleomycin).

Because we found no sign of proliferation in myofibroblasts
from normal lungs after Fas induction, we set out to assess the
signaling pathway involved in the Fas-induced proliferation of
fibrotic-lung myofibroblasts. To deviate Fas activation toward
signaling that can induce proliferation, c-FLIP forms complexes
with the Fas death domain (FADD). We assessed c-FLIP-FADD
interaction in lysates of Fas-activated myofibroblasts in IP with anti-
FADD mAD and after Western blot using anti-FLIP mAb. The
results clearly demonstrate c-FLIP (58 kD) in FADD IP, indicating
FLIP-FADD coimmunoprecipitation in Fas-activated fibrotic-lung
myofibroblasts (Figure 4C; IP: FADD™ versus FADD ™). We de-
tected no signs of c-FLIP recruitment to the FADD complex after
IgG treatment of myofibroblasts (not shown).
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Figure 4. Fas induces proliferation in myofibroblasts from bleomycin-
treated but not from saline-treated mice, and activates the NF-«B sig-
naling pathway. (A) Trypan blue exclusion (n = 3). *P > 0.05. (B) Flow
cytometry analysis (representative of two experiments) of BrdU uptake
quantified at the S-phase versus Pl-total DNA, at Day 14 of intratracheal
instillation, in normal (saline-treated) and fibrotic (bleomycin-treated)
lung myofibroblasts after activation with Jo2 anti-Fas versus IgG mAbs
(20 pg, 24 h, RT) in 0% FCS. (C) Fas-associated death domain (FADD)
immunoprecipitate followed by Western blot using anti-FLIP mAb. The
58-kD expected size of FLIP in anti-FADD immunoprecipitate and
its absence in the control immunoprecipitation (FADD™) is shown.
(D) Confocal microscope images of indirect immunofluorescence after
staining for TNF receptor-associated factor (TRAF)2 protein using FITC-
conjugated antibody (green). Cell nuclei were stained with propidium
iodide (red). (E) FADD immunoprecipitate followed by Western blot
using anti-TRAF mAb. Quantitative analysis of protein levels was per-
formed by optical densitometry of bands and measured as arbitrary
units. (F) Confocal microscopy of IKK phosphorylation. (G) Methylene
blue assay of cell mass before and after treatment with I-xB kinase (IKK)
inhibitor after treatment with 1gG (solid circles) versus anti-Fas (open
circles). *P < 0.05. (H) Electrophoretic mobility shift assay of NF-«xB
activation after induction of Fas (versus IgG) in myofibroblasts from
bleomycin-treated lungs. Purified cells were incubated with 10 wg/ml
Jo2 anti-Fas. Nuclear extracts of activated myofibroblasts were analyzed
by using NF-«B binding probe compared with the control-free probe.

Based on this finding, we further assessed, in fibrotic lung
myofibroblasts, Fas-induced expression of downstream signaling
molecules that are known to be recruited to the FADD membra-
nal complex, such as TNF receptor—associated factor II (TRAF-2)
(Figure 4D). To this end, fibrotic lung myofibroblasts were acti-
vated by anti-Fas or control IgG mAbs, stained with immunofiu-
orescent antibody against TRAF-2, and analyzed by confocal
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microscopy. After Fas activation, positive staining of TRAF
localized in the cytoplasmatic side of the cell membrane was
detected (Figure 4D; TRAF in anti-Fas-activated versus IgG
mAb-activated activated cells), indicating proximity to the
FADD complex. Concomitantly, we detected an increased prod-
uct of coimmunoprecipitation of TRAF in FADD IP in Fas-
activated fibroblasts versus IgG (Figure 4E). This is an essential
step to allow the execution of Fas signaling of proliferation.
We saw almost no traces of TRAF in FADD™ IP (not shown).

In some cases, cell death receptors stimulate phosphorylation
of IKK, which in turn inhibits I-kB domains, thereby releasing
NF-kB and subsequent promotion of cell proliferation. We
assessed IKK activation in Fas- versus IgG-treated fibrotic lung
myofibroblasts by immunofluorescence after cell staining with
FITC-conjugated antiphosphorylated TIKK (IKK-p)-mAb. Cell
activation with Jo2 anti-Fas mAb induced IKK phosphorylation
in fibrotic lung myofibroblasts (Figure 4F, red staining). To further
assess the involvement of IKK in myofibroblast cell growth (i.e.,
changes in cell mass), we determined the effect of Fas signaling
in fibrotic lung myofibroblasts with or without the addition of
20 wM SC-414 IKK inhibitor (Calbiochem, San Diego, CA). Fas
activation increased myofibroblast cell mass (Figure 4G; Control).
However, IKK inhibitor limited this increase (Figure 4G; IKK
inhibitor).

We then directly determined the activation of NF-«B in fibrotic
lung myofibroblasts after Fas activation by electrophoretic mobility
shift assay. We found increased NF-«xB in nuclear extracts from
Fas- versus control IgG-stimulated fibrotic lung myofibroblasts (Fig-
ure 4H versus ctl).

Proliferation and TRAF Recruitment to the DISC Complex
in Fas-Activated Myofibroblasts Is c-FLIP Dependent

Having found that fibrotic lung myofibroblasts form FLIP-
FADD complexes and deviate Fas toward proliferation, we
assessed the critical role of c-FLIP in fibrotic lung myofibroblast
proliferation, after activation of the Fas death receptor and
specific down-regulation of c-FLIP levels by siRNA.

Fibrotic lung myofibroblast cell proliferation was increased
after Fas versus IgG activation only in control siRNA-treated
fibroblasts (Figure 5A and inserts; siRNA ctl). This was assessed
by BrdU uptake in S-phase, followed by immunofluorescent stain-
ing of BrdU and then by confocal microscopy analysis (Figure S5A,
green) and by FACS analysis with increments from 5 to 9%
(Figure 5A, inserts). No changes in BrdU uptake and cell prolif-
eration were noted in Fas-activated myofibroblasts with down-
regulated c-FLIP (Figure SA and inserts; siRNA FLIP).

We then determined c-FLIP dependence of Fas-induced
TRAF recruitment to the FADD complex in FADD immuno-
precipitates followed by Western blot with anti-TRAF mAb
(Figure 5B). Results show that, in spite of Fas induction, siRNA
FLIP-transfected myofibroblasts failed to recruit TRAF to the
FADD complex (Figure 5B; siRNA FLIP), indicating that
TRAF-FADD interaction is at least partly c-FLIP dependent.

We further assessed whether, after Fas activation, c-FLIP
affects recruitment of the TRAF signaling molecule to the cell
membrane in fibrotic lung fibroblasts where the FADD complex
is situated. Fibrotic lung myofibroblasts transfected with c-FLIP
or control siRNA were activated by Fas or IgG, stained with
immunofluorescent antibodies against TRAF-2, and analyzed
by confocal microscopy. After Fas activation, positive staining
of TRAF was detected in siRNA control- and siRNA FLIP-
transfected cells (Figure 5C; siRNA ctl and siRNA FLIP,
anti-Fas versus IgG). However, TRAF was localized in the cyto-
plasmatic side of the cell membrane only in cells transfected
with siRNA control (Figure 5C; siRNA ctl, anti-Fas versus
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Figure 5. Fas-induced proliferation and TRAF recruitment to the DISC
complex in fibrotic lung myofibroblasts are c-FLIP dependent. Fas
versus IgG activation combined with siRNA c-FLIP or siRNA control
treatments of myofibroblasts from bleomycin-treated lungs. Treated
myofibroblasts were analyzed for proliferation and signaling of prolif-
eration. (A) BrdU uptake assessed by anti-BrdU-FITC conjugated mAb
staining subjected to confocal microscope. Green staining corresponds
to BrdU-positive cells. Red indicates propidium iodide (PI) staining.
Quantification of BrdU at the S-phase versus Pl-total DNA staining
was performed by FACS flow cytometry (inserts). (B) FADD immuno-
precipitate followed by Western blot using anti-TRAF mAb and (C)
confocal microscope images of indirect immunofluorescence after
staining for TRAF2 protein using FITC-conjugated antibody (green).
Cell nuclei were stained with PI (red). Representative results from two
experiments. Fold ratios relate to Fas versus IgG treatment.
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IgG), indicating its proximity to the FADD complex. This is an
essential step to allow the execution of Fas signaling of prolif-
eration. In contrast, we observed a diffuse cytosolic staining in
myofibroblasts activated with Fas after down-regulation of
c-FLIP levels (Figure 5C; siRNA FLIP, anti-Fas versus 1gG).
This indicates that Fas activates the expression of the TRAF
molecule; however, c-FLIP is responsible for its localization to
the inner part of the cell membrane.

DISCUSSION

In the present study, we investigated the role of c-FLIP in Fas
signaling in primary myofibroblasts isolated from fibrotic lungs.
We demonstrate that, during fibrosis, c-FLIP expression is up-
regulated in vivo and in vitro in lung myofibroblasts from

fibrotic lungs of bleomycin-treated mice and from humans with
IPF. We demonstrate that, after induction of the Fas death recep-
tor, primary lung myofibroblasts from fibrotic bleomycin-treated
lungs of C57BL/6 mice not only resist Fas-induced apoptosis but
are also driven to initiate Fas signaling of proliferation, with acti-
vation of the NF-kB signaling pathway. We also show that specific
reduction of c-FLIP expression using siRNA decreases fibrotic lung
myofibroblast Fas-induced proliferation and sensitizes myofibro-
blasts to Fas-induced apoptosis. These findings are supported by
results showing that TRAF recruitment to the inner part of cell
membrane and to the FADD complex is deregulated after treat-
ment with specific siRNA-FLIP. We and others (33) have iden-
tified TRAF as a binding partner that could be part of the link
between Fas-induced cell proliferation and c-FLIP in myofibro-
blasts via up-regulation of the NF-«kB signaling pathway.

The classic role of the Fas pathway is initiation of apoptosis;
however, myofibroblast resistance to Fas-induced apoptosis in
fibrotic lungs of humans with IPF but not in normal lungs has
been reported (12, 34-37). Moreover, Fas-induced proliferation,
rather than apoptosis, has been demonstrated in several cell
types, including fibroblasts (16, 38, 39).

c-FLIP is a known inhibitor of apoptosis induced by death
receptors, such as Fas, DR4, and DRS (40). Fas activation by
FasL or by anti-Fas activating antibodies leads to the recruit-
ment of FADD adaptor protein to form the DISC, as seen in
our study. Due to its structural homology with caspase 8, c-FLIP
interferes with caspase 8 activation at the DISC ensemble level.
Although the mechanism of apoptosis attenuation by c-FLIP
has not been completely elucidated, it has been suggested that
c-FLIP may be a competitive inhibitor, possibly excluding recruit-
ment of caspase 8 to the DISC. Indeed, we found that cleavage of
caspase 8 after activation of Fas on myofibroblasts correlates neg-
atively with c-FLIP activation because down-regulation of c-FLIP
increased caspase 8 cleavage. c-FLIP may play a role in myofibro-
blast proliferation or death, depending on the level of its expres-
sion. In addition, differences between c-FLIP; and FLIPg (the
short isoform of the FLIP molecule) have been described by sev-
eral investigators (41, 42). It has been suggested that FLIPs com-
pletely inhibits cleavage of caspase 8, whereas FLIP does not (42),
although virtually all studies with this finding were conducted with
lymphoid cells (19, 42). In our studies, we regulated the expression
of both c-FLIP isoforms using siRNA designed to the common
sequence.

c-FLIP has been shown to induce activation of kinases involved
in signaling pathways (19), raising the possibility that c-FLIP in-
volvement in Fas signaling events influences myofibroblast prolifer-
ation. It has been suggested that c-FLIP may provide the molecular
switch allowing Fas to promote cell proliferation, as opposed to
apoptosis (17, 18). We demonstrate that c-FLIP down-regulation
inhibited Fas-induced proliferation of fibrotic lung myofibroblasts,
rendering them susceptible to Fas-induced apoptosis.

c-FLIP-dependent proliferation, initiated by Fas, is thought
to be transmitted through FADD by activation of the NF-«kB
and ERK transcriptional pathways. c-FLIP is capable of binding
to Raf-1, which leads to the activation of ERK and to TRAF1
and TRAF2, which activate NF-«B. Hence, c-FLIP can drive Fas
signals toward pathways leading to cell proliferation. We show,
for the first time, that TRAF2 in myofibroblasts is associated with
the DISC after Fas activation.

TRAF2 belongs to the TNF receptor—associated factors,
a family of proteins that plays a pivotal role in diverse biological
processes. TRAF2 has a critical role in the activation of NF-«kB.
TRAF?2 recruits the IKK complex to the TNFR, allowing, after
a cascade of events, the translocation of NF-kB to the nucleolus,
where it activates a variety of genes. TRAF2 was shown to be
essential for c-FLIP induction of NF-kB (43). We demonstrate
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that TRAF in myofibroblasts is associated with the DISC after
Fas activation and that this association is c-FLIP dependent.
Our findings show that Fas-dependent c-FLIP signaling of pro-
liferation in myofibroblasts is via TRAF and involves activation
of the NF-kB signaling molecule. The role of the ERK pathway
in Fas/FLIP signaling must also be investigated because c-FLIP
activates this pathway in T cells (44).

c-FLIP expression has been implicated in the progression of
various diseases, including autoimmune (45), neoplastic (46),
and cardiovascular (13) disorders. Previous studies of the role
of c-FLIP in fibroblast survival have been mostly focused on the
prevention of apoptosis. Fibroblasts from c-FLIP knockout mouse
embryos (13) and dermal- or rheumatoid synovial fibroblasts with
down-regulated c-FLIP (47) exhibited increased susceptibility to
Fas-mediated apoptosis.

We demonstrate the novel finding that, in primary fibroblasts
from fibrotic mouse lungs, c-FLIP is not only involved in the
inhibition of Fas-induced apoptosis but also in Fas-induced
proliferation. This function of c-FLIP has been demonstrated
previously in lymphocytes (48) and hepatocytes (49).

Fas signaling of apoptosis in many cells, including fibroblasts, can
be reversed by a mechanism involving c-FLIP up-regulation via pro-
fibrotic Th2 cytokines such as TGF-B (37, 50-52), IL-4 (53), IL-10
(54), IL-6 (55), and IL-1B (56); by growth factors such as FGF (57);
and by reactive oxygen species (58) and cell attachments (59),
which in turn promotes myofibroblast survival (reviewed in Ref.
60) and subsequent fibrosis (61-63). On the other hand, Thl cyto-
kines such as TNF-«, IFN-y, and IL-2, which are known to act
antifibrotically (61, 64, 65), were reported to annul resistance to
Fas-induced apoptosis by a mechanism involving c-FLIP down-
regulation (66, 67).

Thus, factors promoting myofibroblast survival with subse-
quent accumulation and the fibrotic process are linked with up-
regulation of c-FLIP, whereas those inhibiting fibrosis are linked with
its down-regulation. c-FLIP was also detected by us and others (12,
20) in lung epithelial cells associated with the fibrotic foci. Given
its role in promoting cell survival (68-70), there is a possibility that
c-FLIP contributes to the survival of epithelial cells undergoing
epithelial-mesenchymal transition (71, 72), further supporting
a role for c-FLIP in myofibroblast accumulation in pulmonary fibro-
sis. c-FLIP could also support and mediate epithelial-mesenchymal
transition, as previously reported in cancer cells (73) and subse-
quent accumulation of fibroblasts and fibrosis (71, 72).

Our results demonstrate that c-FLIP is a key regulator of
Fas-induced apoptosis and proliferation of primary lung myofi-
broblasts. Altering the level of c-FLIP expression may mediate
the attenuation of lung fibrosis and may pave the way for design-
ing a new approach for therapeutic intervention.
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