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Pulmonary accumulation of fibroblasts and myofibroblasts in idio-
pathic pulmonary fibrosis/usual interstitial pneumonia (IFP/UIP)
has been linked to (7) increased migration of a circulating pool of
fibrocytes, (2) cell proliferation, and (3) resistance to apoptosis.
The mechanism of physiologic apoptosis of lung fibroblasts is poorly
understood. Using normal and fibrotic human lung fibroblasts and
the human lung fibroblast cell line, MRC-5, we examined the regula-
tion of Fas-induced apoptosis by the proinflammatory cytokines
TNF-a and IFN-y. Herein, we show that the basal resistance of lung
fibroblasts and myofibroblasts to Fas-induced apoptosis is over-
come by sensitization with TNF-«. IFN-y did not sensitize cells to
Fas-induced apoptosis, but exhibited synergistic activity with TNF-a.
Sensitization by TNF-a was observed in MRC-5 cells and in fibro-
blasts and myofibroblasts from normal and fibrotic human lung,
suggesting that this represents a conserved mechanism to engage
Fas-induced apoptosis. The mechanism of sensitization was local-
ized at the level of recruitment of the adapter protein, FADD, to
the cytoplasmic domain of Fas. Collectively, these findings suggest
that fibroblast apoptosis involves two steps, sensitization and induc-
tion, and that inadequate pulmonary inflammation in IPF/UIP may
favor fibroblast accumulation by reducing sensitization to apoptosis.
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Idiopathic pulmonary fibrosis/usual interstitial pneumonia (IPF/
UIP) is a progressive fibrosing interstitial lung disease of un-
known etiology. Invariably fatal, it has no known effective ther-
apy. Pathologically, IPF/UIP is characterized by the identifica-
tion of a pattern of usual interstitial pneumonitis (UIP) on
surgical lung biopsy (1). This pattern is histopathologically het-
erogeneous with areas of patchy subpleural fibrosis alternating
with regions of near-normal lung tissue. The fibroblast focus, a
pathologic hallmark of UIP, has been suggested to represent
the leading edge of the fibrotic process (2, 3) and is composed of
fibroblasts and myofibroblasts enmeshed within the extracellular
connective tissue matrix (ECM). Since fibroblasts and myofi-
broblasts synthesize and deposit collagens and other ECM com-
ponents within these fibrotic lesions (4), a fuller understanding
of the origin and fate of fibroblasts and myofibroblasts in IPF/
UIP may provide insights into how the accumulation of these
cells can be controlled or regulated in this disorder.
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Recent studies have focused on a role for circulating
CD45*CXCR4"Coll* fibrocytes in the accumulation of fibro-
blasts and myofibroblasts in animal models of pulmonary fibrosis
(5,6). However, the mechanisms that enable these cells to persist
in pulmonary fibrotic disorders remain poorly understood. Stud-
ies of dermal wound repair have suggested that at the completion
of the repair process, fibroblasts and myofibroblasts undergo
apoptosis and disappear from areas of remodeled tissue (7, 8),
while other studies have shown that pulmonary myofibroblasts
undergo apoptosis and rapidly disappear from the newborn lung
at the completion of postnatal alveolarization (9). These collec-
tive studies suggest that although fibroblasts and myofibroblasts
are fully capable of undergoing apoptosis, the environment of
the fibrotic lung somehow prevents this from happening, an
hypothesis that is consistent with previous studies documenting
low levels of apoptosis in lung biopsy specimens from patients
with IPF/UIP (10).

Little is known about the physiologic stimuli that promote
fibroblast and myofibroblast apoptosis in the lung. Fas, a death
receptor of the tumor necrosis factor receptor superfamily, has
been implicated in the development of bleomycin-induced pul-
monary fibrosis in mice primarily through its ability to promote
apoptosis of alveolar epithelial cells (11, 12). Paradoxically, mice
bearing inactivating mutations in Fas (/pr) and FasL (gld) sponta-
neously develop an interstitial pneumonitis and lung pathology
similar to that seen in patients with connective tissue disease—
associated lung fibrosis (13). These findings suggest that while
Fas-FasL interactions may be important in the initiation of epi-
thelial injury and apoptosis, they may also be important in the
physiologic apoptosis of mesenchymal cells. However, previous
in vitro studies have shown that lung fibroblasts are resistant to
Fas-induced apoptosis (14, 15). Thus, additional mechanisms or
stimuli must exist to allow lung fibroblasts and myofibroblasts to
undergo Fas-induced apoptosis in vivo. Furthermore, we would
expect that these additional mechanisms or stimuli are inactive
or not present during the progression of pulmonary fibrosis.

Contrary to the previously held view that fibrosis in IPF/UIP
arises as a consequence of chronic inflammation (16), recent
studies have suggested that the progression of pulmonary fibro-
sis, especially within the fibroblast focus, occurs in the absence
of an inflammatory cell infiltrate (17). These findings also imply
that fibrosis may progress or worsen in the absence (or the pres-
ence of reduced levels) of proinflammatory cytokines, such as
TNF-a and IFN-y. Indeed, several lines of evidence support the
concept that TNF-a and IFN-y serve to limit fibrogenesis. Based
on earlier observations that IFNs protect mice from bleomycin-
induced pulmonary fibrosis (18, 19), Jiang and coworkers (20)
recently showed that the production of IFN-vy by resident pulmo-
nary NK cells during the first 24 h of injury limits the fibrotic
response 21 d later. Recent clinical studies in patients with IPF/
UIP have also suggested that pulmonary fibrosis is associated
with a relative deficiency in pulmonary IFN-y and/or IFN-y—
induced chemokine expression (21, 22). TNF-a also appears to
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play a dual role in fibrosis by initially participating in epithelial
injury but later serving to limit the fibrogenic response. Duality
in TNF-« function would thus be consistent with early studies
showing an inhibition of bleomycin-induced pulmonary fibrosis
in mice treated with anti-TNF-a antibody (23) and in TNF-R1
and TNF-R2 double-null mice (24). It would also be consistent
with work in transgenic mice showing that pulmonary expression
of TNF-«a reduces the extent of bleomycin-induced pulmonary
fibrosis and promotes lung repair (25, 26). Thus, while TNF-«a
and IFN-y may be important in promoting initial epithelial cell
injury, they also appear to play a key role in limiting the extent
of subsequent fibrosis. Taking cues from these findings, we hy-
pothesized that pulmonary fibroblasts and myofibroblasts are
intrinsically resistant to Fas-induced apoptosis in the absence
of the proinflammatory cytokines, TNF-a and IFN-y, but are
rendered sensitive to Fas-induced apoptosis in their presence.
Herein, we show that exposure to TNF-a sensitizes human lung
fibroblasts and myofibroblasts to Fas-induced apoptosis while
IFN-y augments the efficiency of TNF-a—induced sensitization.
In addition, we show that the mechanism of sensitization by
TNF-a is localized to the initial recruitment of the adapter pro-
tein FADD to the cytoplasmic domain of Fas.

MATERIALS AND METHODS

Materials

TNF-a and IFN-y were purchased from R&D Systems (Minneapolis,
MN). Agonistic anti-human Fas antibody (clone CH-11) was obtained
from Upstate Biotechnology (Lake Placid, NY). The anti-human Fas
antibody used for immunoprecipitation and Western blotting, anti-
FADD, and anti-vimentin antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti—caspase-8 antibody was ob-
tained from Cell Signaling Technologies (Beverly, MA). Anti-a-smooth
muscle actin antibody was obtained from Sigma (St. Louis, MO). Anti—
pro-collagen I was obtained from Alexis (San Diego, CA).

Cell Culture Methods

The MRC-5 (CCL-171) cell line, a human fetal lung fibroblast cell
line, was obtained from ATCC (Rockville, MD) and maintained in
Dulbecco’s minimal essential medium (DMEM) supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, and 10% heat-inactivated
fetal calf serum. Primary cultures of normal human lung fibroblasts
were derived from nondiseased human lungs. Whole lung samples were
obtained from Tissue Transformation Technologies (Edison, NJ), in
accordance with an approved Institutional Review Board (IRB) proto-
col. All donors suffered brain death and were evaluated for organ
donation before research consent. All lung samples failed regional
lung selection criteria for transplantation. For inclusion in this study,
individuals had to have no evidence of current systemic or pulmonary
infection, a clear chest radiograph, and Pao,/fraction of inspired oxygen
ratio > 250 mm Hg O,. Patients were excluded if they had any history
of lung disease or a history of systemic disease that commonly affects
the lungs (e.g., theumatoid arthritis or systemic lupus erythematosus).
The clinical characteristics for the tissue donors are shown in Table 1.
All fibrotic lung fibroblasts were derived from surgical lung biopsy speci-
mens banked with the Interstitial Lung Disease Program at National
Jewish Medical and Research Center. Study subjects had been prospec-
tively enrolled in our (IRB) approved National Institutes of Health
(NIH) supported specialized center of research (SCOR) longitudinal
study of interstitial lung disease. All pathologic diagnoses were deter-
mined via review by an expert pulmonary pathologist as part of the
SCOR program. All clinical diagnoses were determined by the ILD
Program physician who was caring for the patient. The clinical charac-
teristics of the patients from whom fibrotic lung fibroblasts were ob-
tained are shown in Table 1.

Freshly harvested explants were minced into 1-2 mm?® sections and
cultured in DMEM containing 10% heat-inactivated fetal calf serum
media on scored tissue culture dishes. After 10-14 d, fibroblasts derived
from the explants were trypsinized and maintained in tissue culture.
All experiments were performed on early passage (2-4) cell cultures.

MRC-5 cells or primary cultures of normal human lung fibroblasts
were incubated with TGF-B (2 ng/ml) for 72 h to induce myofibroblast
differentiation as described (27) and assessed for a-smooth muscle actin
(a-SMA) expression and organization by Western blotting and confocal
microscopy, respectively.

Apoptosis Methods

Active caspase-8 was determined by using the Fluorochrome Inhibitor
of Caspase Apoptosis (FLICA) Detection Kit from Immunochemistry
Technologies, LLC (Bloomington, MN) followed by analysis on a FACS-
calibur flow cytometer and Cell Quest software (both from BD Biosci-
ences, San Diego, CA). Caspase-3 activity was determined by a commer-
cially available fluorometric substrate assay used in accordance with the
manufacturer’s protocol (BD Biosciences-PharMingen, San Diego, CA).
Mitochondrial depolarization was quantified by JC-1 staining (Molecu-
lar Probes, Eugene, OR) at 2.5 pg/ml for 1 h at 37°C. The ratio of
green:red fluorescence was determined by flow cytometry and analyzed
with Cell Quest software. Phosphatidylserine (PS)/7-amino-actinomy-
cin D (7TAAD) analysis was performed on trypsinized cells by staining
with FITC-annexin V (BD Biosciences) and 7AAD (BD Biosciences),
followed by flow cytometry as described (28). Apoptotic cells were de-
fined as annexin V—positive and 7AAD-negative. TUNEL staining was
performed as per manufacturer’s protocol with a commercially available
kit (Roche Diagnostics, Indianapolis, IN).

Co-immunoprecipitation

Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCI, pH 7.4, 136
mM NacCl, 10% [vol/vol] glycerol, 1% [vol/vol] NP-40, 1 mM NaF, 1 mM
phenylmethysufonyl fluoride, 10 wg/mlleupeptin, 5 wg/ml aprotinin, and
1 mM Na;VO,) and centrifuged at 14,000 rpm for 10 min at 4°C to
obtain postnuclear supernatants. Protein content was quantitated using
the BCA protein quantitation kit in accordance with the manufacturer’s
protocol (Pierce, Rockford, IL). A quantity of 250 wg of protein in 500
wl of lysis buffer was pre-cleared with 25 pl of a 1:1 slurry of protein
G Sepharose beads. Fas was then immunoprecipitated with 1 pg of
goat anti-human Fas antibody or nonimmune goat IgG as a control
together with 25 ul of protein G Sepharose beads for 24 h at 4°C. The
beads were washed three times in lysis buffer, boiled in Laemlli sample
buffer, and resolved by electrophoresis through 12% (wt/vol) SDS-
polyacrylamide gels, as described (29). Detection of specific proteins
was by Western blot analysis as described (30).

Quantification of Fas

Cell surface expression of Fas was determined by flow cytometry. Cells
were harvested by incubation in PBS containing 1 mM EDTA (pH 7.4)
for 30 min followed by gentle scraping with a cell lifter. The cells were
stained with 10 wl of APC-labeled anti-Fas antibody (clone DX2; B&D
Biosciences) or 10 pl of APC-labeled nonimmune IgG (B&D Biosci-
ences) for 4 h at 4°C. After washing, the stained cells were processed
on a FACScalibur flow cytometer and analyzed with Cell Quest soft-
ware. Cell viability was confirmed before flow analysis by trypan blue
exclusion and was consistently > 90%. Total cellular Fas levels were
determined by ELISA. Fas ELISA plates were obtained from ELISA-
Tech (Denver, CO) and used according to the manufacturer’s protocol.
Fas concentrations were determined by interpolation against a standard
curve generated with recombinant Fas extracellular domain. The limit
of sensitivity of the assay was 50 pg/ml.

Immunocytochemistry

Immunocytochemistry studies were performed as previously described
(29).

Statistical Analysis

All statistical analysis was performed on Prism software (GraphPad,
San Diego, CA).

RESULTS
Characterization of Fibroblast and TGF-B-Differentiated
Myofibroblast Populations

MRC-5 cells, a nontransformed human fetal lung fibroblast cell
line, normal nondiseased human lung fibroblasts, and fibroblasts
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TABLE 1. DEMOGRAPHICS OF HUMAN LUNG AND TISSUE DONORS

A. Nondiseased Lung Donors

Age (yr) Sex Race Cause of Death Medical History
HLF 01 59 F White Stroke Hypertension, non-insulin-dependent diabetes
HLF 02 64 M White Stroke Hypertension
HLF 03 53 F White Stroke Cerebral aneurysm, hypertension
HLF 04 54 F African-American Head trauma Non-insulin-dependent diabetes, hypertension

B. IPF/UIP Lung Donors

Age (yr) Sex Race Clinical-Pathologic Diagnosis
FHLF 01 66 M White IPF/UIP
FHLF 02 77 F White IPF/UIP
FHLF 03 48 M White Familial IPF/UIP
FHLF 04 73 M White IPF/UIP

Definition of abbreviation: IPF/UIP, idiopathic pulmonary fibrosis/usual interstitial pneumonia.

derived from patients with histologically proven IPF/UIP were
characterized to confirm their fibroblast/myofibroblast pheno-
type and assure the uniformity of the populations. Figure 1
depicts representative immunocytochemical studies for both un-
differentiated and TGF-pB—differentiated cell populations. All
fibroblast cell populations stained positive (> 95%) for both
vimentin and pro-collagen—I confirming their fibroblast pheno-
type. Myofibroblast-like cells were obtained by incubating
MRC-5 cells, nondiseased human lung fibroblasts, and fibrotic
lung fibroblasts with TGF-B1 (2 ng/ml) for 72 h as previously
described (27). All TGF-B—differentiated populations stained pos-
itive (> 95%) for vimentin, pro-collagen, and a-SMA. Moreover,
as can be seen in Figure 1, a-SMA in the TGF-B—differentiated
populations was organized into filaments, suggesting a myofi-
broblast phenotype. Western blotting for a-SMA showed that
undifferentiated MRC-5 cells, nondiseased human lung fibro-
blasts, and fibrotic lung fibroblasts all express appreciable and
similar levels of a-SMA at baseline and that TGF-B differentiation
increased a-SMA expression in all cell populations (Figure 1B).

TNF-a Sensitizes MRC-5 Cells to Fas-Induced Apoptosis

To assess the effects of cytokines on Fas-induced apoptosis,
monolayers of MRC-5 cells were incubated with medium alone
or were stimulated with TNF-a (20 ng/ml), IFN-y (50 U/ml), or
with both cytokines for 36 h. The cells were then stimulated
with agonistic anti-Fas antibody (250 ng/ml) for 6 h and assayed
for apoptosis by quantifying: (1) annexin-V binding, (2) activa-
tion of caspase-8 and -3, and (3) mitochondrial depolarization
(Figure 2A). As previously reported for fibroblast cell lines and
primary cultures of human dermal and lung fibroblasts (14, 31,
32), exposure of MRC-5 fibroblasts to agonistic anti-Fas antibody
alone failed to induce apoptosis. Exposure to either TNF-« alone
or IFN-y alone, in the absence of Fas ligation, also failed to induce
apoptosis. However, after pre-incubation with TNF-a, 41% of
MRC-5 fibroblasts underwent Fas-induced apoptosis as assessed
by caspase-8 activation (P < 0.001), whereas 84% were apoptotic
after pre-incubation with TNF-a and IFN-y and stimulation with
anti-Fas antibody (P < 0.001). Similar results were also obtained
when apoptosis was assessed by phosphatidylserine externali-
zation, mitochondrial depolarization, and by measurement of
caspase-3 activity (Figure 2A). In addition, brightfield microscopy
and TUNEL staining were performed to confirm the presence of
morphologic features of apoptosis, DNA cleavage, and irrevers-
ible commitment to the apoptotic pathway (Figures 2B-2D).
Small increases in background apoptosis were also noted with
TNF-a plus IFN-y sensitization alone compared with control
conditions but did not achieve statistical significance (P > 0.05).

Since myofibroblasts are also present in lung tissues of pa-
tients with IPF/UIP, we next determined if TNF-a and IFN-y
were capable of sensitizing myofibroblasts to Fas-induced apo-
ptosis. As can be seen in Figure 2A, TGF-B—differentiated
MRC-5 cells responded similarly to undifferentiated cells with
regards to (/) basal resistance to Fas-induced apoptosis, (2) the
effect of pre-incubation with TNF-« alone, and (3) the augmen-
tation of TNF-a—induced sensitization to Fas-induced apoptosis
by IFN-y. Collectively, these findings suggest that both fibroblast-
like and myofibroblast-like MRC-5 cells are resistant to Fas-
induced apoptosis in the absence of cytokines but are sensitized
to Fas-induced apoptosis by prior exposure to TNF-«a alone, or
in combination with IFN-y.

TNF-a Sensitizes Human Lung Fibroblasts to
Fas-Induced Apoptosis

To validate the findings from the MRC-5 cells, we next deter-
mined if TNF-a sensitized primary cultures of normal human
lung fibroblasts to Fas-induced apoptosis. Human lung fibro-
blasts were isolated from lung explants of four organ donors
who died from nonpulmonary causes (Table 1). The optimal
time points for sensitization and apoptosis in primary cells were
determined in preliminary experiments. Accordingly, early pas-
sage fibroblasts were incubated in medium alone or were stimu-
lated with TNF-a (20 ng/ml), IFN-y (50 U/ml), or with both
cytokines for 48 h before stimulation with agonistic anti-Fas
antibody (250 ng/ml) or medium alone for 12 h. As can be
seen in Figure 3, < 5% of normal human lung fibroblasts were
sensitive to Fas-induced apoptosis when pre-incubated in me-
dium alone or with IFN-y alone. However, after pre-incubation
with TNF-«, 51% of the cells were apoptotic as reflected by
caspase-8 activation after Fas ligation (Figure 3A, P < 0.001).
Concurrent pre-incubation with TNF-a and IFN-vy increased the
level of Fas-induced apoptosis to 84% (Figure 3A, P < 0.001).
Similar results were obtained when apoptosis was quantified by
mitochondrial depolarization (Figure 3A, P < 0.001), TUNEL
staining (Figure 3B), and by expression of the morphologic fea-
tures of apoptosis (Figure 3C). Elevated background levels of
apoptosis were again noted with pretreatment with TNF-« plus
IFN-y in the absence of Fas ligation, through these did not
achieve statistical significance.

We also investigated the ability of TNF-« to sensitize normal
human lung myofibroblasts to Fas-induced apoptosis. Monolayers
of normal human lung fibroblasts were incubated with TGF-1
(2 ng/ml) for 72 h and the development of a myofibroblast pheno-
type was confirmed (Figure 1). As can be seen in Figure 3A,
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< 6% of normal human lung myofibroblasts were sensitive to
Fas-induced apoptosis as measured by caspase-8 activation after
pretreatment with medium alone or with IFN-y alone. Preincu-
bation with TNF-a increased the degree of apoptosis to 19%
(P < 0.01), while co-incubation with TNF-a and IFN-y increased
the level of Fas-induced apoptosis to 82% (Figure 3A, P < 0.001).
When comparing the TGF-B—differentiated myofibroblasts and
the undifferentiated fibroblasts, less apoptosis was seen in the
TNF-a alone pretreated group after Fas ligation in the myofi-
broblasts compared with the fibroblasts (19 versus 51%, P <
0.01). Interestingly, the elevated background levels of apoptosis
seen with pretreatment with TNF-a plus IFN-y in the absence
of Fas ligation did achieve statistical significance in the TGF-
B—differentiated myofibroblasts (P < 0.05). TUNEL positivity
and morphologic features of apoptosis were also confirmed in the
TGF-B—differentiated myofibroblast experiments and correlated
with other markers of apoptosis (data not shown).

The origin of normal human lung fibroblasts is not completely
understood, through recent studies have suggested that circulat-
ing CXCR4*CD45"Coll* fibrocytes accumulate in the lung in
bleomycin-induced pulmonary fibrosis in mice and contribute

Pro-Collagen

—— — N w— . 4—— 42KD

e =m0

a-smooth muscle
actin

Figure 1. Characterization of fibroblasts
and myofibroblasts. (A) Immunocyto-
chemistry for vimentin, pro-collagen |,
and a-SMA expression in MRC-5, nondis-
eased human lung and fibrotic human
lung fibroblast and TGF-B—differentiated
myofibroblast cell populations. All fibroblast
populations stained positive for vimentin
and pro-collagen | with > 95% uniformity.
All myofibroblast populations stained posi-
tive for vimentin, pro-collagen |, and a-SMA
with > 95% uniformity and demonstrated
organization of a-SMA into filaments. (B)
Western blots showing relative expression
of vimentin and a-SMA by MRC-5, nondis-
eased human lung and fibrotic human lung
fibroblast and TGF-B—differentiated myofi-
broblast cell populations.

to collagen deposition (5, 6). Since the origin of fibroblasts in
normal and fibrotic lung may differ, we also investigated the
role of TNF-« in sensitizing lung fibroblasts and myofibroblasts
isolated from fibrotic human lungs to Fas-induced apoptosis. Pri-
mary early passage cultures of human fibrotic lung fibroblasts were
derived from surgical biopsy specimens obtained from four separate
patients with open lung biopsy proven UIP (Table 1). Fibroblasts
were pre-incubated in medium alone, TNF-a (20 ng/ml), IFN-y
(50 U/ml), or both cytokines for 48 h before stimulation with
agonistic anti-Fas antibody for 12 h and flow cytometric anal-
ysis of caspase-8 activation and mitochondrial depolarization.
Figure 3D shows that < 7% of fibrotic human lung fibroblasts
incubated in medium alone, TNF-«a alone, IFN-vy alone or anti-
Fas antibody alone were apoptotic. However, prior exposure to
TNF-a also sensitized human fibrotic lung fibroblasts to Fas-
induced apoptosis, while pre-incubation with TNF-« and IFN-y
further augmented this response (P < 0.001). Similar results were
obtained when apoptosis was assessed by morphology (Figure 3E)
and by TUNEL staining (Figure 3F). We also differentiated
human fibrotic lung fibroblasts into myofibroblasts with TGF-$1,
and then determined their response to cytokine exposure and



Frankel, Cosgrove, Cha, et al.: TNF-a Sensitization to Fas-Induced Apoptosis 297

A Undifferentiated
Fibroblasts

TGF-f-Differentiated B
Myofibroblasts

% PS
Externalization

Yo
Caspase-8
Activation

Caspase-3
Activity
(Fold)

%
Mitochondrial
Depolarization

TNF-a —t+-+-+-+ —+-+-+-+
IFN-y - —++ - -+ + - —++-—-++
Anti-Fas ————+ 4+ ++ - —— -+ + ++

Media + Fas

TNF-o/IFN-y + Fas

Figure 2. TNF-a—induced
sensitization of MRC-5
fibroblasts and TGF-B-
differentiated myofi-
broblasts to Fas-induced
apoptosis. (A) MRC-5 fi-
broblasts and TGF-3-
differentiated myofi-
broblasts were incubated
in medium alone or with
TNF-a (20 ng/ml), IFN-y
50 (U/ml), or both cyto-
kines for 36 h before
challenge with agonistic
anti-Fas antibody (250
ng/ml) for 6 h. The per-
centages of apoptotic
cells were quantified by
phosphatidylserine ex-
ternalization, activation
of caspases-8 and -3,
and mitochondrial de-
polarization. The data
shown represent the
mean *= SD of at least
three independent ex-
periments. (B) Bright-
fieldimages of MRC-5 fi-
broblasts incubated with
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medium alone or TNF-a plus IFN-y for 36 h before exposure to agonistic anti-Fas antibody for 6 h (magnification: X10). (C) TUNEL staining of MRC-5
fibroblasts incubated with medium alone or TNF-« plus IFN-y for 36 h before exposure to agonistic anti-Fas antibody for 6 h (magnification: X63). (D)
TUNEL staining superimposed on Nomarski images correlating morphologic changes of apoptosis with DNA cleavage. The MRC-5 fibroblasts
pictured on the /eft were treated with 1 wM staurosporine for 12 h (positive control), whereas the cells on the right were treated with TNF-a plus

IFN-vy for 36 h before exposure to agonistic anti-Fas antibody for 6 h.

Fas-induced apoptosis. As can be seen in Figure 3D, the results
were not significantly different from the results obtained with
fibrotic human lung fibroblasts. Interestingly, unlike with the
normal pulmonary fibroblasts and myofibroblasts, fibrotic lung
cells pretreated with TNF-a alone followed by Fas ligation did
not differ in the degree of observed apoptosis between the undif-
ferentiated fibroblasts and TGF-B-differentiated myofibroblasts
(P > 0.05). A direct comparison between the TGF-B-
differentiated, nondiseased human lung myofibroblasts and fi-
brotic human lung myofibroblasts suggested a trend toward de-
creased Fas-sensitivity in the nondiseased myofibroblasts, but
this did not achieve statistical significance (P > 0.05).

Finally, we confirmed that the results in the nondiseased
and fibrotic human lung fibroblast experiments were due to
experimental conditions rather than individual patient variabil-
ity. A two-way ANOVA statistical analysis was performed on
each set of experiments and showed that > 85% of the variability
between groups across all data sets was due exclusively to the
experimental conditions (P < 0.001) and that inter-patient vari-
ability accounted for < 3% of the observed variation between
groups across all data sets (P < 0.05).

Collectively, these findings indicate that primary cultures of
normal human lung and fibrotic human lung fibroblasts and
myofibroblasts responded similarly to MRC-5 cells in terms of
basal resistance to Fas-induced apoptosis and sensitivity to Fas-
induced apoptosis after pre-incubation with TNF-«, alone and
in combination with IFN-y, and that regardless of their origin,
these cells undergo a fundamentally similar process of sensitiza-
tion by TNF-a to Fas-induced apoptosis.

IFN-y Potentiates TNF-a-Dependent Sensitization to
Fas-Induced Apoptosis

While pretreatment with IFN-y alone did not induce sensitiza-
tion to Fas-induced apoptosis, the data shown in Figures 2 and
3 indicate that IFN-y augments sensitization by TNF-a. Dose
response studies indicated that 20-50 U/ml of IFN-y produced
an optimal response (data not shown). The effect of IFN-y on
the TNF-«a response in turn could plausibly be due to increases
in: (1) sensitivity to TNF-a, (2) the rate of TNF-a—induced
sensitization, or (3) both processes. We therefore determined
the effect of IFN-y on the dose response and time course of
TNF-a-induced sensitization to Fas-induced apoptosis. Undif-
ferentiated MRC-5 cells were pretreated with TNF-a (0.01-20
ng/ml) in the presence and absence of IFN-y (50 U/ml) for
36 h and analyzed for Fas-induced apoptosis. Figure 4A shows
that while a dose of TNF-a of 5 ng/ml was required to induce
maximal apoptosis in the absence of IFN-y, a 50-fold lower
amount of TNF-a induced maximal apoptosis in the presence of
IFN-v. In addition, more apoptosis was seen in cells co-incubated
with IFN-vy for any given dose of TNF-a compared with that seen
in the absence of IFN-y. Figure 4B shows the time course of
pretreatment with TNF-« in the presence and absence of IFN-y
on the degree of Fas-induced apoptosis. It can be seen that co-
stimulation with IFN-y shortened the time required for TNF-«
to sensitize cells to Fas-induced apoptosis by ~ 12 h. These findings
suggest that [FN-y augments TNF-a—induced sensitization to Fas-
induced apoptosis by both increasing the sensitivity to TNF-a and
by decreasing the time required for sensitization.
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Figure 3. (A) TNF-a—
induced sensitization of

broblasts to Fas-induced
< apoptosis. Early passage
normal human lung
X1 fibroblasts and TGF-p-
differentiated (2 ng/ml,
72 h) myofibroblasts were
incubated in  medium
alone or with TNF-«a
(20 ng/ml),  IFN-y
(50 U/ml), or both cyto-
kines for 48 h before ex-
posure to agonistic anti-
Fas antibody (250 ng/ml)
for 12 h. The percent-
~ ages of apoptotic cells
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| assays for caspase-8 ac-
tivation and mitochon-
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fibroblasts  incubated
with medium alone or
TNF-a plus IFN- v for
48 h before exposure to
agonistic anti-Fas anti-

F  Media + Fas
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body for 12 h (magnification: X10). (C) TUNEL staining of normal human lung fibroblasts incubated with medium alone or TNF-a plus IFN-y for
48 h before exposure to agonistic anti-Fas antibody for 12 h (magnification: X63). (D) TNF-a—induced sensitization of human fibrotic lung
fibroblasts and TGF-B-differentiated myofibroblasts to Fas-induced apoptosis. Early passage human fibrotic lung fibroblasts and TGF-B—differentiated
myofibroblasts were incubated in medium alone or with TNF-a (20 ng/ml), IFN-y (50 U/ml), or both cytokines for 48 h before exposure to agonistic
anti-Fas antibody (250 ng/ml) for 12 h. The percentages of apoptotic cells were quantified by assays for caspase-8 activation mitochondrial
depolarization. The data shown represent the composite mean * SD of fibroblasts derived from four donors each evaluated independently in
triplicate. (E) Brightfield images of fibrotic human lung fibroblasts incubated with medium alone or TNF-a plus IFN- y for 48 h before exposure
to agonistic anti-Fas antibody for 12 h (magnification: X10). (F) TUNEL staining of fibrotic human lung fibroblasts incubated with medium alone
or TNF-a plus IFN-y for 48 h before exposure to agonistic anti-Fas antibody for 12 h (magnification: X63).

Effect of TNF-a on Cell Surface Fas Expression

Intracellular sequestration of Fas has previously been reported
as a mechanism of resistance to Fas-induced apoptosis (33).
Thus, it was possible that the mechanism of TNF-a-induced
sensitization to Fas-induced apoptosis may involve an increase
in cell surface Fas expression. We therefore quantified Fas ex-
pression on MRC-5 fibroblasts after incubation with medium
alone, TNF-a (20 ng/ml), IFN-y (50 U/ml), or both cytokines
for 36 h, by flow cytometry. Incubation with IFN-vy had no effect
on cell surface Fas expression compared with medium alone
(P > 0.05), whereas incubation with TNF-a led to a 70% increase
in Fas expression (Figure SA and 5B, P < 0.001), and this was
further augmented in cells incubated with TNF-a and IFN-y,
which demonstrated a 124% increase over baseline Fas cell sur-
face expression (Figures 5SA and 5B, P < 0.001). We also investi-
gated the effects of TNF-a and IFN-y on cell surface Fas expres-
sion in normal (Figure 5C) and fibrotic (Figure SD) human lung
fibroblasts and obtained similar results. TGF-B-differentiated
myofibroblasts were likewise investigated for each of the cell

populations and no differences were found between the fibro-
blast and myofibroblast-like cells from each population (Figures
SA-5D). A two-way ANOVA statistical analysis was performed
on each set of experiments and showed that > 90% of the
variability between groups across all data sets was due exclusively
to the experimental conditions (P < 0.001) and that inter-patient
variability accounted for < 2% of the observed variation between
groups. Additionally, we quantified total Fas levels by ELISA and
detected similar changes in total Fas levels after stimulation with
cytokines (data not shown). These data also showed that at baseline,
undifferentiated and TGF-B—differentiated cells expressed abun-
dant levels of Fas (56 * 11 ng/mg cell protein and 67 = 24 ng/mg
cell protein, respectively), confirming that the basal resistance of
fibroblasts and myofibroblasts is not due to a lack of available Fas.

Exposure to TNF-a Promotes Assembly of the Fas-Induced
Death-Inducing Signaling Complex

Since control of Fas-induced apoptosis appeared to be regulated
above the level of caspase-8 activation, we investigated the
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Figure 4. IFN-y potentiates TNF-a sensitization to Fas-induced apopto-
sis in MRC-5 fibroblasts and TGF-B-differentiated myofibroblasts. (A)
TNF-a dose response curve for MRC-5 fibroblasts and TGF-B-
differentiated myofibroblasts. Cells were incubated with increasing
doses of TNF-a (0.01-20 ng/ml) in the presence or absence of IFN-y
(50 U/ml) for 36 h followed by stimulation with agonistic anti-Fas anti-
body for 6 h. (B) Time course of sensitization of MRC-5 fibroblasts and
TGF-B—differentiated myofibroblasts to Fas-induced apoptosis by TNF-a
(20 ng/ml), IFN-y (50 U/ml), or both cytokines. Squares, medium; trian-
gles, TNF-; inverted triangles, IFN-vy; diamonds, TNF-a + IFN- vy; filled
symbols, no anti-Fas antibody; open symbols, with anti-Fas antibody.
Apoptosis was quantified by caspase-8 activation.

hypothesis that TNF-a permits Fas signaling at the level of as-
sembly of the death-inducing signaling complex (DISC). Accord-
ingly, undifferentiated MRC-5 cells were pre-incubated in me-
dium alone, TNF-a (20 ng/ml), IFN-y (50 U/ml), or both
cytokines for 36 h before stimulation with agonistic anti-Fas
antibody for 4 h to allow optimal DISC assembly before apopto-
sis. The cells were then lysed, immunoprecipitated with anti-
Fas antibody, and co-immunoprecipitating FADD and caspase-8
were detected by immunoblotting. As can be seen in Figure 6A,
co-immunoprecipitating FADD or caspase-8 were not detected
in anti-Fas immunoprecipitates from unstimulated cells or in
cells pre-incubated with IFN-y alone. However, after sensitiza-
tion with TNF-a, FADD, and active caspase-8 (41- and 43-
kD isoforms) were recruited to the cytoplasmic domain of Fas.
Furthermore, as was seen in the apoptosis experiments described
earlier, IFN-y augmented the level of FADD recruitment
(Figure 6A). We also determined the effect of sensitization with
TNF-a and IFN-y on Fas-induced DISC assembly in TGF-B,—
differentiated MRC-5 cells. As can be seen in Figure 6A, neither
FADD nor caspase-8 were recruited to Fas in the absence of
TNF-a. However, sensitization with TNF-«, alone or in combina-
tion with IFN-v, also stimulated FADD and caspase-8 recruit-
ment to Fas.

Western blot analyses were also performed on post-nuclear
cell lysates from MRC-5 cells to determine if the levels of FADD
and caspase-8 were regulated by TNF-a and IFN-v. Figure 6B
shows that FADD and caspase-8 expression were largely unaf-
fected by exposure to either TNF-a or IFN-vy. Collectively, these
findings suggest that sensitization by TNF-«a to Fas-induced apo-
ptosis occurs at the level of recruitment of FADD to ligated Fas
and that the basal resistance of MRC-5 fibroblasts to Fas-induced
apoptosis is associated with a failure of FADD recruitment.

Given the mechanistic importance of these findings, we
sought to confirm that the basal resistance of nondiseased human
lung fibroblasts and fibrotic human lung fibroblasts was also due
to a failure of FADD recruitment and that TNF-a—dependent
sensitization permitted FADD recruitment upon Fas ligation.
As can be seen in Figure 7A, neither FADD nor caspase-8 were
recruited to Fas in the absence of TNF-a in nondiseased human
lung fibroblasts and TGF-B—differentiated myofibroblasts. How-
ever, sensitization with TNF-«, alone, or in combination with
IFN-y, permitted FADD and caspase-8 recruitment to Fas upon
receptor ligation. Identical results were also found in the fibrotic
human lung fibroblasts and TGF-p—differentiated myofibroblasts
(Figure 8A). Western blot analyses on postnuclear cell lysates
from the primary human cell populations showed that FADD
expression was largely unaffected by exposure to either TNF-«
or IFN-y (Figures 7B and 8B). Caspase-8 expression was similarly
unaffected by exposure to either TNF-a or IFN-y in the normal
human lung fibroblasts (Figure 7B), but in the fibrotic lung fibro-
blasts and TGF-B-differentiated myofibroblasts, TNF-a and
TNF-a plus IFN-y increased total caspase-8 expression levels
(Figure 8B).

DISCUSSION

The mechanisms underlying the removal of fibroblasts and myo-
fibroblasts from the lung during repair, and the consequent dys-
regulation of these events in IPF/UIP, remain poorly understood.
Using primary cultures of human lung fibroblasts, in vitro differ-
entiated human myofibroblasts, and MRC-5 cells, our study has
revealed a novel mechanism in which TNF-a sensitizes lung
fibroblasts and myofibroblasts to undergo apoptosis upon Fas
ligation and that IFN-y augments this response. We have shown
that sensitization to Fas-induced apoptosis is conserved among
different populations of lung fibroblasts and myofibroblasts. In
addition, the mechanism of sensitization by TNF-a occurs at
the level of recruitment of the adapter protein FADD to the
cytoplasmic domain of Fas, thereby enabling assembly of the
pro-apoptotic death-inducing signaling complex (DISC).

Our finding that lung fibroblasts and myofibroblasts express
Fas at the cell surface but are basally resistant to Fas-induced
apoptosis is consistent with previous studies using human lung
fibroblasts (14, 31), and with data reported by Kazufumi and
colleagues (34) showing that fibroblasts and myofibroblasts ex-
press Fas within the fibroblast foci of patients with biopsy-proven
IPF/UIP. Although Moodley and colleagues have been able to
show some degree of Fas-induced apoptosis in unsensitized pul-
monary fibroblasts, their studies used very high, supraphysiologic
levels of FasL (30-50 wg/ml) for 24 h and achieved modest levels
of apoptosis (31, 35). In contrast to the present study, Moodley
and coworkers observed differences in sensitivity to apoptosis
by normal and fibrotic human lung fibroblasts (31, 35). However,
given the supraphysiologic level of FasL used in their study, it is
possible that the mechanism of apoptosis may be fundamentally
different and not directly comparable to this study. Another possi-
bility is that the high levels of FasL used in the studies by Moodley
and colleagues promoted TNF-a expression and autocrine sensi-
tization by the fibroblasts, similar to a mechanism implicated by
Borges and coworkers in their studies of silicosis (36).

Based on recent reports suggesting that the progression of
pulmonary fibrosis occurs in the face of a limited inflammatory
response (17), we reasoned that the proinflammatory cytokines
TNF-a and IFN-vy contribute to lung repair by sensitizing fibro-
blasts and myofibroblasts to undergo Fas-induced apoptosis at
the completion of the repair process. This concept would thus
predict that the absence (or reduced levels) of these cytokines,
as has been reported in IPF/UIP (21, 37), would favor fibroblast
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and myofibroblast persistence and accumulation. Although ini-
tially appearing conceptually incompatible with earlier studies
that indicated a profibrotic role for TNF-« in bleomycin-induced
pulmonary fibrosis in mice (23, 24, 38, 39), several lines of evi-
dence now suggest that the profibrotic role of TNF-a may be
indirect and related to initial injury of the alveolar epithelium
and/or an underappreciated role of the related TNF-receptor
ligand lymphotoxin-a in lung injury (25). Furthermore, recent
studies in mice suggest that TNF-a may serve to limit the extent
of fibrosis and subpleural honeycombing. Fujita and colleagues
(40) showed that enforced expression of TNF-a by alveolar
type II epithelial cells in transgenic mice ameliorates pulmonary
fibrosis induced by either bleomycin or TGF-B. In addition,
Kuroki and coworkers (25) reported that tnf-a~/~ mice develop
severe pneumopathy associated with subpleural honeycombing
after bleomycin instillation. They also showed that pulmonary
delivery of TNF-a to tnf-o~'~ mice 14 d after bleomycin instilla-
tion reversed the lung pathology and promoted lung repair and
lung cell apoptosis (25). While our study is the first to report a
mechanism for the sensitization of human lung fibroblasts and
myofibroblasts to Fas-induced apoptosis, other studies have sug-
gested that TNF-receptor signaling is somehow involved in
coupling Fas ligation to the activation of apoptosis. Costelli and
colleagues (41) showed that mice deficient in both TNF-R1
and TNF-R2 are resistant to Fas-induced liver injury; while Teh
and coworkers (42) reported that TNF-R2-deficient CD8+ T cells
are resistant to Fas-induced apoptosis. Thus, the ability of TNF-a
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Figure 5. Effect of TNF-a and IFN-y on
cell surface Fas expression. (A) MRC-5 fi-
broblasts and TGF-B—differentiated myo-
fibroblasts were incubated in medium
alone or with TNF-a (20 ng/ml), IFN-y (50
U/ml), or both cytokines for 36 h before
staining with APC-labeled anti-Fas anti-
body and analysis by flow cytometry. Rep-
resentative flow cytometry histograms for
Fas cell surface expression, repeated inde-
pendently three times, are depicted. (B)
Mean intensity of staining = SEM of Fas
expression levels. (C) Human lung fibro-
blasts and TGF-B—differentiated myofi-
broblasts were incubated in medium
alone or with TNF-a (20 ng/ml), IFN-y (50
U/ml), or both cytokines for 48 h before
staining with APC-labeled anti-Fas anti-
body and analysis by flow cytometry.
Mean intensity of staining = SEM of Fas
expression levels of pooled data with fi-
broblasts obtained from four normal lung
donors, with cells from each individual

donor repeated independently three
times. (D) Mean intensity of staining =
2 SEM of Fas expression levels of pooled
data with fibroblasts obtained from four
fibrotic lung donors, with cells from each
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to sensitize cells to Fas-induced apoptosis may represent a broad
mechanism to promote and control Fas-induced apoptosis.

A number of studies have shown that IFNs, especially IFN-y,
can limit or inhibit the development of pulmonary fibrosis in
mouse models (18, 19) and promote improvement in lung func-
tion and survival in patients with progressive IPF/UIP (21, 22).
Although IFN-y did not induce sensitization of human lung
fibroblasts and myofibroblasts to Fas-induced apoptosis in the
absence of TNF-q, it augmented sensitization by TNF-a by de-
creasing the dose and the time required for sensitization. Syner-
gistic interaction between cytokines is well established, and aug-
mentation of TNF-a—dependent responses by IFN-y, especially
NF-«B activation, has been previously reported (43-45). Thus,
although TNF-a was sufficient to promote sensitization to Fas-
induced apoptosis in vitro, both cytokines may be necessary to
induce physiologic sensitization in vivo. This possibility is also
consistent with recent studies by Jiang and colleagues (20) in
which pulmonary expression of IFN-y by resident CXCR3* NK
cells was found to play a role in limiting the progression of
pulmonary fibrosis and subpleural honeycombing in bleomycin-
treated mice. The current findings, together with the observed
increased subpleural honeycombing in mice deficient in either
TNF-a- or in IFN-y—producing CXCR3" pulmonary NK cells,
suggest that reduced expression of either cytokine will promote
fibroblast/myofibroblast accumulation by reducing their sensitiv-
ity to Fas-induced apoptosis.
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Recent studies have provided important new insights into
the origin and phenotype of pulmonary fibroblasts and myofi-
broblasts (5, 6,46). We therefore addressed the question of whether
the ability of TNF-o and IFN-y to sensitize fibroblasts and myofi-
broblasts to Fas-induced apoptosis was conserved by both cell
phenotypes. Using in vitro differentiation with TGF-B, to generate
myofibroblasts from fibroblasts (27), we saw no difference in
the ability of normal human lung fibroblasts or myofibroblasts
to undergo Fas-induced apoptosis in response to combined expo-
sure to TNF-a and IFN-y. Since these cells may have different
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Figure 6. Effect of TNF-a and IFN-y on the assembly of the
Fas-induced death inducing signaling complex (DISC). (A)
MRC-5 fibroblasts and TGF-B-differentiated myofibroblasts
were incubated in medium alone or with TNF-a (20 ng/ml),
IFN-y (50 U/ml), or both cytokines for 36 h before challenge
with agonistic anti-Fas antibody (250 ng/ml) for 4 h. Cells
were lysed and equal amounts of total cell protein were immu-
noprecipitated with anti-Fas antibody, washed and separated
by SDS-PAGE. Co-immunoprecipitating FADD (34 kD) and
active caspase-8 (41 and 43 kD) were detected by Western
blotting with specific antibodies. Immunoprecipation of Fas
(43 kD) was confirmed by stripping the blots and re-probing
with anti-Fas antibody. (B) Western blot analysis of total FADD,
caspase-8 and Fas levels in undifferentiated and TGF-pB-
differentiated MRC-5 cells. Cells were stimulated asin A., lysed,
and equal amounts of total cell lysate proteins were analyzed
by SDS-PAGE and Western blotting with the appropriate anti-
body. Data shown are representative results of three indepen-
dent experiments.

origins in mesenchymal tissues and in the bone marrow in normal
and fibrotic lungs (5, 6, 47, 48), we also addressed this question
in primary cultures of fibroblasts isolated from normal and fi-
brotic lung tissues. No difference was noted in the ability of
TNF-a and IFN-y to sensitize normal or fibrotic human lung
fibroblasts and myofibroblasts to undergo Fas-induced apoptosis.
Similar results were also obtained with the human lung fibroblast
cell line, MRC-5, and with human skin fibroblasts (data not
shown). Thus, although fibroblasts and myofibroblasts exhibit
phenotypic differences dependent on their origin and location
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Figure 7. (A) Nondiseased human lung fibroblasts and TGF-
B—differentiated myofibroblasts were incubated in medium
alone or with TNF-a (20 ng/ml), IFN-y (50 U/ml), or both cyto-
kines for 48 h before challenge with agonistic anti-Fas antibody
(250 ng/ml) for 6 h Cells were lysed and analyzed as described
in the legend to Figure 6. Data shown are representative results
of three independent experiments for each of four patients. (B)
Western blot analysis of total FADD, caspase-8, and Fas levels in
undifferentiated and TGF-B-differentiated nondiseased human
lung cells. Data shown are representative result of three indepen-
dent experiments for each of four patients.



302 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 34 2006

43kD

A Undifferentiated TGF-B-Differentiated

Fibroblast Myofibroblast
FADD — - : - e g 34KD
Caspase-8 - ; ::

TNFa - + - +
IFNoy = = + + = = 4+ + = = 4 + = = 4+ %
Anti-Fas - - - - 4+ + + 4+ - - - - %+ + + +
B Undifferentiated TGF-B-Differentiated

Fibroblast Myofibroblast

FADD BSR4 34kD

Caspase-8 i g = S8 = e B0 ¢—— S5KD

-
Fas *'4_ 43kD
— — — —
+ -+ -+ - &

TNF-a =

IFNy = = + + = = + +

(5, 6, 47, 48), these findings suggest that sensitization by TNF-«
and IFN-y is a fundamentally important mechanism to enable
these cells to undergo apoptosis independent of their origin
or phenotype. We did observe a trend in which normal lung
myofibroblasts were less sensitive to TNF-a than fibrotic lung
myofibroblasts, but this trend did not achieve statistical signifi-
cance. Similar findings have also been reported for IL-1B-
induced apoptosis of TGF-B-treated rat lung fibroblasts (49),
and by Moodley and colleagues for high-dose FasL-induced apo-
ptosis (35). While the molecular basis of the difference in sensi-
tivity exhibited by normal and fibrotic lung myofibroblasts is
unclear, it is conceivable that the bone marrow or mesenchymal
origins of these cells may contribute to the quantitative differ-
ences in TNF-« sensitivity. Alternatively, previous studies have
shown that fibroblasts maintain their in vivo phenotypic im-
printing during culture in vitro (47, 50). Thus, it is also possible
that the in vivo milieu of the normal and fibrotic lung may
contribute to the observed difference in the response to TNF-«
in vitro.

In seeking to define the mechanism by which TNF-a sensitizes
fibroblasts and myofibroblasts to Fas-induced apoptosis, we in-
vestigated the hypothesis that the mechanism of sensitization by
TNF-a and IFN-y might be localized to the initial assembly of
the DISC and that the basal resistance of lung fibroblasts to Fas-
induced apoptosis was a result of failure to assemble the DISC.
Co-immunoprecipitation data clearly showed that the basal resis-
tance to Fas-induced apoptosis was associated with a failure
of ligated Fas to recruit FADD and caspase-8. However, after
sensitization with TNF-«, Fas ligation resulted in recruitment of
FADD and caspase-8 and led to caspase-8 activation. While it
remains possible, or even probable, that TNF-a and TNF-a +
IFN-vy have other proapoptotic effects that may improve the
efficiency of apoptotic induction after Fas ligation, such as the
upregulation of caspase-8 expression seen in the fibrotic lung
fibroblasts (or, for example, downregulation of c-IAP and Bcl-2
family members), our data suggest that the ability to recruit
FADD and assemble the DISC is the critical and most proximal
component of TNF-a—dependent sensitization.

Although the molecular basis for TNF-a-induced sen-
sitization and DISC assembly remains to be determined, one
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Figure 8. (A) Fibrotic human lung fibroblasts and TGF-p-
differentiated myofibroblasts were incubated in medium alone
or with TNF-a (20 ng/ml), IFN-y (50 U/ml), or both cytokines
for 48 h before challenge with agonistic anti-Fas antibody
(250 ng/ml) for 6 h. Cells were lysed and analyzed as described
in the legend to Figure 6. Data shown are representative results
of three independent experiments for each of four patients. (B)
Western blot analysis of total FADD, caspase-8, and Fas levels in
undifferentiated and TGF-B-differentiated fibrotic human lung
cells. Data shown are representative results of three independent
experiments for each of four patients.

possibility is that it may involve TNF-a—-induced augmentation
in cell surface Fas expression above a given threshold of cell
surface receptor density. This hypothesis would stipulate that
unstimulated cells do not have a sufficient number of cell surface
receptors to transduce an apoptotic signal, but that the augmen-
tation in cell surface Fas expression seen after cytokine treatment
produces a receptor density in excess of the threshold required
to transduce an apoptotic signal. Examples of this are well docu-
mented in the literature. For example, both thrombopoietin and
CD46 have been shown to have dramatically different signal
transduction responses depending upon whether or not a critical
threshold receptor density is exceeded (51, 52). This hypothesis
will be the subject of further investigation.

Second, basal resistance to Fas-induced apoptosis may be
mediated by a constitutively expressed protein that inhibits the
recruitment of FADD to ligated Fas. The hypothetical protein
could prevent Fas signaling by forming a heteromeric complex
with either Fas or FADD. In this scenario, sensitization with
TNF-«a is proposed to promote dissociation of the complex to
enable FADD recruitment to ligated Fas. Previous studies have
identified LFG and FAIM as inhibitors of Fas-induced apoptosis,
though little is known about their mechanism of action (53, 54).
The antiapoptotic protein FLIP has been implicated in the basal
Fas resistance of normal human lung fibroblasts by Tanaka and
coworkers (14) and in dermal fibroblasts by Santiago and
colleagues (32). However, FLIP activity is dependent on its re-
cruitment to FADD after Fas ligation (55, 56). Since FADD is
not recruited to Fas in the absence of TNF-a sensitization, a
role for FLIP appears incompatible with our data. In addition, we
have found very low/undetectable levels of FLIP in unstimulated
MRC-5, nondiseased, and fibrotic human lung fibroblasts and
TGF-B-differentiated myofibroblasts; we have also found that
these levels increase after stimulation with TNF-a and TNF-a
plus IFN-y (data not shown.) However, it is not possible to
completely exclude a role for FLIP at present.

Third, TNF-a, through its ability to activate kinase cascades,
may promote FADD recruitment to ligated Fas by phosphorylat-
ing Fas or FADD. Recent studies have shown that human FADD
is phosphorylated on Ser 194 (57) and that phosphorylation at
this site sensitizes prostate carcinoma cells to etoposide-induced
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apoptosis (58). The role of FADD phosphorylation in promoting
Fas-induced apoptosis in Fas-insensitive cells is not known, though
this does not appear to contribute to apoptosis in Fas-sensitive
cells (59). Other studies have also shown that TNF-R family
members, including Fas, DR3, and TNF-R1, are phosphorylated
in response to TNF-a signaling and that this event is capable of
regulating apoptosis (29, 60, 61). Intriguingly, as can be seen in
Figure 6, sensitization with TNF-«, alone or in combination with
IFN-v, resulted in the appearance of a slower migrating species
of Fas consistent with the possibility that Fas may be phosphory-
lated during sensitization. Finally, Fas has been shown to parti-
tion into lipid rafts (62) and may be important in promoting
apoptosis (63). Thus, it is conceivable that the mechanism of
sensitization by TNF-a may involve translocation of Fas to lipid
rafts. These possibilities will be addressed in future studies.

In conclusion, we have identified a novel, physiologic mecha-
nism in which the proinflammatory cytokines TNF-a and IFN-y
sensitize human lung fibroblasts and myofibroblasts to undergo
Fas-induced apoptosis. The ability of TNF-a and IFN-y to
promote sensitization to Fas-induced apoptosis was conserved
among fibroblasts and myofibroblasts from normal and fibrotic
human lung. In addition, the mechanism of sensitization was
localized to the assembly of the DISC by ligated Fas. Since FasL.
has been detected in lung tissues of patients with IPF/UIP, we
propose that the absence of a robust inflammatory response
in the lungs of patients with IPF/UIP (64), and the associated
deficiencies in IFN-y and TNF-a expression during fibroproli-
feration, augments fibroblast and myofibroblast accumulation in
this disorder by preventing Fas-induced apoptosis. Conversely,
strategies aimed at increasing the expression or function of
TNF-a and IFN-y in the lung may reduce fibroblast and myofi-
broblast accumulation and thus be beneficial in treating this
disorder.
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