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The accumulation of apoptosis-resistant fibroblasts within fibro-

blastic foci is a characteristic featureof idiopathicpulmonaryfibrosis

(IPF), but the mechanisms underlying apoptosis resistance remain

unclear. A role for the inhibitor of apoptosis (IAP) protein family

member X-linked inhibitor of apoptosis (XIAP) has been suggested

by prior studies showing that (1) XIAP is localized to fibroblastic foci

in IPF tissue and (2) prostaglandin E2 suppresses XIAP expression

while increasing fibroblast susceptibility to apoptosis. Based on

these observations, we hypothesized that XIAP would be regulated

by the profibrotic mediators transforming growth factor (TGF)b-1

and endothelin (ET)-1 and that increased XIAP would contribute to

apoptosis resistance in IPF fibroblasts. To address these hypotheses,

we examined XIAP expression in normal and IPF fibroblasts at base-

line and in normal fibroblasts after treatment with TGF-b1 or ET-1.

The role of XIAP in the regulation of fibroblast susceptibility to

Fas-mediated apoptosis was examined using functional XIAP antag-

onists and siRNA silencing. In concordance with prior reports, fibro-

blasts from IPF lung tissue had increased resistance to apoptosis

compared with normal lung fibroblasts. Compared with normal

fibroblasts, IPF fibroblasts had significantly but heterogeneously in-

creased basal XIAP expression. Additionally, TGF-b1 and ET-1 in-

duced XIAP protein expression in normal fibroblasts. Inhibition or

silencing of XIAP enhanced the sensitivity of lung fibroblasts to Fas-

mediated apoptosis without causing apoptosis in the absence of Fas

activation. Collectively, thesefindings support amechanistic role for

XIAP in the apoptosis-resistant phenotype of IPF fibroblasts.
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Mesenchymal cells display a dynamic spectrum of phenotypes
ranging between an undifferentiated state (fibroblast) and a dif-
ferentiated state (myofibroblast) (1, 2). Although these effector
cells are essential for the homeostatic reestablishment of normal
architecture and function after tissue injury, the persistence of
these cells is associated with fibrosis (3, 4). The resolution phase
of normal wound repair coincides with the reduction of fibro-
blast numbers by apoptosis, but the triggers of apoptosis in
normal wound repair and the mechanisms underlying the per-
sistence of fibroblasts during fibrotic wound repair remain
poorly understood (5, 6). The profibrotic mediators transform-
ing growth factor (TGF)b-1 and endothelin (ET)-1 have been
found to promote resistance to apoptotic stimuli in fibroblasts,

and the antifibrotic lipid mediator prostaglandin (PG)E2 has
been shown to increase the responsiveness of these cells to apopto-
tic stimuli, supporting a role for dysregulation of fibroblast apopto-
sis in the pathogenesis of fibrosis (7–12).

Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease
of unknown etiology that is characterized by progressive alveolar
fibrosis (13, 14). The overall prognosis of patients with IPF is
dismal, although there is substantial variability in the clinical
course (15). Accordingly, it is reasonable to postulate that the
clinical variability observed in IPF reflects biologically hetero-
geneous mechanisms that ultimately converge on the common
end-point of parenchymal fibrosis. IPF is characterized by the
accumulation of fibroblasts and myofibroblasts, which aggregate
in clusters termed “fibroblastic foci,” the number of which cor-
relates with patient mortality (13, 15). Although several studies
have shown that fibroblasts within fibroblastic foci lack evidence
of apoptosis, the mechanisms responsible for this apparent re-
sistance to apoptosis are not clear (12, 16, 17).

Parallels have been made between the biologic mechanisms
observed in IPF and cancer (18, 19). The inhibitor of apoptosis
(IAP) protein family contains eight different members that con-
tain at least one baculovirus IAP repeat (BIR) domain, which is
critical for the ability of these proteins to interact with caspases
and prevent apoptosis in vitro (20). Increased expression of
IAPs is associated with a variety of malignancies, and the inhi-
bition of these proteins can enhance the susceptibility of cancer
cells to apoptotic stimuli without detriment to normal cells.
Thus, IAPs represent attractive targets for cancer treatment,
motivating the development of IAP antagonists (21–25). Al-
though their role in cancer is well established, few studies have
examined IAPs in the context of fibrosis. We previously showed
that one IAP family member, survivin (also known as baculo-
viral inhibitor of apoptosis repeat–containing 5 [BIRC5]), is
induced in normal lung fibroblasts by ET-1 and is suppressed
in normal lung fibroblasts by PGE2 (7, 10). Moreover, induction
of survivin promoted resistance to apoptosis, whereas suppres-
sion of survivin was associated with enhanced fibroblast apopto-
sis. Additionally, we recently reported that survivin expression
is variably increased in IPF fibroblasts in situ within fibroblastic
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CLINICAL RELEVANCE

Resistance to apoptotic stimuli is thought to contribute to the
accumulation of fibroblasts in fibrotic lung diseases, including
idiopathic pulmonary fibrosis. This study shows that a subset of
idiopathic pulmonary fibrosis fibroblasts has increased ex-
pression of X-linked inhibitor of apoptosis (XIAP), a member
of the Inhibitor of Apoptosis family of proteins. Moreover,
profibrotic mediators increase expression of XIAP in normal
fibroblasts and functional inhibition of XIAP enhances the
susceptibility of normal and fibrotic lung fibroblasts to apo-
ptosis. Thus, XIAP represents a novel potential target of
antifibrotic therapy.
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foci and in cultures of explanted lung fibroblasts. Inhibition of
survivin could enhance susceptibility to apoptosis in a subset of
fibroblasts isolated from IPF lung tissue (26). Another recent re-
port similarly showed that X-linked inhibitor of apoptosis (XIAP
or BIRC4) is highly expressed within the mesenchymal cells of
fibroblastic foci but not in the overlying epithelium (12). PGE2

treatment suppressed XIAP and enhanced Fas-mediated apopto-
sis in lung fibroblasts, supporting a potential mechanistic role for
XIAP in fibroblast survival (12).

Based on these studies and on the fact that XIAP is the only
IAP believed to function as a direct apoptosis inhibitor in vivo,
we hypothesized that XIAP would contribute to the apoptosis
resistance of IPF fibroblasts (20, 21). To address this hypothesis,
we examined XIAP levels in primary explanted lung fibroblasts
from normal and IPF tissue, assessed the impact of soluble profi-
brotic mediators on XIAP expression in normal lung fibroblasts,
and determined how XIAP inhibition modulated the sensitivity of
normal and IPF fibroblasts to Fas-mediated apoptosis. Portions of
this work have been previously published in abstract form (27).

MATERIALS AND METHODS

Cells and Cell Culture

Normal primary human fetal (IMR-90) and adult (CCL-210) lung fibro-
blasts were obtained from ATCC (Manassas, VA). Cells between pas-
sages 8 and 16 were cultured as previously described (7). Patient-derived
primary human lung fibroblasts were cultured from the lungs of patients
with IPF or from normal areas of lung from patients undergoing thoracic
surgery for nonfibrotic disease as described previously (28). Written in-
formed consent was obtained from all subjects in accordance with the
University of Michigan Institutional Review Board.

Reagents

Porcine TGF-b1 was from R&D Systems (Minneapolis, MN). ET-1
and cycloheximide were from Sigma (St. Louis, MO). The activating
anti-Fas antibody (clone CH11, designated as Fas-Ab) was from Milli-
pore (Billerica, MA). Antibodies to XIAP, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and poly-(ADP-ribose) polymerase (PARP)
were from Cell Signaling (Danvers, MA). The Cell Death Detection
ELISA Kit detecting histone-associated DNA fragments was from
Roche Applied Science (Indianapolis, IN). Horseradish peroxidase–
conjugated secondary antibodies were from Pierce (Rockford, IL).

AT406, a monovalent Smac/DIABLO (second mitochondria-derived
activator of caspase/direct inhibitor of apoptosis-binding protein with low
pI) mimetic that binds the BIR3 domain of XIAP, cIAP1, and cIAP2 and
SM164, a bivalent Smac/DIABLOmimetic that binds to theBIR3 domain
and to the BIR2 domain and its preceding linker region on XIAP, were
kind gifts from Shaomeng Wang, Ph.D., University of Michigan (22, 29–
32). Preliminary dose-response studies established an impact on apopto-
sis at concentrations of SM164 (100 nM) and AT406 (1.0 mM); these
concentrations have been shown to effectively antagonize XIAP, cIAP1,
and cIAP2 (29–32).

siRNA Silencing

IMR-90 fibroblasts were transfectedwith siRNA targetingXIAP orwith
a control, nontargeting siRNA (Ambion; Life Technologies). The siRNA
was incubated with Oligofectamine (Invitrogen, Grand Island, NY) in
Opti-MEM for 30 minutes, after which the siRNA-Oligofectamine com-
plexes in Opti-MEM were added to cells in serum-free DMEM in a 1:3
ratio to achieve a final siRNA concentration of 10 nM. Twenty-four hours
later, the transfection medium was replaced with serum-free DMEM for
another 24 hours before experimentation.

SDS-PAGE Electrophoresis and Western Blotting

Whole cell lysates were collected and subjected to SDS-PAGE and
Western blotting as previously described (7, 11). All Western blots
were stripped and reprobed for GAPDH.

Densitometry

Western blots were analyzed using the public domain NIH ImageJ pro-
gram available at http://rsbweb.nih.gov/ij/ as previously described (7).
The ratio of band density for the target protein and the corresponding
GAPDH was determined on each blot, and this ratio was normalized
such that the untreated controls (for expression of XIAP) or Fas-Ab–
treated cells (for PARP) were expressed as 1.0.

Apoptosis Assessments

Apoptosis was assessed by Western blotting for cleaved PARP and by
ELISA-based detection of histone-associated DNA fragments using the
Cell DeathDetectionELISAKit (RocheApplied Science, Indianapolis,
IN) as previously described (7). For each ELISA, samples were run in
triplicate along with a manufacturer-supplied positive control.

Quantitative Real-Time RT-PCR

Quantitative real-time PCR was performed on an Applied Biosystems
7300 (Foster City, CA) real-time PCRmachine as we have reported pre-
viously (28). Relative quantitation was based on the DDCT method and
used primers obtained from Applied Biosystems TaqMan Gene Ex-
pression Assays for XIAP (BIRC4 [Hs00236913], BIRC2 [Hs00357350],
and BIRC3 [Hs00154109]).

Statistical Analyses

Statistical analyses were completed using ANOVA with Tukey posttest
(Graphpad Prism software version 5.01) for experiments involving three
or more conditions simultaneously. Comparisons between primary patient-
derived normal and IPF fibroblasts were made using Student’s t test. Spear-
man correlations (r) were determined using Graphpad Prism software.

RESULTS

IPF Lung Fibroblasts Have Decreased Susceptibility

to Fas-Mediated Apoptosis

Fibroblasts have an inherent resistance to Fas-mediated apopto-
sis in vitro, although the response to Fas activation can be en-
hanced by (1) treatment with the protein translation inhibitor
cycloheximide, (2) treatment with the antifibrotic mediator PGE2,
or (3) treatment with proinflammatory cytokines (10, 11, 33–36).
We assessed apoptosis in normal lung fibroblast cell lines (IMR-90
and CCL-210) and patient-derived primary fibroblasts from nor-
mal and IPF tissue after exposure to a Fas-activating antibody
(Fas-Ab) with and without cycloheximide. At baseline, there were
no significant differences detected between these four cell popula-
tions (1.6% of the assay positive control in IMR-90, 3.9% in CCL-
210, 2.89% in normal, and 2.63% in IPF fibroblasts) (Figure 1).
After Fas activation, there was significantly increased apoptosis in
IMR-90 (10.78% of the assay positive control), CCL-210 (16.68%),
and primary normal lung fibroblasts (11.40%). There were no sig-
nificant differences in the apoptotic responses between these differ-
ent normal lung fibroblast populations. In contrast, Fas-activation
failed to increase apoptosis in the IPF fibroblasts (2.63% in un-
treated versus 3.77% in Fas-Ab–treated cells), supporting an
apoptosis-resistant phenotype in the IPF cells.

Treatment with Fas-Ab in combination with cycloheximide
induced robust apoptotic responses in the normal fibroblast cell
lines (IMR-90 and CCL-210), the patient-derived normal lung
fibroblasts, and the IPF lung fibroblasts (mean 73.35, 106.5,
50.00, and 47.15% of assay positive control, respectively). There
was no statistically significant difference between the IPF fibro-
blasts and any of the normal lung fibroblast lines after this com-
bined exposure. Previous studies have shown that cycloheximide
alone is insufficient to induce fibroblast apoptosis (11, 35), a find-
ing that was confirmed in a subset of experiments for each of the
different fibroblast populations studied. Together, these findings
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are consistent with prior studies showing that normal fibroblasts
are relatively resistant to Fas-mediated apoptosis, that IPF lung
fibroblasts have increased resistance to Fas-mediated apoptosis
compared with normal lung fibroblasts, and that cycloheximide
“sensitizes” normal and IPF fibroblasts to undergo robust apo-
ptosis upon Fas activation (8, 10, 12, 33–35, 37–39). Additionally,
these findings demonstrate that IMR-90 and CCL-210 fibroblasts
exhibit Fas-induced apoptotic responses that are indistinguishable
from primary normal lung fibroblasts isolated from lung explants.

IPF Lung Fibroblasts Have Increased Expression of XIAP

XIAP expression has been shownwithin the fibroblastic foci of IPF
biopsies, suggesting induction of this protein in IPF fibroblasts (12,
35). To examine XIAP expression in fibrotic and normal lung
fibroblasts, we first assessed XIAP mRNA expression in nine
patient-derived normal lung fibroblast cell lines and in 13
patient-derived IPF fibroblast cell lines by quantitative real-time
RT-PCR (Figure 2). Overall, XIAP expression was more than
2-fold higher in the IPF cells compared with the normal cells, al-
though there was variability in expression among the IPF cell lines
(mean normal, 1.0 versus mean IPF, 2.14; P ¼ 0.025) (Figure 2A).
Having shown that survivin (BIRC5) is also expressed at increased
levels in a subset of IPF fibroblasts (26), we compared the expres-
sion of XIAP and survivin in these cell lines and found no signif-
icant correlation (see Figure E1A in the online supplement). We
also compared the expression of BIRC2 and BIRC3 (cIAP1 and
cIAP2, respectively), IAPs that are closely related to XIAP, in
a subset of the normal and IPF fibroblasts (Figures 2B and 2C).
Although we found no significant difference between the relative
expression of these IAPs in the normal and IPF fibroblasts, there

was a correlation identified between the cIAPs and XIAP expres-
sion levels in the IPF fibroblasts, suggesting that they share regula-
tory mechanisms (Figure E2).

Next, we compared XIAP protein levels in four patient-
derived normal and 12 IPF fibroblast cell lines (Figure 3). As
with the RNA expression, XIAP protein expression was signif-
icantly increased in the IPF fibroblasts. However, this was not
a uniform finding because 3 of the 12 IPF cell lines had XIAP
levels that were no different from those seen in the normal lung
fibroblasts. Consistent with RNA data, we found no significant
correlation between XIAP and survivin protein levels in the IPF
fibroblast cell lines (Figure E1B).

ET-1 Induces XIAP Expression in Normal Lung Fibroblasts

ET-1 has been implicated in the pathogenesis of pulmonary fi-
brosis and has been shown to promote myofibroblast differenti-
ation, activation, and survival (7, 11, 40–42). In addition, we
recently reported that ET-1 induced expression of the IAP pro-
tein survivin in IMR-90 fibroblasts (7). Our findings of increased
XIAP expression in IPF fibroblasts and the recent demonstra-
tion of XIAP expression in fibroblastic foci prompted us to
question if ET-1 would induce XIAP in normal lung fibro-
blasts (12, 35). Indeed, we found that ET-1 treatment does in-
crease XIAP expression in IMR-90 (Figures 4A and 4B) and
CCL-210 (Figures 4C and 4D) lung fibroblasts. In each cell line,
a significant increase in XIAP expression was observed within 1
hour of ET-1 treatment. XIAP expression levels reached a pla-
teau within 6 hours of treatment and were maintained for 16 to
24 hours (Figure 4 and data not shown).

TGF-b1 Induces XIAP Expression in Normal

Lung Fibroblasts

TGF-b1 is a potent fibrogenic mediator that promotes myofi-
broblast differentiation and resistance to apoptosis (3, 4, 9, 43).

Figure 1. Growth-arrested IMR-90 (white bar; n ¼ 9), CCL-210 (diago-

nal cross-hatch bars; n ¼ 3), and primary normal (horizontal cross-hatch

bars; n ¼ 3) and idiopathic pulmonary fibrosis (IPF) lung fibroblasts

(black bars; n ¼ 9) were treated with or without Fas-activating anti-

bodies (Fas-Ab) (250 ng/ml) in the presence or absence of cyclohexi-

mide (CHX) (500 ng/ml) for 16 hours, and apoptosis was assessed by

ELISA detection of histone-associated DNA fragments. Relative apopto-

sis is expressed as a percentage of the assay-positive control that was

run on the ELISA plate for each experiment. All samples were run in

triplicate for each ELISA. The CHX-alone bars represent a subset of

experiments for each fibroblast population, including three IMR-90

experiments, two CCL-210 experiments, two primary normal cell lines,

and three of the IPF fibroblast cell lines. *P , 0.05 compared with un-

treated cells of the same cell line. **P , 0.01 compared with untreated

cells of the same cell type. #P , 0.05 compared with Fas-Ab–treated

IMR-90, CCL-210, and primary normal lung fibroblasts. NS ¼ no statis-

tically significant difference.

Figure 2. RNA isolated from nine different patient-derived normal lung

fibroblast lines and 13 different IPF fibroblast lines was reverse tran-

scribed and examined by quantitative real-time PCR for (A) X-linked

inhibitor of apoptosis (XIAP), (B) baculoviral inhibitor of apoptosis

repeat–containing (BIRC)2, and (C) BIRC3. Each sample was run in

triplicate and indexed to the average expression level in the normal

lung fibroblasts. *P ¼ 0.025 compared with normal lung fibroblasts.
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To determine if up-regulation of XIAP in fibroblasts represents
a common mechanism of apoptosis resistance shared by differ-
ent soluble profibrotic mediators, we treated IMR-90 (Figures
5A and 5B) and CCL-210 (Figures 5C and 5D) lung fibroblasts
with TGF-b1 (2 ng/ml) and assessed changes in XIAP over time.
With a time course that is consistent with a prior report of XIAP
induction (44), XIAP expression increased significantly between
1 and 4 hours of treatment and plateaued between 3 and 6 hours
after TGF-b1 exposure (Figures 5A–5D).

XIAP Antagonists Sensitize Normal Lung Fibroblasts

to Fas-Mediated Apoptosis

The robust Fas-mediated apoptosis of lung fibroblasts in the
presence of cycloheximide suggests that synthesis of one or more
endogenous apoptosis inhibitors may contribute to the relative
resistance of these cells to apoptosis induced by Fas activation.
To determine if XIAP may contribute to the relative resistance
of normal lung fibroblasts to Fas-mediated apoptosis, we used
two different Smac/DIABLOmimetics (SM164 andAT406) that
functionally antagonize XIAP, cIAP1, and cIAP2 (22, 29, 31,
32). IMR-90 and CCL-210 fibroblasts were treated with or with-
out Fas-Ab in the presence or absence of SM164 or AT406 for
16 hours, and apoptosis was assessed by Western blotting for
cleaved PARP and by ELISA for histone-associated DNA frag-
ments. Similar results were obtained with these two assays of
apoptosis (Figure 6). The combination of Fas-Ab and cyclohex-
imide was included in each experiment as a positive control for
apoptosis. In IMR-90 (Figures 6A–6C) and CCL-210 (Figures
6D–6F) fibroblasts, each IAP antagonist significantly enhanced
Fas-mediated apoptosis at concentrations previously shown to

functionally inhibit IAPs (29, 32). Neither compound signifi-
cantly increased fibroblast apoptosis in the absence of Fas-
activating antibody, suggesting that inhibition of XIAP function
alone is not sufficient to induce fibroblast apoptosis.

siRNA Knockdown of XIAP Enhances

Fas-Mediated Apoptosis

To determine if the enhanced apoptosis conferred by the Smac/
Diablo mimetics was due to functional antagonism of XIAP and
to exclude the potential for off-target effects of these com-
pounds, we next examined how siRNA-mediated knockdown
of XIAP affected the susceptibility of normal fibroblasts to Fas-
mediated apoptosis. Using untransfected IMR-90 fibroblasts,
IMR-90 fibroblasts transfectedwith a nontargeting (control) siRNA,
and IMR-90 fibroblasts transfected with siRNA targeting XIAP, we
confirmed a significant reduction in XIAP protein levels in the
cells transfected with the XIAP siRNA (Figure 7A). Next, we
compared Fas-induced apoptosis in IMR-90 cells transfected
with XIAP siRNA with control siRNA–transfected and untrans-
fected cells (Figure 7B). Basal rates of apoptosis in the XIAP
siRNA–transfected cells were not significantly different from theFigure 3. Patient-derived normal lung fibroblasts (n ¼ 4) and IPF fibro-

blasts (n ¼ 12) were cultured to 60% confluence and growth arrested

for 24 hours. XIAP expression was assessed by Western blotting, and all

blots were stripped and reprobed for glyceraldehyde-3-phosphate de-

hydrogenase (GAPDH). Each Western blot contained one normal lung

fibroblast line and several IPF lines. (A) Two representative blots dem-

onstrating two different normal fibroblast lines (N1 and N2) and nine

different IPF lines (1–9). (B) Densitometric analysis was done for each

normal and IPF band by determining the XIAP/GAPDH ratio. These

ratios were then indexed to the average of the four normals expressed

as the fold-change in the IPF cell lines. On the scatterplot, each point

represents the average relative density for a different cell line. P ¼ 0.02

for normal versus IPF fibroblasts.

Figure 4. IMR-90 (A and B) and CCL-210 (C and D) fibroblasts were

treated with endothelin (ET)-1 (1.0 nM). (A and C) Cell lysates were

analyzed for XIAP expression by Western blotting, and each blot was

stripped and reprobed for GAPDH. (B and D) Each experiment was

completed in triplicate; XIAP/GAPDH ratios were indexed to untreated

cells for each blot. *P , 0.01 compared with untreated controls.
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untransfected or control siRNA–transfected cells, confirming that
the loss of XIAP is not sufficient to induce apoptosis in these cells.
In response to Fas activation, the XIAP siRNA–transfected cells
demonstrated more than a 2-fold increase in apoptosis in compar-
ison with the untransfected and control siRNA–transfected cells.
The increase in apoptosis in XIAP siRNA–transfected cells was
indistinguishable from the increased apoptosis seen in untransfected
and control siRNA–transfected cells treated with Fas-Ab in com-
bination with either of the Smac/Diablo mimetics. Moreover, treat-
ment with either of the Smac/Diablo mimetics had no additional
effect on Fas-induced apoptosis in the XIAP siRNA–transfected
cells (Figure E3A), further supporting a specific role for XIAP in
fibroblast resistance to apoptosis. Treatment with cycloheximide
alone or with either Smac/Diablo mimetic alone had no significant
impact on any of the cells in the absence of Fas activation (Figure
E3B). Moreover, the addition of cycloheximide to XIAP siRNA–
transfected cells treated with Fas-Ab had no additional effect on
apoptosis when compared with untransfected or control siRNA–trans-
fected cells treated with Fas-Ab and cycloheximide (Figure E3B).

XIAP Antagonists Sensitize IPF Fibroblasts

to Fas-Mediated Apoptosis

After finding that inhibition or knock-down of XIAP enhanced
susceptibility to Fas-mediated apoptosis in normal lung fibroblasts,

we asked if inhibition of XIAP function would enhance Fas-
induced apoptosis in IPF fibroblasts. To address this question, seven
different IPF fibroblast lines were treated with or without Fas-Ab in
the presence or absence of cycloheximide or a Smac/DIABLO mi-
metic (SM164 orAT406) orwith the Smac/DIABLOmimetic alone.
Apoptosis was assessed after 16 hours by ELISA for histone-
associatedDNA fragments. As with the normal lung fibroblast lines,
each of the Smac/DIABLOmimetics significantly enhanced the ap-
optotic response to Fas activation in the IPF fibroblasts, but neither
mimetic induced apoptosis in the absence of Fas-Ab (Figure 8).

Because of the heterogeneity seen in XIAP protein expres-
sion among IPF fibroblast lines (Figure 3), we asked if there
was a correlation between the basal expression of XIAP and the
extent of apoptosis induced by Fas activation in the presence of
the XIAP antagonists. Using seven IPF cell lines for which we
had data on apoptosis and protein expression, we observed
a trend between increased XIAP and the ability of SM164
(r ¼ 0.63; P ¼ 0.12) (Figure 9A) and AT406 (r ¼ 0.66; P ¼

0.10) (Figure 9B) to enhance apoptosis. Finally, we examined
the relationship between apoptosis of IPF fibroblasts in re-
sponse to Fas activation with SM164 and AT406 and found
a very strong and statistically significant correlation between
the effects of these two compounds, further supporting their
specificity as functional antagonists of XIAP (r ¼ 0.98; P ,
0.001) (Figure 9C).

DISCUSSION

The persistence of activated fibroblasts within fibroblastic foci is
a hallmark of the dysregulated wound repair that underlies IPF
pathogenesis (13, 45). Although homeostatic wound repair
requires the clearance of myofibroblasts by apoptosis, several
studies demonstrate the lack of apoptosis within fibroblastic foci
(3, 5, 12, 16, 17, 46). This absence of apoptosis suggests that resis-
tance to programmed cell death serves as a mechanism contrib-
uting to the inappropriate persistence of fibroblasts in IPF. In the
current study, we used patient-derived normal and IPF lung fibro-
blasts and two commercially available primary normal lung fibro-
blast cell lines to explore the role of XIAP in the regulation of
apoptosis resistance. We demonstrate that XIAP expression is
increased in fibroblasts from IPF lungs and that the soluble fibro-
genic mediators TGF-b1 and ET-1 significantly increase XIAP
expression in normal lung fibroblasts. Furthermore, the loss of
XIAP function mediated by siRNA knockdown or by functional
antagonism with two distinct Smac/DIABLO mimetics enhances
fibroblast susceptibility to Fas-mediated apoptosis without directly
stimulating the death of these cells. Collectively, these findings
support increased XIAP expression as a mechanism by which
fibroblasts display increased survival and accumulation in IPF.

In concordance with other studies, we found that normal lung
fibroblasts are relatively resistant to Fas-mediated apoptosis and
that this resistance is accentuated in IPF fibroblasts (10, 33–35,
38, 39). The mechanisms accounting for the increased resistance
to apoptosis in IPF fibroblasts have not been completely de-
fined. Studies show that decreased cell surface expression of
the Fas receptor is likely to contribute because increasing Fas
receptor expression is sufficient to sensitize these cells to Fas-
induced apoptosis (33, 34, 36). Consistently, we have shown that
PGE2 enhances Fas-mediated apoptosis in lung fibroblasts
while increasing expression of the Fas receptor (10).

Additional studies show that Fas-induced apoptosis can be
enhanced through inhibition of new protein synthesis with cyclo-
heximide (10, 11, 35). Because cycloheximide inhibits new pro-
tein synthesis and would, therefore, not be expected to increase
Fas receptor expression, these studies suggest an alternative
mechanism for the resistance to Fas-mediated apoptosis in

Figure 5. IMR-90 (A and B) and CCL-210 (C and D) fibroblasts were

treated with transforming growth factor (TGF)-b1 (2 ng/ml). (A and C)

Cell lysates were analyzed for XIAP expression by Western blotting, and

each blot was stripped and reprobed for GAPDH. (B and D) Each exper-

iment was completed in triplicate; XIAP/GAPDH ratios were indexed to

untreated cells for each blot. *P, 0.01 compared with untreated controls.
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which the synthesis of an endogenous protein impedes the post-
receptor transduction of death signals. Candidate proteins as-
sociated with the Fas receptor include FLIP (Fas-associated
death-domain-like IL-1b–converting enzyme inhibitory pro-
tein), which prevents caspase-8 activation after assembly of
the Fas-associated death domain (47). Indeed, one recent study
showed that FLIP induction prevents embryonic fibroblast ap-
optosis induced by TNF-a (48). Another report recently showed
c-FLIP expression in the fibroblastic foci of IPF biopsies while
demonstrating increased c-FLIP expression in IPF fibro-
blasts (49). Moreover, loss of c-FLIP increased the sensitivity
of fibroblasts to apoptosis (49). In contrast, another study ar-
gued against a role for c-FLIP as a mechanism of apoptosis
resistance in IPF fibroblasts by demonstrating that c-FLIP was
expressed in the epithelium overlying fibroblastic foci but not in
the fibroblasts themselves (46). The reasons for these discordant
findings in IPF samples are unclear, although it is possible that
they reflect the heterogeneity of biologic mechanisms that can
result in tissue fibrosis.

The IAP proteins XIAP and survivin are endogenously ex-
pressed in fibroblasts and are suppressed by PGE2 in association

with enhanced Fas-mediated apoptosis (10, 12). We recently re-
ported that survivin, an IAP protein that is regulated by profibrotic
mediators and is involved in inhibition of apoptosis and in cell
proliferation, is expressed in mesenchymal cells within fibroblastic
foci and in the epithelium overlying fibroblastic foci in IPF lung
tissue (7, 26). Supporting the concept of mechanistic heterogeneity
in IPF, we found that a subset of IPF fibroblasts had increased
expression of survivin and that inhibition of survivin could sensitize
those cells to Fas-mediated apoptosis (26).

The contribution of survivin to apoptosis-resistance promp-
ted us to hypothesize that other apoptosis inhibitor proteins
may similarly participate in the apoptosis resistance of fibroblasts
in fibrotic lung disease. In the current study, we focused our in-
vestigation on XIAP for several reasons. First, two studies have
shown that XIAP is expressed within fibroblastic foci of IPF tis-
sue (12, 35). Second, the study by Maher and colleagues showed
that XIAP, which is the only IAP that is thought to function as
a direct apoptosis inhibitor in vivo, was not expressed in the
epithelium overlying the fibroblastic foci, suggesting cell speci-
ficity that could be exploited for therapeutic benefit (12, 21).
Third, small-molecule Smac/Diablo mimetics that specifically

Figure 6. IMR-90 (A–C ) and

CCL-210 (D–F) fibroblasts were

treated with or without Fas-Ab

(250 ng/ml) in the presence or

absence of CHX (500 ng/ml),

the Smac/DIABLO mimetic

SM164 (100 nM), the Smac/

DIABLO mimetic AT406 (1.0

mM), or the Smac/DIABLO

mimetics alone for 16 hours.

Apoptosis was assessed by West-

ern blotting for cleaved poly-

(ADP-ribose) polymerase (PARP)

(A and D) and by ELISA detection

of histone-associated DNA frag-

ments (C and F). The Western

blots were stripped and probed

for GAPDH. Relative densitome-

try was determined by indexing

the cleaved PARP/GAPDH ratio

for each band to the Fas-Ab

treatment (B and E). Densitome-

try and ELISA data represent at

least three independent experi-

ments. *P, 0.01 comparedwith

untreated controls. **P , 0.05

compared with fibroblasts trea-

ted with Fas-Ab.
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antagonize XIAP and the structurally related cIAP1 and cIAP2
but have no effect on survivin have been developed as clinical
therapeutics (22). Although other IAP family members have
been described, data on their role in disease are limited (20).

To examine a potential regulatory role in the antiapoptotic
phenotype of IPF fibroblasts, we first compared XIAP expres-
sion levels in primary normal lung fibroblasts and IPF lung fibro-
blasts, finding significantly, but variably, increased levels in the
IPF lung fibroblasts. We next determined whether TGF-b1 and
ET-1, soluble mediators mechanistically implicated in fibrogenesis
and fibroblast resistance to apoptosis, could increase XIAP expres-
sion levels in normal lung fibroblasts (7, 9, 11, 43). Supporting a role
for XIAP in fibrogenesis, each of these mediators rapidly induced
expression of this protein in IMR-90 and CCL-210 fibroblasts.

Having shown that XIAP is regulated by profibrotic mediators
in normal lung fibroblasts, we sought to establish amechanistic link
between XIAP and fibroblast susceptibility to apoptosis. To do
this, we used two structurally distinct Smac/DIABLO mimetics
(SM164 and AT406, which act as functional antagonists of XIAP,
cIAP1, and cIAP2 but not of survivin) and assessed their effect on
susceptibility to Fas-mediated apoptosis in normal lung fibro-
blasts. In IMR-90 and CCL-210 fibroblasts, these functional
antagonists significantly enhanced the apoptotic response to Fas
activation. IAP antagonism alone was not sufficient to induce

fibroblast apoptosis, a finding consistent with the notion that
functional inhibition of IAPs is not detrimental to cell survival
in the absence of an apoptotic stimulus (21). The Smac/Diablo
mimetics used to antagonize XIAP also antagonize cIAP1 and
cIAP2 (22). However, siRNA knockdown of XIAP enhanced
Fas-mediated apoptosis to the same degree as treatment of con-
trol fibroblasts with the Smac/Diablo mimetics. The fact that no
additional increase in apoptosis susceptibility was seen when the
XIAP knockdown fibroblasts were treated with the Smac/
Diablo mimetics (Figure 7; Figure E3) suggests that the en-
hanced apoptosis observed in cells treated with the Smac/
Diablo mimetics is attributable to inhibition of XIAP and that
XIAP inhibition is sufficient to regulate the apoptosis suscepti-
bility of these cells. Although there was no significant difference
in the expression of cIAP1 and cIAP2 between normal and IPF
lung fibroblasts, the relative expression of these IAPs did cor-
relate with XIAP in the IPF fibroblasts, suggesting that they are
similarly regulated and may have a cooperative function with
XIAP (50). However, these studies also suggest that any con-
tribution to apoptosis resistance mediated by cIAP1 or cIAP2
was dependent on the presence of functionally intact XIAP.

After validating a role for XIAP in the regulation of Fas-
mediated apoptosis in normal fibroblasts, we questioned if
functional antagonism of XIAP would affect the resistance
to Fas-mediated apoptosis observed in IPF fibroblasts. Treatment
of the IPF fibroblasts with the Smac/Diablo mimetics confirmed
that the increased resistance to Fas-mediated apoptosis in IPF
fibroblasts was reversible and supported a mechanistic link be-
tween XIAP expression and apoptosis resistance in these cells.
As with the normal lung fibroblasts, the XIAP antagonists had
no impact on apoptosis in the absence of Fas activation.

Finally, we explored the correlation between XIAP protein
expression and the ability of XIAP antagonists to enhance
Fas-mediated apoptosis in IPF fibroblasts. Despite the small
sample size, we observed a trend between XIAP expression
and the induction of apoptosis in response to Fas-Ab in combi-
nation with either of the Smac/Diablo mimetics. There was
a highly significant correlation between the Fas-mediated apo-
ptotic responses of individual IPF fibroblast lines to treatment
with SM164 versus AT406, further supporting the mechanistic

Figure 7. (A) XIAP expression was assessed by Western blotting of

untransfected IMR-90 fibroblasts and IMR-90 fibroblasts transfected

for 24 hours with 10 nM of a nontargeting (control) siRNA or a siRNA-

targeting XIAP. The representative blot was stripped and probed for

GAPDH. (B) Untransfected IMR-90 fibroblasts and IMR-90 fibroblasts

transfected with the control or with XIAP siRNA were treated with or

without Fas-Ab (250 ng/ml) with or without the Smac/Diablo mimetics

SM164 (100 nM) or AT406 (1.0 mM) for 16 hours, and apoptosis was

assessed using ELISA for detection of histone-associated DNA fragments.

Data are indexed to the average of the untransfected Fas-Ab–treated

cells to allow relative comparisons. Data shown are from five indepen-

dent experiments with each condition measured in triplicate. *P , 0.01

compared with untransfected cells without treatment. #P , 0.01 com-

pared with untransfected cells treated with Fas-Ab. Additional control

conditions (Fas-Ab with cycloheximide, cycloheximide alone, SM164

alone, and AT406 alone) are shown in Figure E3. NS, not significantly

different from untreated cells.

Figure 8. IPF fibroblasts (n ¼ 7) were treated with or without Fas-Ab in

the presence or absence of CHX (250 ng/ml), with the Smac/DIABLO

mimetics (SM164, 100 nM or AT406, 1.0 mM), or with the Smac/

DIABLO mimetics alone for 16 hours, and apoptosis was assessed by

ELISA detection of histone-associated DNA fragments. Each experiment

was indexed to Fas-Ab–treated cells in the absence of any inhibitor.

*P , 0.01 versus untreated or Fas-Ab–treated cells. **P , 0.001 versus

untreated or Fas-Ab–treated cells. NS ¼ not significantly different from

untreated cells.
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specificity of these compounds. Accordingly, we conclude that
IPF fibroblasts have a reversible resistance to Fas-mediated ap-
optosis that is, at least in part, regulated by XIAP expression.

IPF is characterized by biologic and clinical heterogeneity, al-
though the basis for this heterogeneity is poorly understood. In
this study, we have identified XIAP as a protein that is inducible
by soluble fibrogenic mediators and contributes to fibroblast re-
sistance to apoptosis. However, in 25% of the IPF fibroblast lines
evaluated, we saw no difference in XIAP protein expression be-
tween normal and IPF fibroblasts. Similarly, we recently reported
that inhibition of survivin enhanced apoptosis in approximately
half of the IPF cell lines assessed (26). These findings are congru-
ous with another recent report showing that the proapoptotic
p14ARF gene is epigenetically silenced through hypermethylation
in four out of eight IPF fibroblast cell lines and that hypermethy-
lation is associated with increased resistance to apoptosis (51).
Taken together, these studies highlight the concept that IPF fibro-
blasts can acquire resistance to apoptosis through a variety of
distinct mechanisms. It remains to be determined if different anti-
apoptotic mechanisms can combine to function in an additive or
synergistic manner and whether their expression correlates with
clinical phenotypes in IPF. Our current study demonstrates that
XIAP expression represents one mechanism by which IPF fibro-
blasts may acquire resistance to apoptosis. In future studies, we
plan to measure the expression of XIAP and other apoptosis
inhibitors in larger data sets to better appreciate their diversity
of expression in IPF fibroblasts.

The specific mechanisms by which XIAP regulates fibroblast
apoptosis have not been determined. In addition to direct inhi-
bition of caspase activation in vivo, XIAP can modulate apo-
ptosis through alternative mechanisms associated with its
function as an E3 ubiquitin ligase (21, 52). Further studies to

delineate these mechanisms could provide additional insight
into the pathobiology of fibrotic wound repair.

In summary, this is the first study to directly implicate XIAP
in the regulation of fibroblast susceptibility to apoptosis and to
demonstrate that functional antagonism of an apoptosis inhibitor
can restore susceptibility of these cells to Fas-mediated apopto-
sis. It is not known if restoration of fibroblast apoptosis can mit-
igate fibrotic lung disease in vivo, but several studies provide
proof of principal that modulation of signaling pathways in-
volved in fibroblast resistance to apoptosis can attenuate fibro-
genesis in murine models (53–57). Our findings suggest that
XIAP antagonists may have therapeutic potential in disease
processes characterized by fibroblast accumulation and fibrosis,
although it will be critical to determine the impact of these
antagonists on other cell populations before translating this
strategy to patient care.

Author disclosures are available with the text of this article at www.atsjournals.org.
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