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Rationale: Indirect acute lung injury (ALI) is associated with high
morbidity and mortality. No specific therapieshave been developed,
because the underlying pathophysiological processes remain elu-
sive.
Objectives: To investigate the contribution of Fas-induced apoptotic
and nonapoptotic/inflammatory signaling to the pathology of in-
direct ALI.
Methods: A mouse model of indirect ALI, induced by successive
exposure to hemorrhagic shock and cecal ligation and puncture, was
used. Quantification of active caspase-3 and the short splice variant of
FLICE-inhibitory protein, (FLIP)short, was performed by Western blot-
ting and immunohistochemistry, and cytokines/chemokines were
assessed by cytometric bead array or ELISA. M30 immunostaining
wasdonetoevaluateepithelial cellapoptosis.Lunginjurywasassessed
on the basis of myeloperoxidase activity, bronchoalveolar lavage
protein, and lung histology.
Measurements and Main Results: Twelve hours after insult, lung
monocyte chemoattractant protein-1, keratinocyte-derived chemo-
kine, macrophage inflammatory protein-2, IL-6, tumor necrosis
factor-a, and caspase-3 were increased and FLIPshort was decreased.
Fas- and Fas ligand–deficient mice showed marked protection from
lung inflammation and apoptosis and decreased ALI. This was
associated with a 10-day survival benefit. Similarly, 4 hours after
pulmonary instillationofFas-activatingantibody in vivo, lungchemo-
kines were markedly elevated in background mice and, interestingly,
to a similar degree in macrophage-deficient animals. Fas activation
on lung epithelial cells in vitro led to chemokine production that was
dependent on extracellular signal–regulated kinase.
Conclusions: Activation of apoptotic and nonapoptotic/inflamma-
tory Fas signaling is an early important pathophysiological event in
the development of indirect ALI after hemorrhagic shock and sepsis,
in which lung epithelial cells appear to play a central role.
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Acute lung injury (ALI) affects about 15 to 65 per 100,000
inhabitants per year (1, 2). Lethality associated with ALI ranges
between 32 and 55% (3, 4). Data from the ALIVE (Acute Lung
Injury Verification of Epidemiology) study indicate that adult
respiratory distress syndrome (ARDS)/ALI affects about 7% of
all intensive care unit admissions and that 54% of patients with

mild ALI develop full-blown ARDS within 24 hours (3). Thus
far, no specific therapies exist for ALI/ARDS. This is, at least in
part, to be blamed on the lack of understanding of the underlying
pathophysiological processes, which itself is aggravated by the
deficiency of clear definitions and the heterogeneity of the
diseases summarized under the concept of ALI. To overcome
this deficit, a disease entity–based subgrouping (5) and a reeval-
uation of the definition of ARDS (6) have been demanded. In this
respect, it has been recognized that ALI can be differentiated
into direct ALI (ALIdirect) and indirect ALI (ALIindirect) by
taking into account potentially dissimilar pathophysiology, dif-
ferent radiological manifestations and respiratory mechanics, as
well as the disparate susceptibility to ventilatory strategies (5, 7–
11). Epidemiologically, ALIdirect accounts for about 57% and is
caused mainly by pneumonia, aspiration, and lung trauma;
ALIindirect accounts for the residual 43%, with nonpulmonary
sepsis and trauma being the most frequent underlying diseases
(4). Current understanding of the development of ALI is based
on two concepts: the ‘‘neutrophil hypothesis’’ suggests that, early
in the development of ALI, neutrophils in circulation and in the
lung become activated, experiencing a delay in apoptosis and an
increase in respiratory burst. This is likely to be mediated through
proinflammatory mediators such as granulocyte- and granulo-
cyte/macrophage colony-stimulating factors and various chemo-
kines (12–14). This results in the prolonged presence of activated
neutrophils in the lung, their delayed phagocytosis, and conse-
quently the postponed switch from a proinflammatory to an
antiinflammatory environment after their phagocytosis by mac-
rophages (15, 16). The ‘‘epithelial hypothesis’’ is based on ob-
servations that lung epithelial cells undergo apoptosis during
ARDS/ALI (17–19), thus contributing to destruction of the
pulmonary epithelium and compromised barrier function. This
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The Fas pathway of apoptotic cell death has been impli-
cated in the pathogenesis of acute lung injury in humans
and animal models, but existing studies have focused on
activation of the Fas pathway in the airspaces and alveolar
epithelium. The role of Fas activation in the vascular
compartment is less clear.

What This Study Adds to the Field

Activation of apoptotic and nonapoptotic/inflammatory
Fas signaling is an important early pathophysiological
event in the development of acute lung injury after
hemorrhagic shock and sepsis, with lung epithelial cells
appearing to play a central role.
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theory is supported by the fact that increased expression of Fas
on epithelial cells, along with enhanced extravasation of Fas
ligand (FasL)–expressing cells, can be observed during ALI (19–
21). However, these concepts have been built mainly around
models of ALIdirect. In fact, it has been proposed that endothelial
rather than epithelial damage is the major pathophysiological
event for ALIindirect (7, 10).

Thus, the underlying pathological mechanisms for ALIindirect

remain controversial and insufficiently elucidated. In this regard,
it is not clear whether programmed cell death plays an important
role in the pathogenesis of ALIindirect (as has been suggested for
ALIdirect [19, 22]), nor whether the pathways and cell types
involved are sufficiently elucidated. In our previous studies, we
have demonstrated that hemorrhage-primed neutrophils are
capable of inducing ALIindirect in a septic environment, identify-
ing them as a major contributor to the pathology of indirect ALI
and supporting the neutrophil hypothesis (12, 23, 24). However,
the upstream mechanisms that lead to the release of the major
chemokines attracting these primed neutrophils, and potentially
other leukocytes, as well as the cellular source of these chemo-
tactic mediators, are unclear. In this regard, it appears that acti-
vation of Fas in the lung is also associated with a release of
inflammatory mediators and particularly chemokines (25, 26).
However, the underlying cell types and signal transduction path-
ways remain elusive. On a single-cell level, macrophages as well
as epithelial cells appear to possess the potential to produce in-
flammatory mediators on Fas activation (27–30). For extrapul-
monary epithelial cells the mitogen-activated protein kinase
(MAPK)/extracellular signal–regulated kinase (ERK) pathway
has been suggested to play a role in Fas-mediated inflammation (30).

In this context and based on the questions formulated above,
we tested the hypothesis that activation of the extrinsic death
receptor pathway via Fas contributes to the pathogenesis of
indirect acute lung injury by regulating both apoptosis and
inflammation of lung epithelial cells in a clinically relevant
model of ALIindirect induced by a two-hit model of hemorrhagic
shock followed by polymicrobial sepsis.

Some of the results of these studies have been previously
reported in the form of an abstract (31, 32).

METHODS

Animals

Male mutant mice, expressing nonfunctional Fas receptor (B6.MRL-
Faslpr/J [lpr]) or Fas ligand (B6Smn.C3-Faslgld/J [gld]), both 8 weeks
old, or deficient in monocytes/macrophages (B6C3Fe a/a-Csf1op/J
[Csf1op]), 3 weeks old, and age-matched controls (C57BL/6J [C57])
(all from Jackson Laboratory, Bar Harbor, ME) were used. Experi-
ments were done in accordance with National Institutes of Health
(Bethesda, MD) guidelines and were approved by the local animal use
committee. See Table E1 in the online supplement for an overview of
the experimental groups.

Indirect ALI

Indirect ALI (ALIindirect) was induced as described previously (12, 24,
33, 34) by hemorrhagic shock (HEM) followed by cecal ligation and
puncture (CLP) 24 hours thereafter. Importantly, while we show only
the sham group as our control (which we have not found to differ from
HEM or CLP alone) for the studies here, we have previously
documented that neither HEM nor CLP alone is capable of inducing
substantial/consistent increases in indices of lung inflammation, apo-
ptosis, or injury (12, 24, 33, 34).

Intratracheal Instillation

Intratracheal instillation of purified hamster anti-mouse Fas mono-
clonal antibody Jo2 (BD Biosciences, San Jose, CA) was performed as
described previously (33, 35).

Experimental Groups and Sample Acquisition for

In Vivo Experiments

Blood, lungs, and plasma were harvested 12 or 24 hours after sepsis
(i.e., 36 or 48 h after HEM). In a separate set of experiments survival of
lpr and C57 animals was assessed for 10 days. In a separate set lungs
were instilled in vivo with 10% buffered formaldehyde (30 ml/g body
weight), excised, and stored for 24 hours in 10% formaldehyde. In
a separate set, mice were exsanguinated 12 hours after CLP and bron-
choalveolar lavage was performed. Macrophage-deficient mice under-
went intratracheal instillation of anti-mouse Fas monoclonal antibody
Jo2 (2 mg/g body weight; BD Biosciences) and were killed 4 hours
thereafter.

Cell Culture of Epithelial Cell Lines

LA-4 (CCL-196; American Type Culture Collection [ATCC], Manassas,
VA) and MLE 12 (CRL-2110; ATCC) cells were cultured with or
without 10 mM Ras/Raf inhibitor FTI-277 or 30 mM mitogen-activated
protein (MAP) kinase kinase inhibitor PD98059 (Calbiochem; EMD
Biosciences, San Diego, CA) (36) and stimulated with a 50-ng/ml
concentration of Fas monoclonal antibody (Jo2) or isotype control (both
from BD Biosciences).

Cell Proliferation Assay

Proliferation of LA-4 and MLE 12 cells was assessed with a CyQUANT
cell proliferation assay kit (Invitrogen Molecular Probes, Eugene, OR).

ERK1/2 Phosphorylation Quantification

ERK1/2 phosphorylation was quantified with a cellular activation of
signaling ELISA kit (CASE, SuperArray; Bioscience Corporation,
Frederick, MD) (37).

Quantification of Cytokines/Chemokines and

Myeloperoxidase Activity

Mouse keratinocyte-derived chemokine (KC) and macrophage inflam-
matory protein (MIP)-2 (both from R&D Systems, Minneapolis, MN)
and monocyte chemoattractant protein (MCP)-1 (BD Biosciences)
were determined by ELISA as described previously (33, 35, 38). Mouse
tumor necrosis factor (TNF)-a, IL-6, IFN-g, IL-12, MCP-1, and IL-10
levels were quantified by the cytometric bead array technique (BD
cytometric bead array mouse inflammation kit; BD Biosciences) as
described previously (33). Lung myeloperoxidase (MPO) was quanti-
fied as described previously (34).

Active Caspase-3, FLIP, and b-Actin Western Blotting

Membranes were incubated with Fas-associated death domain (FADD)–
like IL-1b–converting enzyme inhibitory protein (FLIP) antibody (Cell
Signaling Technology, Inc., Beverly, MA) at a concentration of 1:1,000
or with cleaved caspase-3 (Asp175) antibody (Cell Signaling Technol-
ogy, Inc.) at a concentration of 1:500 at 48C overnight and subsequently
with ECL rabbit IgG, horseradish peroxidase–linked whole antibody
from donkey (GE Health Care Bio-Sciences, Piscataway, NJ). Mem-
branes were developed using enhanced chemiluminescence technique
(ChemiGlow; Alpha Innotech, San Leandro, CA). Membranes were
reincubated with polyclonal rabbit anti-mouse b-actin (Abcam, Cam-
bridge, MA) at a concentration of 1:10,000 and with ECL rabbit IgG,
horseradish peroxidase–linked whole antibody and again developed.

Immunohistochemistry, TUNEL Staining, and

Hematoxylin–Eosin Staining

Active caspase-3 and M30 immunohistochemistry, terminal deoxynu-
cleotidyltransferase biotin-dUTP nick end labeling (TUNEL) staining,
and lung hematoxylin and eosin staining were performed as described
previously (33, 39).

Statistical Analysis

Data are presented as means 6 SEM. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) or two-way
ANOVA followed by the Student-Newman-Keuls test, and by Fisher’s
exact test for survival. P , 0.05 was considered significant.
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RESULTS

Lung Apoptosis in ALIindirect

Lung active caspase-3. Active caspase-3 was virtually absent in
sham-treated animals (Figure 1, A1 and A2). However, 12
hours after hemorrhagic shock followed by cecal ligation and
puncture (HEM1CLP) a marked increase in pulmonary cas-
pase-3 activity was noticed (Figure 1, A1 and A2). These
elevated caspase-3 levels returned to baseline within 24 hours
after the insult (Figure 1, A1 and A2). Moreover, caspase-3 was
markedly decreased in gld animals and even more in lpr animals
12 hours after HEM1CLP when compared with background
animals (Figure 1, B1 and B2).

Figure 2. (A–D) Representative active caspase-3 immunohistochemis-
try of lung tissue samples from (A) a sham-treated animal and from (B)

background (C57), (C) Fas-deficient (lpr), and (D) Fas ligand–deficient

(gld) animals 12 hours after hemorrhagic shock and sepsis (HEM1CLP).

Arrows indicate active caspase-3–positive cells. Original magnification,
3400. (E) Terminal deoxynucleotidyltransferase biotin-dUTP nick end

labeling (TUNEL)–positive cells per high-power field (HPF) 12 and 24

hours after insult in the same experimental groups. *P , 0.05 versus

sham group, #P , 0.05 versus C57 24 hours after HEM1CLP, 1P , 0.05
versus C57 24 hours after HEM1CLP.

Figure 1. (A1) Pulmonary caspase-3 in sham-treated background

(C57) mice and C57 mice 12 and 24 hours after hemorrhagic shock
and sepsis (HEM1CLP). (A2) Integrated density (IDT) values of active

caspase-3 relative to IDT values of b-actin of n 5 6 animals per group.

Quantification was done by Western blotting and densitometry.

Statistical analysis involved one-way analysis of variance (ANOVA)
followed by the Student-Newman-Keuls test. *p , 0.05 versus corre-

sponding sham group, #P , 0.05 versus corresponding 24 hours

HEM1CLP. (B1) Pulmonary caspase-3 in background (C57) mice, Fas-

deficient (lpr) mice, and Fas ligand (gld) mice 12 hours after HEM1CLP
(B1). (B2) IDT values of active caspase-3 relative to IDT values of b-actin

of n 5 6 animals per group. Quantification was done by Western blotting

and densitometry. Statistical analysis involved one-way ANOVA followed
by the Student-Newman-Keuls test. 1P , 0.05 versus C57 HEM1CLP.

Figure 3. Representative M30 immunohistochemistry of lung tissue

samples from (A) sham-treated, (B) background (C57), (C) Fas-deficient

(lpr), and (D) Fas ligand–deficient (gld) mice 12 hours after hemor-

rhagic shock and sepsis. Arrows indicate M30-positive cells. Original
magnification, 3400.
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Lung caspase-3 immunohistochemistry and TUNEL. Virtually no
active caspase-3–positive cells (fewer than one per high-power
field) were found in the lungs of animals having undergone
sham procedures (Figure 2A). Twelve hours after HEM1

CLP lung cells staining positive for active caspase-3 were sub-
stantially increased in background C57 animals (Figure 2B). lpr
(Figure 2C) and gld (Figure 2D) animals showed substantially
fewer cells with positive staining at this time point. At 24 hours
after HEM1CLP virtually no positive cells were seen in any
experimental group (data not shown). In addition, TUNEL-
positive cells were rare in sham-treated animals but experienced
a substantial increase 12 and 24 hours after HEM1CLP in
background animals (Figure 2E). In lpr and gld animals, the
number of TUNEL-positive cells was markedly decreased at
both time points when compared with sham-treated animals
(Figure 2E).
Lung M30 immunohistochemistry. M30 is a neo-epitope that is
revealed when the intermediate filament protein cytokeratin-18

in epithelial cells is cleaved by caspase-3/-6/-9 at Asp-396 (40),
thus indicating epithelial cell–specific expression of apoptosis.
Virtually no M30-positive cells (fewer than one per high-power
field) were found in the lungs of sham-treated animals (Figure
3A). At 12 hours after insult, lung cells staining positive for M30
were substantially increased in background C57 animals (Figure
3B). lpr (Figure 3C) and gld (Figure 3D) animals showed
substantially fewer cells with positive staining for M30 at this
time point. At 24 hours after HEM1CLP, the same results were
observed as seen at 12 hours after the insult; however, in all
groups less overall staining was evident (data not shown).
Pulmonary FLIPshort. The short splice variant of FLIP, FLIPshort,
abundantly present in sham-treated lungs, experiencing a signifi-
cant decrease in response to HEM1CLP 12 hours, and to a lesser
degree 24 hours, after the insult (Figure 4, A1 and A2). In-
terestingly, 12 hours after HEM1CLP there was significantly
more inhibitory FLIPshort present in the lungs of lpr and gld
animals when compared with C57 background animals (Figure 4,
B1 and B2).

Lung Injury and Survival in ALIindirect

Lung MPO activity and bronchoalveolar lavage protein. Lung
MPO activity was markedly increased 12 hours after HEM1

CLP in background mice (Figure 5A). lpr animals showed
a marked decrease, whereas gld animals exhibited a trend

Figure 4. (A1) Pulmonary FLIPshort (the short splice variant of FLICE-
inhibitory protein) in sham background (C57) mice, and in C57 mice

12 and 24 hours after hemorrhagic shock and sepsis (HEM1CLP). (A2)

Integrated density (IDT) values of FLIPshort relative to IDT values of b-
actin of n 5 5 animals per group. Quantification was done by Western

blotting and densitometry. Statistical analysis involved one-way

ANOVA followed by the Student-Newman-Keuls test. *P , 0.05 versus

corresponding sham group. (B1) Pulmonary FLIPshort in C57, Fas-
deficient (lpr), and Fas ligand–deficient (gld) mice 12 hours after

HEM1CLP. (B2) IDT values of active caspase-3 relative to IDT values

of b-actin of n 5 6 animals per group. Quantification was done by

Western blotting and densitometry. Statistical analysis involved one-
way ANOVA followed by the Student-Newman-Keuls test. 1P , 0.05

versus C57 HEM1CLP.

Figure 5. (A) Lung myeloperoxidase (MPO) activity concentrations in

Fas-deficient (lpr), Fas ligand–deficient (gld), and wild-type (C57) mice
12 and 24 hours after hemorrhagic shock and sepsis (HEM1CLP). n 5 8

per group. Statistical analysis involved two-way ANOVA followed by

the Student-Newman-Keuls test. *P , 0.05 versus corresponding sham

group, #P , 0.05 versus corresponding group 24 hours after
HEM1CLP, 1P , 0.05 versus lpr 12 hours after HEM1CLP. (B)

Quantification of total bronchoalveolar lavage (BAL) protein in Fas-

deficient (lpr), Fas ligand–deficient (gld), and wild-type (C57) mice 12

hours after HEM1CLP. n 5 6 per group. Statistical analysis involved
one-way ANOVA followed by the Student-Newman-Keuls test. *P ,

0.05 versus sham group, #P , 0.05 versus lpr, 1P , 0.05 versus gld.

594 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 176 2007



toward lower levels of lung MPO activity, although MPO
activity in lpr and gld animals was still significantly increased
when compared with the corresponding sham-treated animals
(Figure 5A). Bronchoalveolar lavage (BAL) fluid protein was
quantified 12 hours after the insult (Figure 5B). The BAL
fluid:plasma protein ratio was substantially augmented in back-
ground animals at this time point, whereas lpr or gld animals did
not demonstrate such an increase (Figure 5B).
Lung histology. Lung hematoxylin and eosin–prepared sections
displayed lung congestion, disrupted alveolar architecture, and
increased numbers of neutrophils within the alveolar walls in
background animals 12 hours after HEM1CLP (Figure 6B)
when compared with sham-treated animals (Figure 6A). Sec-
tions from lpr (Figure 6C) and gld (Figure 6D) animals showed
marked protection after the insult. Lung histology at 24 hours
showed fewer numbers of neutrophils within the alveolar walls
when compared with the 12-hour time point, although alveolar
thickening and disrupted alveolar architecture were still present
to a greater extent in background animals compared with lpr
and gld animals.
Survival. After HEM1CLP, a marked survival benefit was
observed in lpr animals when compared with their backgrounds
(n 5 20 per group) (Figure 7). The observed survival benefit
was obvious on Day 3 after CLP and lasted until the end of the
observation period (Day 10). It should be noted that HEM,
when followed by sham CLP, produces no mortality (as this is
a nonlethal model of shock) and that when CLP follows sham
HEM, the survival at 7 days post-CLP was 70% (12).

Inflammation in ALIindirect

Lung and BAL cytokines. Twelve hours after sepsis (i.e., 36 h
posthemorrhage) a marked increase in lung TNF-a (Figure 8A)
and IL-6 (Figure 8B) and in BAL fluid IL-6 (Figure 8C) was
noticed in background (C57) animals when compared with
sham-treated animals. Interestingly, lpr and gld mice showed
a marked decrease in these mediator concentrations at this time
point when compared with background animals. At 24 hours

after the insult, lung IL-6 but not lung TNF-a or BAL fluid IL-6
was still markedly elevated in C57, lpr, and gld animals when
compared with sham-treated animals. TNF-a in BAL fluid was
detectable only in 75% of the animals. In addition, TNF-a

Figure 6. (A–D) Representative hematoxylin and eosin–stained prepa-

rations of lung tissue from animals 12 hours after hemorrhagic shock

and sepsis (HEM1CLP). (A) Sham animals display regular lung histol-

ogy. (B) Twelve hours after HEM1CLP background animals displayed
typical signs of congestion, disruption of alveolar architecture, and

increased numbers of neutrophils within the alveolar walls. (C) Fas-

deficient (lpr) and (D) Fas ligand (FasL)–deficient (gld) animals were

largely protected from these alterations. Original magnification, 3400.

Figure 7. Ten-day survival in Fas-deficient (lpr) and background (C57)

animals after hemorrhagic shock (HEM) and subsequent cecal ligation
and puncture (CLP) 24 hours thereafter. *P , 0.05 versus C57 (Fisher’s

exact test of n 5 20 animals per group).

Figure 8. (A) Lung tumor necrosis factor (TNF)-a, (B) lung IL-6, and

(C ) bronchoalveolar lavage (BAL) IL-6 concentrations in Fas-deficient

(lpr), Fas ligand–deficient (gld), and wild-type (C57) mice 12 and 24

hours after hemorrhagic shock and sepsis (HEM1CLP). Quantification
was done by ELISA or cytometric bead assay (CBA). n 5 8 per group for

lung and n 5 6 per group for BAL. Statistical analysis involved two-way

ANOVA followed by the Student-Newman-Keuls test. *P , 0.05 versus

corresponding sham group, #P , 0.05 versus corresponding group 24
hours after HEM1CLP, 1P , 0.05 versus lpr 12 hours after HEM1CLP,
@P , 0.05 versus gld 12 hours after HEM1CLP.
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concentrations, even when detectable, were evident only at the
low end of the standard curve.
Lung and BAL fluid chemokines. Twelve hours after sepsis,
a marked increase in lung and BAL fluid MCP-1 (Figures 9A
and 9D), KC (Figures 9B and 9E), and MIP-2 (Figures 9C and
9F) was noticed in background animals when compared with
sham-treated animals. Interestingly, lpr mice showed a marked
decrease in all chemokines at this time point when compared
with background animals. gld mice exhibited a significant de-
crease in lung MCP-1 (Figure 9A) and BAL fluid MCP-1
(Figure 9D), KC (Figure 9E), and MIP-2 (Figure 9F) at the
12-hour time point. At 24 hours after the insult, lung MCP-1
(Figure 9A), KC (Figure 9B), and BAL fluid KC (Figure 9E)
were still markedly elevated in C57 animals; however, lung KC
levels were substantially reduced in lpr and gld animals
compared with their controls.
Plasma cytokines/chemokines. Plasma cytokines TNF-a (Figure
10A), IL-6 (Figure 10B), and IL-10 (Figure 10C) and chemo-
kines MCP-1 (Figure 10D), KC (Figure 10E), and MIP-2
(Figure 10F) were all markedly elevated in background animals
12 hours after HEM1CLP. Both lpr and gld animals showed
a marked decrease in all mentioned plasma mediators. Plasma
TNF-a, IL-6, MCP-1, KC, and MIP-2, but not IL-10, were still
markedly elevated 24 hours after the insult, with no significant
differences between C57, lpr, and gld animals.

Fas-mediated Inflammation In Vitro

Fas-induced ERK1/2 phosphorylation in cultured pulmonary
epithelial cells. The preceding studies examining lung M30
antigen expression, as well as our prior investigations silencing
pulmonary Fas expression, suggested that lung epithelial cells
might be an important player modulating the Fas-driven pa-
thology seen here. Thus, we decided to examine the effects of

in vitro Fas ligation on inflammatory cell signaling in mouse
epithelial cells.

Activation of Fas by incubation of epithelial cells with Jo2
antibody led to a significant increase in ERK1/2 phosphoryla-
tion as early as 5 minutes after exposure, leading to an early
peak at 5 to 25 minutes in MLE 12 cells (Figure 11A) and at 15
minutes in LA-4 cells (Figure 11B). After 60 minutes, ERK1/2
phosphorylation was still increased in LA-4 cells (Figure 11B)
and had already returned to baseline in MLE 12 cells (Figure
11A). Preincubation with the ERK1/2 inhibitor PD 98059
prevented ERK1/2 phosphorylation in both cell lines (Figures
11A and 11B).
Fas-induced chemokine production in cultured pulmonary epithe-
lial cells. Activation of Fas on MLE 12 cells (Figures 12A–12C)
and LA-4 cells (Figures 12D and 12E), by administering Jo2 for
4 hours, led to a marked increase in MLE 12 MCP-1 (Figure
12A), MLE 12 KC (Figure 12B), MLE 12 MIP-2 (Figure 12C),
LA-4 KC (Figure 12D), and LA-4 MIP-2 (Figure 12E), re-
spectively, in cell supernatants, when compared with isotype-
stimulated controls. Up- or downstream inhibition of ERK1/2,
with FTI-277 or PD 98059, respectively, markedly abrogated
chemokine production in these cells (Figures 12A–12E). In-
cubation of epithelial cells with Jo2 for 4 hours, however, did
not affect proliferation of the cells, demonstrating that the ob-
served differences in chemokine production were not the result
of differences in cell proliferation/cell death (data not shown).

Fas-mediated Inflammation In Vivo

Activation of Fas-induced chemokine production in macrophage-
deficient animals. Finally, to determine the extent to which the
in vitro observations outlined above translate back to the intact,
in vivo situation and in an attempt to learn about the contribu-
tion of local lung macrophages to this Fas-triggered inflammatory

Figure 9. Lung and bronchoalveolar lavage (BAL)

fluid macrophage chemoattractant protein (MCP)-1

(A and D), keratinocyte-derived chemokine (KC)

(B and E), and macrophage inflammatory protein
(MIP)-2 (C and F) concentrations in Fas-deficient

(lpr), Fas ligand–deficient (gld), and wild-type (C57)

mice 12 and 24 hours after hemorrhagic shock and
sepsis (HEM1CLP). Quantification was done via

ELISA or cytometric bead assay. n 5 8 per group

for lung and n 5 6 per group for BAL. Statistical

analysis involved two-way ANOVA followed by the
Student-Newman-Keuls test. *P , 0.05 versus corre-

sponding sham group, #P , 0.05 versus correspond-

ing group 24 hours after HEM1CLP, 1P , 0.05

versus lpr 12 hours after HEM1CLP, @P , 0.05 versus
gld 12 hours after HEM1CLP, xP , 0.05 versus C57

24 hours after HEM1CLP.
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response, we examined the in vivo chemokine response of C57
background animals as compared with macrophage-deficient
CSF1op mice (as noted in the online supplement and as we have
previously reported [34], the number of macrophages in

CSF1op mice was reduced by a magnitude of 70 to 75% when
compared with background controls levels). In this regard,
activation of Fas by intratracheal instillation of Jo2 in vivo led
to a marked increase in KC (Figure 13A), MIP-2 (Figure 13B),
and MCP-1 (Figure 13C) production in lung tissue in both back-
ground and macrophage-deficient animals when compared with
their respective isotype controls.

DISCUSSION

Here, we have investigated whether apoptosis of lung epithelial
cells and production of chemokines via activation of the Fas
receptor–driven pathway were pathophysiologically relevant in
the development of ALIindirect after hemorrhagic shock and
sepsis (HEM1CLP) and how the effects were mediated.

Our results indicate that apoptosis in the lung appears to be
a relevant and early pathophysiological event after HEM1CLP.
The absence of key elements of the Fas receptor–driven path-
way decreased the extent of lung epithelial cell apoptosis, sug-
gesting that the extrinsic death receptor pathway is a primary
route by which lung epithelial cells undergo cell death under
these circumstances. Beyond the establishment of proof for this
more classic feature of Fas ligation, that is, apoptosis of pulmo-
nary epithelial cells, we noted substantial evidence for non-
apoptotic signaling and its potential pathophysiological relevance
in this scenario of ALIindirect. In this regard, the production and
release of lung cytokines/chemokines were ameliorated in Fas-
and Fas ligand–deficient animals. This was also associated with
reduced recruitment of neutrophils into the lung. These findings
were allied with improved lung histology and a decrease in the
extent of ALI, as determined by protein leakage, resulting in
a marked survival benefit in animals lacking the Fas receptor.
To the extent that these changes might be a result of concom-
itant alterations in Fas- and FasL-mediated proinflammatory
signaling events, our in vitro data demonstrate that when

Figure 10. Plasma tumor necrosis factor (TNF)-a (A),

IL-6 (B), IL-10 (C), macrophage chemoattractant

protein (MCP)-1 (D), keratinocyte-derived chemo-

kine (KC) (E), and macrophage inflammatory protein
(MIP)-2 (F) in Fas-deficient (lpr), Fas ligand–deficient

(gld), and wild-type mice (C57) 12 and 24 hours after

hemorrhagic shock and sepsis (HEM1CLP). Quanti-
fication was done by ELISA or cytometric bead assay.

n 5 8 per group. Statistical analysis involved two-way

ANOVA followed by the Student-Newman-Keuls test.

*P , 0.05 versus corresponding sham group, #P , 0.05
versus corresponding group 24 hours after HEM1CLP,
1P , 0.05 versus lpr 12 hours after HEM1CLP, @P ,

0.05 versus gld 12 hours after HEM1CLP.

Figure 11. Time course of Fas-induced activation of extracellular

signal–regulated kinase (ERK)1/2 (as illustrated by the increase in the

ratio of phosphorylated to total ERK) in (A) MLE 12 cells and (B) LA-4
cells after exposure to Jo2 antibody (50 ng/ml). n 5 4 per group.

Statistical analysis involved one-way ANOVA followed by the Student-

Newman-Keuls test. *P , 0.05 versus 0 minutes, #P , 0.05 versus 60

minutes, 1P , 0.05 versus PD 98059.
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challenging lung epithelial cells with Fas-activating antibody
this results in phosphorylation of ERK1/2 and early production
of chemokines. This increase in chemokine release appears to
be mediated through Fas activation of the Ras/Raf and MAP/
ERK kinase (MEK) pathways. Furthermore, the production of
MCP-1, MIP-2, and KC in lung tissue, in vivo, after Fas acti-
vation was tissue macrophage/monocyte independent, whereas
the release of KC and MIP-2, but not MCP-1, into the BAL
appeared to require the presence of macrophages/monocytes.

So far the role of the Fas–FasL system in the pathogenesis of
ALIindirect has remained elusive. In contrast, the relevance of
Fas activation in the development of direct ALI (ALIdirect) has
been previously indicated. In this regard, lung epithelial cells
overexpress Fas during ALIdirect (19) or ARDS (41, 42). Soluble
Fas ligand (sFasL) is also present in the injured lung/ARDS in
increased concentrations and correlates with poor outcome (19,
43). The activation of Fas in the lung in vivo induces alveolar
epithelial cell apoptosis (26, 43, 44). In particular, distal alveolar
epithelial cells are susceptible to Fas-induced cell death (45).
The absence of a functional Fas–FasL system in mice or the
administration of Fas-blocking antibodies decreases the severity
of ALIdirect (22) and diminishes epithelial cell apoptosis and
pulmonary inflammation (19), respectively. Thus, epithelial cell
apoptosis mediated through Fas appears to be relevant not only
in the pathogenesis of ALIdirect but also in ALIindirect, as our
data indicate that after HEM1CLP an early and robust acti-
vation of caspase-3 via Fas occurs.

The cell-specific relevance of Fas activation in macrophages
versus epithelial cells is not completely understood so far.
Matute-Bello and colleagues have addressed this issue in a
setting in which pulmonary Fas was activated via instillation of
Fas-activating antibody Jo2 in chimeric mice that carried the
Fas receptor on either myeloid cells or nonmyeloid cells only

(46). They indicated that induction of apoptosis via Fas on
nonmyeloid but not myeloid cells induced acute lung injury,
emphasizing the role of lung parenchymal cell apoptosis in the
pathogenesis of acute lung injury. Our findings corroborate
these results in a clinically relevant double-hit model of indirect
ALI as we observed decreased apoptosis in epithelial cells being
associated with a decreased severity of ALI and increased
capacity to survive after hemorrhagic shock and sepsis. Fur-
thermore, these findings are in line with our previous observa-
tion that silencing of Fas in lung epithelial cells ameliorates ALI
by decreasing epithelial cell apoptosis and thus preventing
major pulmonary histological changes (33). Interestingly, al-
though qualitatively showing the same trends, lpr and gld
animals were subtly different in their response to the insult.
gld animals showed slightly more apoptosis and higher levels for
several lung and plasma cytokines/chemokines when compared
with lpr animals in response to hemorrhagic shock and sepsis,
although they were still markedly protected when compared
with background animals. One possibility is that other pathways
of FADD activation, such as activation of the TNF-receptor I
(p55), might mediate these effects (47).

In addition to these observations, our data demonstrate that
the release of inflammatory mediators is also associated with the
engagement of Fas and FasL. Our data indicate that, in the
absence of Fas or FasL, the pulmonary production and release
of inflammatory mediators is greatly diminished and so is, con-
sequently, the recruitment of inflammatory leukocytes into the
lung. Furthermore, when Fas-activating antibody was instilled
into macrophage-deficient animals, the production of chemo-
kines in the lung was almost identical to that seen in wild-type
mice. In addition, early after direct incubation with Jo2 in vitro,
lung epithelial cells produced MIP-2, KC, and MCP-1. These
data corroborate the findings of Wortinger and coworkers, who

Figure 12. Chemokine production by MLE 12 cells
(A–C) and LA-4 cells (D and E) 4 hours after activation

of Fas (Jo2 monoclonal antibody at 50 ng/ml). n 5 4

per group. Statistical analysis involved one-way
ANOVA followed by the Student-Newman-Keuls test.

*P , 0.05 versus DMSO/IgG, #P , 0.05 versus DMSO/

Jo2, 1P , 0.05 versus FTI-277/Jo2.
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found that instillation of recombinant FasL into the lung
induces production of KC and MIP-2 and the recruitment of
neutrophils into the lung (25). However, the source for these
mediators remained elusive. Furthermore, Matute-Bello and
coworkers delineated that Fas activation in vivo resulted in
acute lung epithelial injury, lung inflammation, and recruitment
of neutrophils (26) and that Fas also modulated LPS-induced
lung inflammation (48). Thus, FasL-induced inflammation ap-
pears to be frequently followed by neutrophil immigration. In
this regard, it has been found that overexpressing FasL in tumor
cells initiates their rejection and this appears to be mediated by
neutrophils (49). Moreover, intraperitoneal injection of FasL
induces chemokine production in resident macrophages, conse-
quently causing neutrophil extravasation (27). It is tempting to
speculate that recruitment of neutrophils after epithelial Fas
activation in the lung could link our current observations with
the previously described deleterious role that has been ascribed
to primed neutrophils in mediating ALIindirect (12).

However, the cell types as well as the signaling cascades
involved in the production of chemokines after activation of the
Fas death receptor pathway remained unclear. In this regard,
Neff and colleagues have demonstrated that in a model of direct
acute lung injury not only lung apoptosis, but also the production
of KC and MIP-2, were markedly diminished in Fas-deficient
animals (50). Incubation of a murine alveolar macrophage cell
line with Fas-activating antibodies resulted in increased release
of MIP-2 (50). Although their experiments clearly indicate a role
for the alveolar macrophage in the inflammatory response to Fas,
they do not exclude a role for epithelial cells. Interestingly, no

increased release of KC was noticed in these in vitro experi-
ments, suggesting that this might be cell population specific as
well as macrophage independent. Previous data from our own
laboratory also indicate that deficiency of macrophages
decreases pulmonary chemokines and cytokines in ALIindirect

(34). Captivatingly, Matute-Bello and colleagues indicated that
Fas expression restricted to either myeloid or nonmyeloid cells of
the lung did not lead to marked production of chemokines on Fas
stimulation (46), suggesting that perhaps both cell types contrib-
ute to the production of chemokines seen after Fas activation in
the lung (26). Interestingly, our results also demonstrate that the
production of chemokines in the lung in vivo after activation of
Fas was independent of the presence of alveolar macrophages.
With respect to their sources, several cell types have been im-
plicated as being capable of producing chemokines in response to
Fas activation. Hohlbaum and coworkers indicated that prea-
poptotic resident peritoneal macrophages produce MIP-2 in re-
sponse to FasL (27). Human vascular smooth muscle cells react
with increased transcription of MCP-1 and IL-8, when chal-
lenged with an agonistic Fas antibody (51). Isolated human
monocytes and macrophages released IL-8 when incubated with
Fas ligand regulated by FLIP and nuclear factor (NF)-kB (28).
However, it has also been demonstrated that FLIP is capable of
activating ERK via signaling through death domain receptor-
interacting protein (RIP) as well as Raf-1 and MEK in human T
lymphocytes (52). Human endothelial cells are also known to
generate IL-8 and MCP-1 when incubated with recombinant
FasL or Fas agonistic antibody CH-11 (53). In addition, it has
been demonstrated that Fas induces secretion of IL-8 in vitro in
bronchiolar epithelial cells after 6 hours of incubation (29).
O’Brien and coworkers reported that IL-8 production in colon
epithelial cells in response to Fas activation was ERK1/2 and p38
MAPK dependent (30). In our experiments, inhibiting ERK1/2
signaling abrogated the release of KC, MIP-2, and MCP-1 in
pulmonary epithelial cells after Fas activation. Thus, in light of
our findings and the current literature the existence of an
alternative Fas-driven proinflammatory signaling cascade in
various parenchymal and nonparenchymal cells can be sug-
gested. This cascade involves the activation of FLIP rather than
caspase-8 and the subsequent activation of TNF receptor–
associated factor (TRAF)1/2 and NF-kB and/or Raf/Ras,
MEK, and ERK1/2, resulting in increased transcription and
release of chemokines and other proinflammatory mediators
(52, 54, 55). One potential limitation of our in vitro studies is the
specificity of the inhibitors used. Although PD 98059 and FTI-
277 have been widely tested and demonstrated to possess high
specificity, there always remains the small possibility of off-target
effects at some level (56–58). In the Fas signaling cascade
FLIPshort appears to have inhibitory effects. FLIPshort lacks the
caspase-like domain, which leaves it with two dual death effector
domains only, rendering it enzymatically inactive. This inhibits
further processing of caspase-8 (54, 59). Our experiments
support this inhibitory effect of cellular FLIPshort as pulmonary
FLIPshort correlated inversely with active caspase-3, in that high
FLIPshort levels in sham-treated animals markedly decreased in
response to HEM1CLP, whereas active caspase-3 significantly
increased in the injured lung.

On the basis of the data presented here and our previous
observations (12, 33–35), we propose the following pathogenic
mechanism in the early development of indirect ALI resultant
from hemorrhagic shock and sepsis: initially, early activation of
the Fas receptor on pulmonary epithelial cells appears to take
place. This, in turn, not only induces the onset of apoptosis in
some of these cells but also appears to trigger a chemotactic/
inflammatory response, in which epithelial cells produce che-
mokines and attract neutrophils and monocytes and thus

Figure 13. (A–C) Chemokine production in lungs of background (C57)
and macrophage-deficient animals (CFS1OP) 4 hours after instillation

of Fas-activating antibody Jo2. n 5 4 or 5 per group. Statistical analysis

involved one-way ANOVA followed by the Student-Newman-Keuls

test. *P , 0.05 versus corresponding IgG.
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potentially arrange their own removal, anticipating their apo-
ptotic death. However, it appears that the invasion of these
phagocytes is not solely beneficial, in particular with respect to
primed neutrophils, which are capable of further promoting the
development of acute lung injury. This is in contrast to the
current concept of lung epithelial cells being the victim in ALI.
Alternatively, we suggest that they actively participate in the
development of ALIindirect by producing chemokines and thus
eventually recruiting activated neutrophils and/or activating
neighboring cells, such as macrophages. Consequently, inhibit-
ing Fas activation on pulmonary epithelial cells appears to be
a promising therapeutic principle for mitigating the develop-
ment of indirect acute lung injury, as our data indicate that the
Fas system is uniquely positioned to regulate pulmonary
epithelial cell apoptosis and inflammation as well as mediate
the invasion of potentially harmful trafficking leukocytes.
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