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To obtain a more complete protein profile of the air-
space milieu in acute respiratory distress syndrome
(ARDS) and to identify new mediators, we analyzed
bronchoalveolar lavage fluid (BALF) by shotgun pro-
teomics. Using BALF from three patients, we identified a
total of 870 different proteins, a nearly 10-fold increase
from previous reports. Among the proteins identified
were known markers of lung injury, such as surfactant,
proteases, and serum proteins. We also identified sev-
eral biologically interesting proteins not previously
identified in patients with ARDS, including insulin-like
growth factor-binding protein-3 (IGFBP-3). Because of
the known role of IGFBP-3 in regulating cell survival, we
measured IGFBP-3 levels by enzyme-linked immunosor-
bent assay in ARDS BALF. Normal controls had low
levels of IGFBP-3, whereas patients with early ARDS had
a significant increase in IGFBP-3. The IGF pathway, act-
ing through the type 1 IGF-receptor, repressed apopto-
sis of lung fibroblasts but not lung epithelial cells. Fur-
thermore, depletion of IGF in ARDS BALF led to
enhanced fibroblast apoptosis. Our data suggest that the
IGFBP-3/IGF pathway is involved in the pathogenesis of
lung injury, illustrating the power of shotgun proteom-
ics to catalog proteins present in complex biological
fluids, such as BALF, from which hypotheses can be
developed and tested. (Am J Pathol 2006, 169:86–95; DOI:
10.2353/ajpath.2006.050612)

Acute respiratory distress syndrome (ARDS), first de-
scribed in 1967 by Ashbaugh and colleagues,1 remains
an important cause of morbidity and mortality in critically
ill patients. ARDS is characterized by an acute pulmonary
inflammatory process with epithelial apoptosis and inter-
stitial and intra-alveolar edema, followed by fibroblast
proliferation, migration, and fibrosis. The diagnosis of
ARDS is based on clinical and radiographical criteria,
including acute onset, bilateral infiltrates on chest radio-
graph, absence of congestive heart failure, and hypox-
emia.2 This consensus definition has improved the stan-
dardization of clinical research and trials; however, it
does not take into account the cause or mechanism of
disease.

Much work has focused on the identification of humoral
or cellular biological markers of ARDS in hopes that such
markers may provide insight into the mechanisms of
ARDS and improve the prediction of ARDS in high risk
patients and prediction of outcome in ARDS patients.3 To
date, no single protein marker identified by traditional
laboratory methods has demonstrated the specificity or
sensitivity to serve as a reliable predictor of outcome.
However, new proteomic methods provide the opportu-
nity to assess the protein profile of a sample that is
independent of investigator’s biases and thus has the
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potential of identifying unsuspected mediators or path-
ways involved in lung injury.

As a screening strategy to define the bronchoalveolar
lavage fluid (BALF) proteome from ARDS patients, we
used “shotgun proteomics,” consisting of digestion of
proteins in BALF followed by strong-cation exchange
fractionation of the peptide mixture and microcapillary-
high performance liquid chromatography electrospray
ionization tandem mass spectrometry analysis, and then
computerized data processing.4 Using strict criteria for
matching peptide tandem mass spectra to sequences in
a database,5,6 we identified from three patients a total of
897 proteins, of which 79 were identified in all three
patients. We selected several of the identified proteins for
further testing based on their known functions and poten-
tial relevance to lung injury. Expression levels of the
candidate proteins were analyzed by enzyme-linked im-
munosorbent assay (ELISA) in a large sample set of
ARDS BALF. Notable among the results, we found insu-
lin-like growth factor (IGF)-binding protein-3 (IGFBP-3)
and IGF expression levels correlated with progression of
ARDS. Furthermore, we showed that the IGF pathway
regulates apoptosis of lung fibroblasts, but not lung
epithelial cells, suggesting that the IGF pathway may
contribute to the fibroproliferative response in ARDS.

Materials and Methods

Patient Population

The protocol was approved by the Institutional Review
Board, University of Washington. Written informed con-
sent was obtained from the patient or responsible relative
before patients were entered into the study. Patients with
acute lung injury undergoing bronchoscopy for sus-
pected ventilator-associated pneumonia were included
in the study as the initial index patients (Table 1).

In addition, we retrospectively analyzed specimens
obtained as part of the University of Washington Special-
ized Center of Research program in acute lung injury. All
patients admitted to the Medical and Surgical Intensive
Care Units of Harborview Medical Center between Janu-
ary 1994 and November 1997 were screened prospec-
tively to identify patients who met criteria for predeter-
mined risk criteria for trauma or sepsis “at risk”7 or with

established ARDS.7–9 Patients at risk for ARDS did not
meet either radiographical or oxygenation criteria for
ARDS. Patients were screened prospectively for the on-
set of ARDS using the following criteria: 1) PaO2/FiO2 �
150 mm Hg or � 200 mm Hg on � 5 cm of H2O positive
end-expiratory pressure, 2) diffuse parenchymal infil-
trates, 3) pulmonary artery wedge pressure � 18 mm Hg
or no clinical evidence of congestive heart failure, and 4)
no other obvious explanation for these findings. All pa-
tients with ARDS met the criteria of the American-Euro-
pean Consensus Conference definition.2 Day 1 was de-
fined as the first 24 hours after meeting the above criteria
for ARDS. The clinical characteristics of the patient
groups are shown in Table 1 and have been previously
described.7–9 As controls, BALF was obtained from six
normal volunteers.

Bronchoalveolar lavage (BAL) was performed as pre-
viously described.7–9 Briefly, five separate 30-ml aliquots
of 0.89% sterile saline were instilled into the right middle
lobe or lingula. The BAL recovery averaged 75 ml (49%
return) and was not statistically different between the
different ARDS groups by one-way analysis of variance
(P � 0.05). BALF was centrifuged immediately after col-
lection, and cell-free supernatants were aliquoted into
polypropylene tubes and stored at �70°C. Total protein
measurements were made on aliquots of supernatants
using a modified Lowry method.10

Peptide Separation and Purification

BALF proteins were concentrated by ice-cold acetone
precipitation. BALF containing 2 mg of protein underwent
digestion with trypsin (20 �g, sequencing grade; Pro-
mega, Madison, WI) overnight at 37°C to allow complete
digestion. To prepare for strong-cation exchange chro-
matography and to reduce the salt concentration, the
resulting peptide solutions were diluted eightfold with
running buffer (5 mmol/L KH2PO4, 25% acetonitrile, pH
3), and their pH was reduced to �2.9 with phosphoric
acid (H3PO4). The peptide solutions were passed over a
2.1 � 200 mm, 5-�m particle, 300-Å pore Polysulfoethyl A
column (PolyLC; Columbia, MD), washed with running
buffer, and then eluted with a 50-minute biphasic gradi-
ent of 0 to 25% elution buffer (running buffer plus 350
mmol/L potassium chloride) in 0 to 30 minutes followed

Table 1. Clinical Characteristics of ARDS Patients

Index patients* Retrospective cohort

1 2 3 At Risk ARDS summary Day 1 Day 3 Day 7 Day 14

Age 28 49 59 47 � 15 43 � 16
Risk factor

Sepsis Yes 3 23
Trauma Yes 5 25
Other Yes 0 13

Apache score 16 22 20 19 � 8 22 � 7 22 � 6 21 � 9 23 � 8 19 � 3
PaO2/FiO2 184 271 290 226 � 83 162 � 61 151 � 55 162 � 58 189 � 71 178 � 43
Static compliance nd nd nd 40 � 10 37 � 13 41 � 15 37 � 10 28 � 9 35 � 17
% BAL volume recovered 38 71 33 57 � 11 50 � 14 54 � 12 50 � 15 43 � 11 44 � 19
VAP? No Yes No

*None of the index patients had a diagnosis of pneumonia as a risk factor for acute lung.
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by 25 to 100% elution buffer in 30 to 50 minutes. Flow rate
was constant at 0.2 ml/minute. Sixteen 2-minute (0.4-ml)
fractions were collected. Fractions from strong-cation ex-
change chromatography were completely dried down in
a Speed-Vac (Thermo-Savant, Milford, MA) and redis-
solved in 0.1% trifluoroacetic acid. To desalt, fractions
were loaded onto Oasis mixed-mode cation-exchange
cartridges (Waters, Milford, MA), washed with 0.1% tri-
fluoroacetic acid, and eluted with 0.1% trifluoroacetic
acid, 80% acetonitrile solution. The samples were again
dried down and redissolved in 0.2% acetic acid and
transferred to autosampler vials for liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) analy-
sis.8,23 Briefly, an LCQ DECA ion trap mass spectrometer
(Thermo Finnigan, San Jose, CA) outfitted with a micro-
electrospray source (Brechbuehler, Houston, TX) and an
HP1100 solvent delivery system (Agilent, Palo Alto, CA)
was used to analyze the samples. The samples were
automatically delivered by a FAMOS autosampler (LC
Packings, San Francisco, CA) to a 100-�m internal diam-
eter, fused silica capillary precolumn packed with 2 cm of
200-Å pore-size Magic C18AQ material (Michrom Biore-
sources, Auburn, CA) as described elsewhere.11 The
samples were washed with solvent A (0.1% formic acid,
5% acetonitrile) on the precolumn and then eluted with a
gradient of 10 to 35% solvent B (100% acetonitrile) over
128.5 minutes to a 75-�m � 14-cm fused silica capillary
column packed with 100-Å pore-size Magic C18AQ ma-
terial and then into the mass spectrometer at a constant
column-tip flow rate of �300 nL/minute. Peptides enter-
ing the mass spectrometer were selected for collision
induced dissociation by data-dependent methods, and
resultant tandem mass spectra were used to obtain pro-
tein matches.

Protein Identification Strategies

SEQUEST12 was used to screen tandem mass spectra
for matches to peptide sequence by searching against
the human International Protein Index database (Euro-
pean Bioinformatics Institute, Cambridge, UK). Pep-
tideProphet and ProteinProphet were used to verify cor-
rectness of peptide and protein assignments,5

respectively, and those that displayed Prophet scores of
�0.9 were considered identified. To compare different
experiments, data were imported into SBEAMS, a rela-
tional database management systems that allows com-
parison across multiple experiments.13 Gene Ontology
classifications were used for functional annotations of
described genes.14

ELISA

Cytokine measurements were performed in duplicate by
ELISA using commercially available kits (IGFBP-3 and
heparin-binding EGF-like growth factor (HB-EGF) ELISA;
R&D Systems, Minneapolis, MN, and total and free IGF
ELISA; Diagnostic Standards Laboratory, Webster, TX).
Human serum albumin, �2-microglobulin (Alpha Diag-
nostic International, Inc., San Antonio, TX), surfactant-D

and Clara cell protein (Biovendor LLC, Candler, NC), and
fibrinogen (DiaPharma Group, Inc., West Chester, OH)
were also detected with commercially available ELISA
kits.

Concentrations were extrapolated from simultaneously
run standard curves. Differences between experimental
conditions and normal controls were assessed with the
Mann-Whitney Test using VasserStats software. The
Spearman rank order correlation coefficient was deter-
mined for ELISA concentrations and total protein concen-
trations (VasserStats). All tests were two-tailed, and P
values of �0.05 were considered significant.

Western Blot Analysis

To detect proteolytic fragments of IGFBP-3, equal vol-
umes of BALF samples were separated by 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to Immobilon, and blocked for 1 hour. Blots
were incubated with polyclonal IGFBP-3 antibody (Diag-
nostic Standards Laboratory), which recognizes the ma-
jor proteolytic fragments of IGFBP-3, for 1 hour, followed
by peroxidase-conjugated secondary antibody for 1
hour, and then developed with ECL. To quantitate relative
band intensities, gels were captured with Photoshop (ver-
sion 7; Adobe Systems Inc., San Jose, CA) and then
imported into ImageJ (version 1.30; National Institutes of
Health) for analysis.15

Apoptosis Assay

Primary normal human lung fibroblasts (Clonetics, Cam-
brex Bioscience, Rockland, ME), primary distal lung hu-
man epithelial cells (Clonetics) or A549 (American Type
Culture Collection, Manassas, VA) were seeded in a 96-
well tissue culture plate (2 � 104 cells/well) overnight and
serum-starved for 24 hours. Function blocking antibody
to the human type 1 IGF receptor (A12), a generous gift
from ImClone Systems (New York, NY),16,17 was added to
media at indicated concentration for 24 hours. In some
experiments, soluble Fas ligand (Alexis Biochemicals,
Lausen, Switzerland) or IGFBP-3 (R&D Systems) was
added to cells. To assess the contribution of IGF to
fibroblast survival in ARDS, BALF was diluted 1:10 with
Dulbecco’s modified Eagle’s medium and then incubated
with a neutralizing polyclonal antibody (5 ng/ml) to human
IGF-I (R&D Systems) or preimmune goat serum for 30
minutes at 4°C before incubation with normal human lung
fibroblast. After 48 hours, apoptosis was measured. To
prevent detached cells from being aspirated, plates were
centrifuged at 200 � g for 10 minutes, and apoptosis was
measured using the Cell Death Detection ELISA-plus
System (Roche Applied Science, Penzberg, Germany),
which detects cytosolic histone-complexed DNA frag-
ments. All experiments were done in triplicate and re-
peated at least twice. The data are reported as the mean
absorbance of triplicate wells mean � SE or as apoptosis
index, defined as the ratio of the mean absorbance of
triplicate wells in the experimental condition OD405 nm/
control (media alone) OD405 nm.
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Results

BALF samples from three patients with acute lung injury
were analyzed by shotgun proteomics, and a total of 870
unique proteins was identified (downloadable data, in-
cluding spectra and searchable SEQUEST files, are
available at http://www.peptideatlas.org/contributors, au-
thors L.M. Schnapp and S. Donohoe). The numbers of
identifications from individual samples were 226, 291,
and 659 (Figure 1). Of these, 79 proteins were identified
in all three samples (Supplementary Table 1 at http://
ajp.amjpathol.org). These identifications represent ap-
proximately 10-fold increase in the proteins previously
identified in BALF.18

Our approach identified similar classes of proteins to
those previously reported using two-dimensional electro-
phoresis (2DE).18 Of the 79 proteins common to all three
patients, proteins from all cellular compartments were
identified, including membrane proteins, cytosolic pro-
teins, nuclear proteins, and cytoskeletal proteins, as well
as extracellular and secreted proteins. As expected, we
identified albumin in all three samples.19 However, the
number of peptides corresponding to albumin varied
widely in the patients ranging from 1 to 23 to 79, sug-
gesting that the degree of serum protein leakage varied
widely even among these three patients with clinically
diagnosed ARDS. We also found extensive coverage of
other abundant serum proteins, such as ceruloplasmin
(average number of peptides: 13) and fibrinogen � chain
(average number of peptides: 117), and other acute
phase reactant proteins, such as �1 chymotrypsin (aver-
age number of peptides: 31), �2-HS-glycoprotein (aver-
age number of peptides: 58), and anti-trypsin inhibitor
(average number of peptides: 77). We also identified a
number of intracellular proteins, as has been previously
reported in lung BAL,18 presumably due to increased
cellular turnover and death in lung compartment during
lung injury. We confirmed the presence of several serum
proteins (albumin, fibrinogen, and �2-microglobulin) and
pulmonary proteins (surfactant D and Clara cell protein)
by ELISA. Surfactant A2 was also identified, as previously
reported by 2DE.18,20 In addition, surfactant B2 (two pa-
tients) and surfactant D (one patient) were also identified
here but were not found in previous 2DE analysis of
BALF. Previous reports speculated that 2DE failed to

identify surfactant B2, because of its hydrophobicity, and
surfactant D, because of its relative underexpression
compared to surfactant A2. Representative spectra are
shown in Figure 2.

From the long list of proteins identified by LC-MS/MS
shotgun proteomics, we decided to focus on secreted
proteins, because they may represent mediators of lung
injury. This category included identifications of pre-B-cell
colony-enhancing factor in two patients, HB-EGF in one
patient and IGFBP-3 and the acid labile subunit (ALS) in
two patients, both components of the IGF signaling com-
plex (Figure 2). Pre-B-cell colony-enhancing factor was
recently described as an inhibitor of apoptosis that was
expressed by neutrophils from septic patients.21 Previ-
ous reports showed elevated levels of IGFBP-3 in BALF
from patients with idiopathic pulmonary fibrosis (IPF)22,23

and sarcoidosis.24 In contrast, HB-EGF has not been
previously associated with acute lung injury.

Validation of Changes in Secreted Proteins in a
Large ARDS BALF Sample Set

Proteomics results do not distinguish between reproduc-
ible changes and sampling variability during the compar-
ison of data from three different patients. To assess the
potential significance of secreted BALF proteins identi-
fied by LC-MS/MS shotgun proteomics, we measured
expression levels HB-EGF, IGFBP-3, and IGF-I by ELISA
in a large BALF sample set that includes patients at
different time points in ARDS progression. BALF samples
from normal subjects (n � 6), patients at risk for devel-
opment of ARDS (n � 8), and established ARDS at day 1
(n � 26), day 3 (n � 20), day 7 (n � 10), and day 14 (n �
5) were analyzed.

HB-EGF is a potent mitogen and chemotactic factor for
fibroblasts.25 Thus, we hypothesized that it might play a
role in the fibroproliferative response during acute lung
injury. However, ELISA results revealed very low levels of
HB-EGF in ARDS BALF and in normal BALF (Figure 3).
Furthermore, we did not observe a correlation between
HB-EGF levels and progression of lung injury in ARDS.
Failure to detect changes in HB-EGF levels in ARDS
BALF does not necessarily preclude a role for HB-EGF in
lung injury. For instance lack of correlation by ELISA may
be due to complex tissue distribution of the multiple forms
of HB-EGF26 making it inaccessible in BALF. However,
these data illustrate the importance of independently
verifying proteins identified by any proteomic screen.

Because of its role in regulating cell survival,27

IGFBP-3 is also a potential candidate protein relevant to
the pathogenesis of ARDS. While we found very low
levels of IGFBP-3 in BALF from normal controls by ELISA,
we detected a marked increase in IGFBP-3 concentration
in patients at risk for ARDS and in those with established
ARDS (Figure 4A). Because earlier work demonstrated
elevated levels of IGFBP-3 in BALF from patients with IPF
and sarcoidosis,23,24 we initially speculated that IGFBP-3
would be elevated in late ARDS (day 7 onward), when
fibroblast proliferation is a prominent histological feature.
In contrast, we found the highest levels early in ARDS

Figure 1. Summary of protein identifications from three ARDS BALF samples
following trypsin digest-cation exchange fractionation.

Proteomics for ARDS 89
AJP July 2006, Vol. 169, No. 1



(days 1 and 3), with levels decreasing as the disease
progressed (Figure 4A). This is consistent with recent
evidence that fibroblast activation occurs early in
disease.28

Proteolysis of IGFBP-3 decreases its ability to bind
IGF, thereby increasing the bioavailability of the ligand.29

In addition, proteolytic fragments can have independent
biological activity.30 However, the IGFBP-3 ELISA does
not discriminate between full-length IGFBP-3 and proteo-
lytic fragments. To evaluate the proteolysis of IGFBP-3,
we analyzed day 1 and day 3 BALF by Western analysis
using an antibody that recognizes the major proteolytic
fragments (Figure 4B). The proportion of intact IGFBP-3
to total IGFBP-3 immunoreactivity was determined by
densitometry. In at-risk and ARDS day 1 BALF, the ma-
jority of IGFBP-3 was present as the intact 41- and 44-kd
doublet (at-risk: 53% � 13; ARDS day 1: 66% � 14,
respectively); the 30-kd fragment was the major proteo-
lytic fragment observed in the samples. Thus, the majority
of IGFBP-3 is intact at the time in which concentrations
are the highest.

IGFBP-3 is the major binding protein of IGF-I and is
bound in a 1:1:1 molar ratio with IGF and the ALS.
Although we did not detect IGF in LC-MS/MS proteom-
ics analysis, failure to identify a protein from complex
peptide mixtures such as BALF by this screening
method does not necessarily indicate absence of the
protein.31 However, we subsequently detected IGF in

Figure 2. Representative MS/MS pattern of peptides belonging to surfactant proteins B and D, IGFBP-3, and ALS with various b (red) and y (blue) ions indicated.
Green, unable to distinguish between b and y ions. The MS/MS spectra were searched against protein databases leading to identification of indicated proteins.

Figure 3. HB-EGF protein concentrations in BAL from normal volunteers, pa-
tients at-risk for ARDS, and patients with established ARDS studied at sequential
times. HB-EGF was quantified by human HB-EGF ELISA kit (R&D Systems) per
the manufacturer’s direction. The concentration of HB-EGF (black circles) in
the samples was determined by interpolation from the standard curve generated
with recombinant HB-EGF. All samples were run in duplicate and repeated at
least twice. Median (black bars) values are indicated.
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the three index samples by ELISA (free IGF: 0.1, 0.05,
and 0.04 ng/ml). In addition, we detected ALS by LC-
MS/MS (Figure 2), adding further evidence for a role for
the IGF/IGFBP-3 axis in lung injury. Because the ratio
of IGF to IGFBP-3 is an important factor in regulating
the bioactivity of IGF-I in BALF, we assessed total IGF
protein levels by ELISA. The levels of IGF were similar
to those observed for IGFBP-3; ie, low levels in normal
controls, increased in at-risk and early ARDS patients
(day 1 and day 3), and decreased levels in late ARDS
patients (Figure 5A). Because bioactivity of IGF is de-
termined by the unbound or free IGF, we also mea-
sured free IGF-I in BALF (Figure 5B). As expected, the
levels of free IGF were significantly lower than total
IGF. Interestingly, the free levels of IGF were elevated
later in disease than total IGF. This may be due to
changes in other members of the IGFBP family. While it
is possible that changes in expression levels simply
reflect changes in capillary permeability and serum
exudation, this is less likely for several reasons. We
found that the majority of change in IGFBP-3 levels
could not be accounted for by changes in BALF total
protein, with only a fair correlation (r2 � 0.39). Further-
more, there was no correlation between total or free
IGF and total protein (r2 � 0.04 and 0.5, respectively,
P � 0.05). In addition, measurements of other cyto-
kines and growth factors from the same BALF samples
show distinct patterns of expression.32,33

IGF/IGF-I Receptor Pathway Regulates Lung
Fibroblast but Not Epithelial Cell Apoptosis

Apoptosis in the lung plays an important role in the de-
velopment and resolution of acute lung injury. Initial epi-
thelial damage and apoptosis occurs early in ARDS. At
the same time, fibroblast activation is thought to oc-
cur,28,34 setting the stage for the later fibroproliferative
phase of ARDS. In addition, apoptosis of connective
tissue cells, such as fibroblasts, may be necessary for
injury to resolve. Elevated levels of IGFBP-3 and IGF-I
were found in at-risk patients and those with early ARDS,
when epithelial damage and death occur. Addition of a
blocking antibody to the type 1 IGF receptor (IGF-IR)
induced a dose-dependent increase in apoptosis of pri-
mary human lung fibroblasts but not primary lung epithe-
lial cells or the human macrophage cell line THP-1 under
conditions of serum starvation (Figure 6A and data not
shown). Because the Fas pathway is an important con-
tributor to epithelial cell apoptosis in ARDS BALF,35 we
asked whether the IGF pathway might influence Fas-
mediated apoptosis. However, treatment with IGF-IR an-
tibody did not alter Fas-induced apoptosis of epithelial
cells or fibroblasts (Figure 6B and data not shown). Be-
cause IGFBP-3 can signal independently of IGF-IR,30,36

we also examined the effect of IGFBP-3 on fibroblast and
epithelial cell apoptosis. In contrast to reports showing

Figure 4. A: IGFBP-3 protein concentrations in BAL from normal volun-
teers, patients at-risk for ARDS, and patients with established ARDS
studied at sequential times. IGFBP-3 was quantified by ELISA kit (R&D
Systems) per the manufacturer’s direction. The concentration of IGFBP-3
(black circles) in the samples was determined by interpolation from
the standard curve generated with recombinant IGFBP-3. All samples
were run in duplicate and repeated at least twice. Median (black
bars) values are indicated. All time points were significantly different
(P � 0.05) from controls. B: IGFBP-3 immunoblots from 10 different
ARDS day 1 BALF. Equal volumes of BALF were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. IGFBP-3 fragments
were detected by a polyclonal antibody to IGFBP-3. Intact IGFBP-3
doublet at 41 and 44 kd and the 30- and 20-kd proteolytic fragments are
indicated by arrows.

Figure 5. Total IGF (A) and free IGF (B) protein concentrations (black
circles) in BAL from normal volunteers, patients at-risk for ARDS, and
patients with established ARDS studied at sequential times. Total and free IGF
was quantified by ELISA kit (Diagnostic Standards Laboratory Systems) per
the manufacturer’s direction. The concentration of IGF in the samples was
determined by interpolation from the standard curve generated with recom-
binant IGF. All samples were run in duplicate and repeated at least twice.
Median (black bars) values are indicated. *, Time points significantly differ-
ent (P � 0.05) from controls.
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that IGFBP-3 induced apoptosis in certain cells,37 we did
not observe increased apoptosis in fibroblasts or epithe-
lial cells treated with increasing doses of IGFBP-3 (Figure
6). Together, these data suggest that IGF acts through
IGF-IR selectively to promote fibroblast survival, with the
potential to modify matrix remodeling and repair in acute
lung injury.

Finally, to determine directly the contribution of the IGF
pathway to fibroblast survival during ARDS, we examined
fibroblast apoptosis following incubation with ARDS
BALF pretreated with a neutralizing antibody to IGF or
with preimmune serum (Figure 7). In BALF from early
ARDS (�7 days), four of seven samples showed a sig-
nificant increase in fibroblast apoptosis following IGF
neutralization. In BALF from late ARDS (�7 days), one of
four samples showed a significant increase in fibroblast
apoptosis following IGF neutralization. In BALF from at-
risk patients, one of four samples showed a significant
increase in fibroblast apoptosis following IGF neutraliza-
tion (Figure 7A). Thus, the data suggest that in vivo con-
centrations of IGF contribute to fibroblast survival during
many cases of acute lung injury, particularly in early
ARDS.

Discussion

Protein Database of BALF

Using shotgun proteomics we identified the largest set of
BALF proteins in acute lung injury patients to date. The

majority of proteins previously reported from 2DE analy-
sis of BALF from patients with interstitial lung disease and
acute lung injury18,20 were also identified in this study by
tandem mass spectrometric analysis. Expected markers
of lung injury were among those identified such as sur-
factants A and B, markers of activation and inflammation
such as C3a, leukotrienes and markers of matrix remod-
eling, including collagenases A and B, and proteases.
Not surprisingly, many of the proteins identified in BALF
from ARDS patients were serum proteins, consistent with
the capillary leak syndrome that is characteristic of
ARDS.

While even this study underestimates the true protein
content of BALF, the number of proteins identified in our
study is an order of magnitude greater than previously
published reports. Furthermore, we identified proteins in
the IGF signaling pathway as well as other secreted
proteins that may contribute to disease process. This
approach allowed us to identify a new pathway in ARDS
and subsequently show changes in expression using a
large sample set of ARDS BALF. Bronchoalveolar lavage
is a safe method to obtain lung epithelial lining fluid of the
airways and alveoli.8 Initial reports of proteomic analysis
of normal BALF separated proteins by 2DE, which is
based on differences of charge and mass, followed by
enzymatic degradation of separated proteins and analy-
sis by mass spectrometry. The initial report of BALF pro-
teomic analysis identified 23 serum proteins in normal
BALF, representing 97% of the identified proteins in
BALF.38 As the 2DE methodology has improved, the
number of proteins identified has increased. A recently
published 2DE database of BALF proteins from normal
and lung disorders contained 93 proteins.18 However,
several aspects of the 2DE method limit the ability to
detect particular classes of proteins.39 For example,

Figure 6. Increased apoptosis of primary normal human lung fibroblasts
treated with IGF-IR antibody. A: Normal human lung fibroblast or distal lung
epithelial cells were serum-starved overnight and then incubated with indi-
cated concentration of IGF-IR antibody or IGFBP-3 overnight. B: A549 cells
were serum-starved and incubated with IGF-IR antibody (136 �g/ml) with or
without the indicated concentration of Fas ligand. Apoptosis was measured
by Cell Death ELISA-plus ELISA (Roche Applied Science) per the manufac-
turer’s directions. All experiments were done in triplicate and repeated at
least twice. Apoptosis index is defined as the ratio of experimental condition
OD405 nm:control (media alone) OD405 nm.

Figure 7. IGF mediates fibroblast prosurvival signal in ARDS BALF. Fibro-
blast apoptosis was measured 48 hours following incubation of normal
human lung fibroblast with BALF with or without IGF neutralizing antibody
(5 ng/ml) from at-risk patients (A) or ARDS patients (B). Apoptosis was
measured by Cell Death ELISA-plus ELISA (Roche Applied Science) per the
manufacturer’s directions. All experiments were done in triplicate and re-
peated at least twice. Data are reported as the mean OD415 nm � SD.
*Significant difference (P � 0.05) from BALF alone.
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while the most “abundant” proteins can be readily de-
tected in ARDS BALF by 2DE and MS, low abundance
proteins are often not detected without prior fractionation.
We chose to avoid prior sample fractionation because of
the loss of proteins involved and the limited amount of
protein present in our clinical ARDS BALF samples.
Therefore, we chose to use cation exchange chromatog-
raphy of trypsin-digested samples followed by MS/MS
analysis to define the ARDS BALF proteome. While this
method also has limitations (23), namely the random
selection of ions as they enter the tandem mass spec-
trometer that results in poor overlap in the proteins iden-
tified in replicate analyses, it is has the advantage of
speed and ease. Because a primary LC-MS/MS pro-
teomic screen is unable to sample all of the proteins
present,31 additional methods, including isolation of sub-
populations of proteins and further refinement of the
methodologies, should increase the yield of protein iden-
tifications. In addition, one can estimate relative abun-
dance by comparing sequence coverage and number of
peptides identified.40 Therefore, LC-MS/MS analysis is an
excellent screening tool to initially characterize a sample
of mostly unknown protein composition, but this must be
followed by corroboration of interesting results using in-
dependent methods.

Potential Role of the IGF/IGFBP-3 Pathway

Following initial LC-MS/MS proteomic analysis of BALF,
we focused on further characterization of IGF pathway
components. Because of the known role of the IGF path-
way in regulation of cell survival,27,29 we tested whether it
might play a role in the development and resolution of
acute lung injury. IGF-binding proteins are a family of six
related proteins that bind IGF-I and -II with high affinity.
IGFBP-3, the major circulating IGFBP, binds IGF-I in con-
junction with an acid-labile glycoprotein subunit (ALS) to
form a circulating complex. Because of the high affinity of
IGFBP-3 for IGF-I, it has a major role in controlling the
bioavailability of IGFs. IGF-I bound to IGFBP-3 does not
interact with IGF-IR and thus fails to induce a prosurvival
signal. IGF-I bound to IGFBP-3 has a longer half-life and
may act as a stable reservoir of IGF-I. We found that the
concentrations of IGFBP-3 and IGF were highest in at risk
and early ARDS, and then decreased as disease pro-
gressed. IGFBP-3 is subject to cleavage by a number of
proteases, including plasmin, matrix metalloproteases,
and cathepsins. Because IGFBP-3 fragments have lower
affinity for IGF than does the intact binding protein, pro-
teolysis of IGFBP-3 is the major mechanism for release
of IGF and increasing IGF bioavailability. Increased
IGFBP-3 proteolysis was observed in BALF from other
lung diseases. For example, BALF from sarcoid patients
contained elevated IGFBP-3, most in the form of 30-kd
(proteolyzed) fragment.24 However, we found the major-
ity of IGFBP-3 was intact, not proteolyzed, despite the
presumed proteolytic environment during ARDS.

Results from in vitro studies showed that the IGF path-
way regulates survival of fibroblasts, not epithelial cells.
In addition, we showed that neutralization of IGF in ARDS

BALF increased fibroblast apoptosis. This was most pro-
nounced in early ARDS. This suggests that IGF detected
in BALF is biologically active and may play a role in
regulating fibroblast survival in ARDS. We speculate that
the lack of effect of IGF neutralization in some samples is
due to additional pathways that regulate fibroblast sur-
vival. For example, interleukin-1� in lung edema fluid
induces fibroblast proliferation.28 In addition, surfactant
A41 and fibronectin-derived peptides42 also affect fibro-
blast apoptosis. While histological evidence of fibropro-
liferation is observed 5 to 7 days after the onset of ARDS,
there is increasing evidence that fibroblasts are activated
very early in ARDS. For example, procollagen III peptide,
a marker of collagen synthesis, is elevated in BALF early
in ARDS and remains elevated for 7 days or longer.34,43

Pulmonary edema fluid obtained from acute lung injury
patients within 4 hours of intubation has an increased
mitogenic effect on human lung fibroblasts.28 In concert,
the data suggest that fibroblast activation is already oc-
curring at the time acute lung injury is clinically apparent.
Because IGF is elevated early in ARDS and regulates
fibroblast survival, we speculate that the IGF pathway
may contribute to early fibroblast activation in ARDS.

Dysregulation of cell survival and proliferation is a fea-
ture of many lung diseases, including ARDS and IPF.
However, less is known about the role of the IGF pathway
in lung disease. IGF-I was originally described in the lung
as alveolar macrophage-derived growth factor. IGF-I
mRNA was elevated in bleomycin-induced pulmonary
fibrosis in mice.44 IGF-I was implicated as a major fibro-
blast mitogen in BALF from patients with sarcoidosis24

and systemic sclerosis,45 and macrophage-derived IGF-I
inhibited apoptosis of a fibroblast cell line.46 In eight
patients with fibroproliferative ARDS (day 7), biopsies
showed increased IGF-I immunostaining, which corre-
lated with increased cell proliferation.47 Elevated levels of
IGFBP-3 were detected in BALF from patients with
IPF22,23 and sarcoidosis.24 A recent study showed
IGFBP-3 increased collagen and fibronectin synthesis by
fibroblasts.48 Furthermore, fibroblasts derived from pa-
tients with IPF had increased expression of IGFBP-3 com-
pared to normal controls.48 One of the interesting fea-
tures about ARDS is that the lung injury (and fibrosis)
resolves in the majority of patients. One possibility is that
apoptosis of fibrogenic cells (ie, fibroblasts) is essential
for the resolution of lung injury.49–51 Because the IGF/
IGFBP-3 pathway is a key determinant of cell survival,
dampening this pathway may be necessary both for nor-
mal scarring to resolve and to prevent a prolonged fibro-
genic response (ie, fibrosis).

In summary, we used LC-MS/MS proteomic analysis as
an initial screening method to sample the BALF proteome
in ARDS. As such it provided an excellent means to
define the ARDS BALF proteome and allowed us to hy-
pothesize roles for select identified proteins. Proteins
from this list suspected of playing a role in disease pro-
gression were selected for further investigation in a large
clinical sample set. The results showed that the expres-
sion of IGF and IGFBP-3 changed as ARDS progressed.
Further, we identified a role of IGF pathway in mediating
fibroblast survival in vitro and in vivo. Finally, we speculate
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that the IGF pathway, through regulation by IGFBP-3,
controls fibroblast survival, which contributes to the fibro-
proliferative response in acute lung injury.
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