Insulin-like Growth Factor-1 Receptor Blockade
Improves Outcome in Mouse Model of Lung Injury
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Rationale: The insulin-like growth factor-l1 (IGF-lI) pathway is an
important determinant of survival and proliferation in many cells.
However, little is known about the role of the IGF-I pathway in lung
injury. We previously showed elevated levels of IGF-1 in bronchoal-
veolar lavage fluid from patients with acute respiratory distress
syndrome. Furthermore, immunodepletion of IGF from acute re-
spiratory distress syndrome bronchoalveolar lavage increased fibro-
blast apoptosis.

Objectives: We examined the effect of blockade of type 1 IGF tyrosine
kinase receptor (IGF-IR) in a murine model of bleomycin-induced
lung injury and fibrosis.

Methods: Mice were treated with a monoclonal antibody against the
IGF-l receptor (A12) or vehicle after intratracheal bleomycin in-
stillation.

Measurements and Main Results: Mice treated with A12 antibody had
significantly improved survival after bleomycin injury compared
with control mice. Both groups of mice had a similar degree of
fibrosis on days 7 and 14, but by Day 28 the A12-treated group had
significantly less fibrosis. Delayed treatment with A12 also resulted
in decreased fibrosis. A12-treated mice had significantly decreased
apoptotic cells on Day 28 compared with control mice. We confirmed
that A12 treatment induced mouse lung fibroblast apoptosis in vitro.
In addition, IGF-I increased lung fibroblast migration. The primary
pathway activated by IGF-l in lung fibroblasts was the insulin
receptor substrate-2/phosphatidylinositol 3-kinase/Akt axis.
Conclusions: IGF-1 regulated survival and migration of fibrogenic
cells in the lung. Blockade of the IGF pathway increased fibroblast
apoptosis and subsequent resolution of pulmonary fibrosis. Thus,
IGF-IR may be a potential target for treatment of lung injury and
fibrosis.
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Insulin-like growth factor-I (IGF-I) is an important factor
involved in the development and normal homeostasis of many
organs. IGF-I is also a potent survival factor, acting by inhibit-
ing apoptosis and inducing proliferation in various cells (1, 2).
Dysregulation of cell survival and proliferation is a feature of
many lung diseases, including acute respiratory distress syn-
drome (ARDS) and idiopathic pulmonary fibrosis. However,
little is known about the role of the IGF pathway in these lung

(Received in original form February 6, 2008; accepted in final form November 11, 2008)

Supported by an AHA grant-in-aid and by National Institutes of Health grants RO1
HL73028, HL083481, SCCOR P50 HL073996, and RO1-HL077555 (L.M.S.), and
by Veterans Affairs Research Service and U54 CA 126540 (S.R.P.).

*J.-E.C. and S.-s.L. contributed equally to this work.

Correspondence and requests for reprints should be addressed to Lynn M.
Schnapp, M.D., Box 358052, 815 Mercer Street, Seattle, WA 98109. E-mail:
Ischnapp@u.washington.edu

Am ] Respir Crit Care Med Vol 179. pp 212-219, 2009

Originally Published in Press as DOI: 10.1164/rccm.200802-2280C on November 14, 2008
Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Insulin-like growth factor (IGF) levels have been shown to
be elevated in early acute respiratory disease syndrome
(ARDS) and decreased in late ARDS. However, it is
unknown if decreased IGF contributed to the resolution
of ARDS.

What This Study Adds to the Field

We found that an antibody against IGF-I receptor (IGF-
IR) improved survival and resolution of fibrosis in bleo-
mycin-treated mice. Thus, IGF-IR is a potential target for
treatment of lung injury and fibrosis.

diseases. In the lung, IGF-I was originally described as alveolar
macrophage-derived growth factor (3). IGF-I mRNA is ele-
vated in bleomycin-induced pulmonary fibrosis in mice (4) and
increased IGF-I immunostaining is observed on lung biopsies
from patients with fibroproliferative ARDS (5).

We demonstrated that IGF-I is elevated in bronchoalveolar
lavage fluid (BALF) from patients with early ARDS (6). We
also showed that IGF-I in ARDS BALF provided a prosurvival
signal for lung fibroblasts, but not lung epithelial cells (6). One
of the interesting features about ARDS is that the lung injury
resolves in the vast majority of patients. Apoptosis of lung
fibroblasts may be an essential part of this resolution and the
decrease in IGF-I levels may be an important permissive
activity for the apoptosis of fibroblasts to occur (7-9).

To determine the role of IGF in the pathogenesis of lung
injury, we analyzed the effect of blockade of IGF signaling
through the IGF-I receptor (IGF-IR) in a murine model of
bleomycin-induced lung injury and fibrosis.

METHODS

Cells and Reagents

We isolated lung fibroblasts from C57BL/6 mice as previously described
(10). Cells were maintained in Dulbecco’s modified Eagle’s medium—10%
fetal bovine serum (FBS), penicillin (100 TU/ml)-streptomycin (100 pg/ml),
and 2 mM L-glutamate. All cells were used by passage 6. Function-blocking
antibody to the human type I IGF receptor (A12) was a generous gift from
D. Ludwig (ImClone Systems, New York, NY) (11, 12). A12 inhibits
IGF-IR signaling in murine and human tissues and does not cross-react
with the insulin receptor (IR) (11). We verified that our preparation of A12
was endotoxin free by Limulus amebocyte lysate assay (Cambrex Bio-
Science, Walkersville, MD).

Antibodies to insulin receptor substrate (IRS)-1, IRS-2, extracellu-
lar signal-regulated kinase (ERK), and phosphorylated ERK (pERK)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA);
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antibodies to phospho-IRS-1 (pSer-312) and phospho-IRS-2 (pSer-731)
were purchased from AnaSpec, Inc. (San Jose, CA); antibodies to Akt
and pAkt (pSer-472/473/474) were purchased from BD Biosciences
(San Jose, CA); horseradish peroxidase—conjugated anti-rabbit anti-
bodies were purchased from Rockland (Gilbertsville, PA); and horse-
radish peroxidase—conjugated anti-mouse antibodies were purchased
from Zymed (San Francisco, CA). IGF-I was purchased from R&D
Systems (Minneapolis, MN).

Bleomycin-induced Lung Injury

All animal experiments were approved by the Institutional Animal
Care and Use Committee of the University of Washington (Seattle,
WA). C57BL/6 male mice underwent intratracheal instillation with
0.075 U of bleomycin (SICOR Pharmaceuticals, Inc., Irvine, CA)
as previously described (13). A blocking antibody to IGF-IR, Al12
(40 mg/kg) (12), or an anti—keyhole limpet hemocyanin isotype control
antibody was injected intraperitoneally at the time of initial bleomycin
instillation and two times per week for the duration of the experiment.
Mice were killed at baseline (day 0, n = 3) or at 7 days (n = 12), 14
days (n = 18), or 28 days (n = 12) after initial bleomycin instillation, or
earlier if they met predetermined criteria for euthanasia (14). In some
experiments, Al12 or control antibody administration was begun on
Day 7 after bleomycin instillation and continued two times per week
for an additional 14 days. At the time of death, the right main stem
bronchus was tied off and the left lung was isolated and lavaged with
1 ml of phosphate-buffered saline (PBS) containing 0.6 mM ethyl-
enediaminetetraacetic acid (EDTA) warmed to 37°C. BALF total cell
count was determined by trypan blue exclusion and cell differential was
determined on Diff-Quik (Dade Behring AG, Diidingen, Switzerland)—
stained cytospins. After brief centrifugation, cell-free supernatants were
used for measurement of total protein by Bio-Rad protein assay (Bio-
Rad Laboratories, Hercules, CA). The left lung was snap frozen and used
for hydroxyproline measurement as previously described (15). Hydrox-
yproline concentration was extrapolated from a standard curve. The
right lung was inflated at a pressure of 25 cm H,O and fixed with 4%
paraformaldehyde for histologic evaluation.

Immunohistochemistry

Sections obtained from paraffin-embedded, fixed lungs underwent
antigen retrieval by boiling sections in 10 mM sodium citrate buffer
(pH 6.0). Endogenous peroxidase activity was quenched by incubation
in 1% H,0O, for 10 minutes. To block nonspecific binding of immuno-
globulins, slides were incubated with 1.5% goat serum in PBS for
1 hour at room temperature. Sections were incubated with IGF-IR-a
antibody (diluted 1:200; Santa Cruz Biotechnology) overnight at 4°C
and then incubated with biotinylated goat anti-rabbit antibody (diluted
1:200; Santa Cruz Biotechnology) for 30 minutes at room temperature.
Sections were processed with VECTASTAIN ABC kit (Vector
Laboratories, Burlingame, CA) followed by staining with 3,3'-diami-
nobenzidine (DAB peroxidase kit; Vector Laboratories) according to
the manufacturer’s instructions. Slides were then counterstained with
hematoxylin, dehydrated, and mounted with permanent aqueous
medium (Permount; Thermo Fisher Scientific, Waltham, MA).

To quantitate fibrosis, two independent blinded observers scored
each animal on the basis of a previously developed scoring system (16)
and the average score was used. Briefly, the right middle lobe was
sectioned along the long axis, stained with hematoxylin and eosin, and
systematically scanned with a microscope, using a X10 objective. Each
successive field was assessed for severity of fibrosis and given a score
between 0 and 8 (0, normal lung; 8, total fibrous obliteration of the
field) (16). In each field, the predominant degree of fibrosis was scored,
that is, that which occupied more than half of the field area. After
examining the whole section, the mean score of all the fields was used
as the observer’s fibrosis score.

For the terminal deoxynucleotidyltransferase dUTP nick end label-
ing (TUNEL) assay, tissue sections were deparaffinized by standard
protocols and permeabilized with proteinase K (10 wg/ml in 10 mM
Tris-HCI) for 30 minutes at 37°C. Nonspecific binding sites were blocked
with bovine serum albumin (1 mg/ml) in 50 mM Tris-HCl for 10 minutes
at 37°C. TUNEL-positive cells were detected with In Situ Cell Death
Detection Kit, Fluorescein (Roche, Indianapolis, IN). Nuclei were coun-
terstained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI,;
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Roche). To quantitate apoptosis, at least two mice per time point were
examined and a blinded observer counted the number of TUNEL-
positive cells and DAPI-positive cells in four independent fields per
mouse. At least 500 cells were analyzed per condition.

Real-time Polymerase Chain Reaction

Total RNA was isolated from lungs on Days 0, 1,3, 7, 14,21, and 28 after
bleomycin treatment, using an RNeasy Midi Kit (Qiagen, Valencia, CA)
as per the manufacturer’s specifications. Total RNA was reverse
transcribed to cDNA with High-capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA). Real-time polymerase chain reaction
(PCR) was done with an ABI 7900HT system (Applied Biosystems) with
the use of predesigned primers and probes (ABI TagMan gene expres-
sion assays) for hypoxanthine-guanine phosphoribosyltransferase
(HPRT) (as endogenous control) and IGF (as target probe). Analysis
was done with Excel (Microsoft, Redmond, WA), calculating relative
quantity (RQ) by the 8-3 cycle threshold (2-ddCt) method. At least five
mice per time point were examined. P values were calculated using the
Bonferroni correction for multiple comparisons.

Proliferation and Apoptosis Assays

For the proliferation assay, primary mouse lung fibroblasts were plated
at 10,000 cells per 100 wl in 96-well plates. After initial adhesion,
medium was changed to serum-free medium for overnight incubation
and then IGF-I (100 ng/ml) was added. As a positive control, cells were
grown in 10% FBS; as a negative control, cell were grown in serum-free
medium. Cell proliferation was assayed at 48, 72, or 96 hours by cell
proliferation kit (MTT; Roche) assay according to the manufacturer’s
directions. The optical density of plates was determined with a micro-
plate reader (SpectraMax 250; Molecular Device, Sunnyvale, CA) at
570 nm. All experiments were done in triplicate and repeated three
times.

For the apoptosis assay, primary mouse lung fibroblasts were plated
in 96-well plates (20,000 cells per well) overnight and serum starved for
24 hours. Functional blocking antibody to the type I IGF receptor
(A12) was added to medium at the indicated concentration for 24
hours. At the end of the experiment, plates were centrifuged at 200 X g
for 10 minutes to prevent detached cells from being aspirated, and
apoptosis was measured with the Cell Death Detection ELISAPLUS
system (Roche), which detects cytosolic histone-complexed DNA
fragments. All experiments were done in triplicate and repeated at
least twice. The apoptosis index was defined as the ratio of the optical
density at 405 nm (ODygs nm) Of the experimental condition to that of
the control (medium alone) condition.

Migration Assay

Primary mouse lung fibroblasts (50,000 cells per well) were plated in
serum-free medium overnight on FluoroBlok transwell filters (BD
Falcon HTS FluoroBlok 24-multiwell insert system, 8-um pores; BD
Biosciences) precoated with fibronectin (50 pg/ml). FluoroBlok micro-
porous membranes are specifically designed to detect by fluorescence
only cells below the surface membrane. IGF-I (100 ng/ml), 10% FBS
(positive control), or serum-free medium (negative control) was added
to the lower chamber. In some experiments, cells were preincubated
with the blocking antibody to IGF-IR (A12, 40 pg/ml) for 1 hour. After
4 hours of migration, filters were fixed with formaldehyde and stained
with DAPI. Migrated cells were counted in three predesignated fields
for each filter. All experiments were done in triplicate and repeated at
least three times.

Western Blot Analysis

Cells were grown to 70% confluence and placed in serum-free medium
overnight, and then IGF-I (100 ng/ml) was added for 5, 10, 15, 30, and
60 minutes. At the indicated time points, cells were washed in ice-cold
PBS and lysed in buffer containing 100 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 1 mM CaCl,, 0.1% sodium dodecyl sulfate, 1% Triton-X, 0.1%
Nonidet P-40, 1 mM NaVaj (sodium vanadate), 1 mM NaF (sodium
fluoride), and protease inhibitor cocktail tablet (Roche). Protein
concentrations were determined by the bicinchoninic acid assay (Pierce
Biotechnology, Rockford, IL). Equal amounts of protein were sepa-
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rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and electrophoretically transferred to polyvinylidene difluoride mem-
brane. Membranes were blocked with 5% nonfat dry milk—0.05%
Tween 20-PBS for 2 hours, incubated with primary antibody for
2 hours at room temperature, washed with 0.05% Tween 20-PBS,
incubated with horseradish peroxidase—conjugated secondary antibody
(diluted 1:5,000) for 1 hour, washed with 0.05% Tween 20-PBS, and
then developed by the enhanced chemiluminescence technique (Amer-
sham, Little Chalfont, UK).

Statistical Analysis

Means of more than two groups of data were compared by one-way
analysis of variance (ANOV A) for analysis of one independent variable
or by two-way ANOVA, for analysis of two independent variables,
followed by Tukey’s honestly significant difference post-hoc test. The
Student  test was used for comparison of paired parametric data. All tests
were two tailed and P values not exceeding 0.05 were considered
significant. Kaplan-Meier survival analysis was performed with JMP-
IN version 5.1 (SAS Institute, Cary, NC); statistical significance was
determined by log-rank test.

RESULTS

Time Course of IGF Expression after Bleomycin Injury

We previously demonstrated in patients that IGF was up-
regulated early in ARDS, and decreased in late ARDS (6).
We analyzed IGF expression after bleomycin injury in mice by
quantitative real-time PCR and found significantly increased
IGF mRNA expression by Day 1 after bleomycin administra-
tion; expression peaked on Day 7 (7-fold increase) (Figure 1).
IGF mRNA levels decreased at later time points, but remained
elevated on Day 14 compared with baseline levels.

Down-regulation of IGF-IR in A12-treated Mice

A12 inhibits IGF-I signaling by two mechanisms: () blockade of
ligand binding to IGF-IR and (2) rapid induction of internaliza-
tion and degradation of IGF-IR (11). Therefore, to verify the
efficacy of A12 treatment, we examined IGF-IR expression in the
lungs of A12 mice and control mice on Day 7 after bleomycin
treatment. We found a marked decrease in IGF-IR expression in
Al2-treated mice, demonstrating the predicted effect of antibody
administration in lung tissue (Figure 2).

Improved Survival of A12-treated Mice after
Bleomycin Instillation

We tested the effect of a blocking antibody to IGF-I receptor,
A12, in the bleomycin injury model. After bleomycin treatment,
Al2-treated mice (n = 24) showed a statistically significant
survival benefit compared with control mice (n = 18, P = 0.03)
(Figure 3). In the control group, most deaths occurred between 7
and 10 days, as expected in this model. Of note, A12 treatment of
bleomycin-exposed mice resulted in significantly greater weight
loss compared with control mice (20 vs. 13% by Day 14), but the
mice had less evidence of respiratory or systemic distress as
measured by body condition scoring (14). In the absence of
bleomycin, administration of A12 alone had no effect on survival,
lung histology, BALF protein concentration, or cell count (data
not shown).

No Difference in Cell Count and Total Protein Concentration
in BALF

To assess whole lung permeability and degree of inflammation,
we measured total protein, cell count, and cell differentials in
BALF. As expected, bleomycin-treated mice had significantly
elevated total protein and cell count compared with untreated
(Day 0) mice. At the early time points (Days 7 and 14) there
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Figure 1. Real-time polymerase chain reaction analysis of insulin-like
growth factor (IGF) mRNA expression after bleomycin administration.
Data are normalized to hypoxanthine-guanine phosphoribosyltransfer-
ase expression. The y axis represents fold increase compared with Day
0. Each point represents an individual mouse. Mean values are in-
dicated. RQ = relative quantity.

was no difference in BALF protein concentration in bleomycin—
A12 versus bleomycin—control mice. By 28 days, there was a
decreased BALF protein concentration in Al2-treated mice
compared with control mice (Figure 4A).

Although the total cell counts were not significantly different
between A12 and control mice, there was a trend toward
decreased cells in Al2-treated mice (Figure 4B). There was
no difference in cell differential between the two groups at any
of the time points tested.

Lung Fibrosis

We measured hydroxyproline content of lungs as a marker of
lung fibrosis. There were no significant differences in hydrox-
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Figure 2. Decreased insulin-like growth factor-l receptor (IGF-IR)
expression after systemic administration of A12, a monoclonal antibody
against IGF-IR. (A) Immunohistochemical analysis for IGF-IR was per-
formed on lungs on Day 7 after bleomycin administration. (B) Western
blot analysis for IGF-IR, performed on lung and spleen lysates on Day
14 after bleomycin administration to mice treated with saline (Sal) or
Al2.
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Figure 3. Kaplan-Meier survival curves for control and A12-treated
mice after bleomycin treatment. The difference in survival was signif-
icant: P = 0.038, A12 versus saline (control).

yproline content on Days 7 and 14 between the two groups
(Figure 5). However, on Day 28, there was significantly less
hydroxyproline in Al2-treated mice compared with control
(P = 0.03) or compared with Day 14 measurements (P =
0.001), suggesting A12 treatment affected resolution of fibrosis
rather than initial establishment of fibrosis.

Histology and fibrosis scores confirmed the hydroxyproline
measurements (Figure 5). In all mice, right middle lobe histology
is shown, because we were able to visualize the majority of the
lobe under low magnification to allow for global assessment of
injury and to minimize bias due to the patchy nature of bleomycin
injury. At 14 days both groups showed areas of fibrosis, although
there seemed to be qualitatively less fibrosis in A12-treated mice
(Figures SA-5H). However, the difference was more pronounced
by Day 28 (Figures 5I-5P). On Day 28 after bleomycin in-
stillation, the right middle lobes from control mice were smaller,
had more distortion of normal lung architecture, and more areas
of airspace obliteration and interstitial thickening, whereas right
middle lobes from A12-treated mice had better preservation of
lung architecture and lung size, and fewer areas of fibrosis.

To determine whether A12 administration was effective after
initiation of injury, we delayed administration of A12 until 7 days
after initial bleomycin injury and then analyzed fibrosis on Day 21
after initial injury. We found that there was decreased hydrox-
yproline, suggesting that A12 administration is also effective at
decreasing fibrosis after initiation of the inflammatory process.
Similar to previous findings, there was no difference in BALF
total protein or cell count (Figure 6).

Apoptosis in Lungs of Bleomycin-treated Mice

To examine a potential mechanism of decreased hydroxyproline
content, we compared the number of apoptotic cells in A12- and
vehicle-treated mice. At the early time point (Day 14), there was
a trend toward increase in TUNEL-positive cells in A12-treated
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mice (Figure 7), although this did not achieve statistical signifi-
cance. On Day 28, there were significantly fewer apoptotic cells in
Al2-treated mice compared with vehicle-treated mice (P < 0.05).

Blockade of IGF-I Receptor Induced Apoptosis of Fibroblasts

We previously showed that blockade of the IGF pathway in
human lung fibroblasts increased apoptosis under conditions of
serum starvation (6). We have now expanded our initial findings
and show that blockade of the IGF pathway with A12 antibody
similarly induced a dose-dependent increase in apoptosis of
primary mouse lung fibroblasts (Figure 7C). Thus, in vivo and
in vitro data demonstrate that A12 treatment increases fibroblast
apoptosis.

IGF-1 Does Not Increase Proliferation of Mouse
Lung Fibroblasts

Previous work demonstrated that IGF-I induced proliferation in
several different cell types including pleural mesothelial cells
(18), myeloma cells (17), and myoblasts (19). Because fibroblast
proliferation is a key feature of pulmonary fibrosis (20), we
asked whether IGF-I was mitogenic for normal lung fibroblasts.
We compared cell proliferation in the presence or absence of
IGF-I (100 ng/ml) for 24, 48, 72, and 96 hours, under serum-free
conditions. In contrast to other reports, we did not see increased
proliferation at any of the time points tested (Figure 8). Thus,
the prosurvival benefit of IGF in fibroblasts appears to be due to
an antiapoptotic, rather than proproliferative, signal.

IGF-1 Induced Migration of Mouse Lung Fibroblasts

Migration of fibroblasts into intraalveolar spaces with subsequent
deposition of extracellular matrix proteins is seen in pulmonary
fibrosis. We previously found increased IGF in the BALF of
patients with acute lung injury (6). Therefore, we asked whether
IGF could act as a chemotactic factor for fibroblasts. We exam-
ined the migration of mouse lung fibroblasts in response to IGF,
using a transwell filter system. We found that IGF-I increased
migration of mouse lung fibroblasts compared with serum-con-
taining medium (Figure 9). Treatment with blocking antibody to
IGF-IR (A12) abrogated the increased migration.

IGF Signaling Pathways in Lung Fibroblasts

To determine the signaling pathways activated by IGF in lung
fibroblasts, we first examined the expression and phosphoryla-
tion of IGF-IR after stimulation with IGF (Figure 10A). IGF-
IR was phosphorylated within 15 minutes of IGF stimulation.
We then examined lung fibroblasts for the presence of the major
IRS, IRS-1, and IRS-2, and examined their phosphorylation
after IGF stimulation (Figure 10B). We found that although
fibroblasts express both IRS-1 and IRS-2, only IRS-2 was
activated after IGF stimulation (Figure 10B). IRS-1 showed
a constitutive level of phosphorylation that did not change after
stimulation with IGF. IRS-2, on the other hand, showed in-
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Figure 4. Bronchoalveolar lavage fluid (BALF) total pro-
tein concentrations (A) and cell count (B) at 0 (baseline),
7, 14, and 28 days after bleomycin instillation in A12-
treated mice and control mice. Average values and SD are
shown. WBC = white blood cells.

Day 28
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creased phosphorylation by 5-10 minutes that decreased to
baseline levels again by 30 minutes. Both phosphatidylinositol
3-kinase (PI3 kinase) and mitogen-activated protein kinase
(MAPK) pathways have been implicated in IGF signaling in
various cell types. We found that Akt, the downstream substrate
of PI3 kinase, was phosphorylated in response to IGF-I stim-
ulation by 15 minutes and persisted until 60 minutes (Figure
10C). In contrast, ERK, the downstream substrate of MAPK/
ERK kinase (MEK)-1/2, is present in lung fibroblasts but did
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Figure 6. Hydroxyproline content (A), bronchoalveolar lavage fluid
(BALF) total protein (B), and BALF total cell count (C) on Day 21 after
bleomycin instillation and initiation of A12 antibody administration on
Day 7. n = at least five animals per group. Average values and SD are
shown.

428 ' scores (right) from A12-treated mice and control mice
after bleomycin instillation. Data were analyzed by two-
way analysis of variance (ANOVA) with Tukey’s honestly

significant difference (HSD) post-hoc test, and statistical

significance was set at *P < 0.05. Bottom: Histology of
Al12-treated mice and control mice at 14 days (A-H) and
28 days (I-P) after bleomycin instillation. Lung sections
from A12-treated mice show relatively normal interstitium
and less fibrosis (*) compared with control mice. Right
middle lobe samples from two mice per group are shown.
Original magnification: (A, C, E, G, I, K, M, and O) X4; (B,
D, F, H,J, L N, and P) X40. Scale bars: (A, C, E, G, I, K, M,
and 0) 200 pum; (B, D, F, H, J, L, N, and P) 25 um. Stained
with hematoxylin and eosin.

not undergo phosphorylation after stimulation with IGF-I
(Figure 10C). Thus, in primary mouse lung fibroblasts, it
appears that IRS-2 and PI3 kinase are the major pathways
activated by IGF-I under the conditions tested.

DISCUSSION

We found that initial treatment with A12 antibody improved
survival and hastened resolution of fibrosis after bleomycin-
induced lung injury. Whereas initial fibrosis was similar in A12
and control mice, there was a significant decrease in hydroxypro-
line content in Al2-treated mice from Day 14 to Day 28. We
found that late administration of A12 was also effective at
decreasing fibrosis. We also demonstrated that A12 treatment
induced apoptosis in mouse lung fibroblasts in vitro. An unan-
swered and important question in pulmonary fibrosis concerns
whether matrix remodeling can be affected after pulmonary
fibrosis has occurred. It has been proposed that apoptosis of
fibrogenic cells (i.e., fibroblasts) is essential for the resolution of
lung injury (7, 9, 21). Because the IGF pathway is a key de-
terminant of cell survival, down-regulation of this pathway may
be necessary both for normal scarring to resolve and to prevent
a prolonged fibrogenic response (i.e., fibrosis). Because the
increased apoptosis preceded the improvement in fibrosis on
Day 28, we speculate that this caused the improved fibrosis by
eliminating the fibrogenic cells (8).

IGF regulates a number of functions that are relevant to the
development of fibrosis including proliferation, collagen syn-
thesis, and cell survival (22, 23). However, the contribution of
IGF in animal models of fibrosis has been mixed. In a model
of chronic renal failure due to subtotal nephrectomy, blockade
of IGF resulted in less compensatory kidney growth, but no
difference in renal function or fibrosis (24). Transgenic mice
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expressing the IGF-IA splice variant under the control of the
surfactant protein C promoter in the lung developed adenoma-
tous hyperplasia, but not fibrosis (25). As noted by the authors,
lack of fibrosis in their transgenic model may be due to
secretion of IGF-IA into the lumenal compartment, rather than
the interstitial compartment; lack of overexpression of IGF-IB
splice variant; or decreased bioavailability of IGF by binding to
insulin growth factor-like binding proteins.

IGF-I was implicated as a fibroblast mitogen in BALF from
patients with sarcoidosis (26) and systemic sclerosis (27). IGF
did not contribute to fibroblast proliferation in BALF from
patients with asbestosis (28). In our experiments, IGF-I medi-
ated cell survival and migration, but not proliferation, of normal
lung fibroblasts through IGF-IR. The prior studies used either
the fetal fibroblast cell line IMR-90 or human fetal embryonic
fibroblasts (HFL-1) to examine the proliferative response (26,
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Figure 8. Fibroblast proliferation in response to insulin-like growth

factor (IGF). Mouse lung fibroblasts were plated in triplicate and serum
starved overnight followed by addition of IGF-I (100 ng/ml), serum-free
medium (negative control), or 10% fetal bovine serum (FBS; positive
control) and then incubated for the indicated times. Cell proliferation
was measured by cell proliferation assay (MTT; Roche, Indianapolis, IN)
assay. Data are shown as mean ODszo nm and SD and represent the
average of at least four independent experiments.

217

Figure 7. (A) Terminal deoxynucleotidyltransferase dUTP nick end
labeling (TUNEL)-positive cells (green) in saline- and A12-treated
mouse lungs on Days 14 and 28 after bleomycin injury. Nuclei are
counterstained with 4',6-diamidino-2-phenylindole (DAPI). Original
magnification: X20. (B) Quantification of TUNEL IHC by determining
the number of TUNEL-positive cells per total number of cells. Shown is
the average and SD of two mice per condition, with at least 500 cells
analyzed per condition. Data were analyzed by two-way analysis of
variance with Tukey’s honestly significant difference (HSD) post-hoc
test. (C) Increased apoptosis of primary mouse lung fibroblasts treated
with insulin-like growth factor-l receptor (IGF-IR) antibody. Mouse
lung fibroblasts were serum starved overnight and then incubated
with the indicated concentration of IGF-IR antibody A12. Apoptosis
was measured with Cell Death Detection ELISAPYYUS (Roche Applied
Science). All experiments were done in triplicate and repeated at least
twice. The apoptosis index is defined as follows: the ratio of the optical
density at 405 nm (OD405 nm) Of the experimental condition to that of
the control condition (medium alone). *P < 0.05 compared with the
control group.

27). In contrast, we used early-passage primary adult lung
fibroblasts, which may account for the differences in results.
In addition, the mitogenic response to IGF in the earlier studies
was determined by immunodepletion of IGF from BALF (26, 27).
We speculate that activation of fibroblasts by other growth factors
or cytokines such as transforming growth factor-B; in BALF is
necessary for the proproliferative effect of IGF (22, 29). We
found that transforming growth factor-f;, an important medi-
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Figure 9. Insulin-like growth factor-1 (IGF-l)-induced migration of
fibroblasts. Mouse lung fibroblasts were plated on FluoroBlok transwell
filters overnight, and then IGF-I (100 ng/ml), serum-free medium
(negative control), or 10% serum (positive control) was added to the
lower chamber. Some cells were preincubated with the blocking
antibody to IGF-I receptor (A12, 40 pg/ml) before the addition of
IGF-I. Cells were allowed to migrate through the membrane for 4 hours
at 37°C. Migrated cells were counted by fluorescence microscopy. Each
experiment was done in triplicate and repeated at least three times.
Average cell counts and SD are presented.
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Figure 10. Mouse lung fibroblasts were serum starved overnight and
then stimulated with insulin-like growth factor-I (100 ng/ml) for the
indicated times. Cells were lysed, and proteins were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis. Each mem-
brane was blotted with the indicated phospho-antibody [(A) IGF-1R; (B)
IRS-1, IRS-2 (C) AKT, ERK] and then stripped and reblotted with
antibody to total protein.

ator of fibrosis, significantly up-regulated IGF-I expression in
lung fibroblasts (data not shown).

We confirmed that lung fibroblasts express major compo-
nents of the IGF signaling pathways including IGF-IR, IRS-1,
and IRS-2. Interestingly, only IRS-2 showed increased phos-
phorylation after IGF-I stimulation. IRS-1 was present and
phosphorylated at baseline and there was no change after IGF-I
stimulation. Furthermore, Akt, but not ERK, was phosphory-
lated in response to IGF stimulation. The signaling response to
IGF-I varies depending on the cell type examined (30). Both the
PI3 kinase pathway and MAPK pathway are involved in IGF-
IR-mediated signaling in carcinoma and other cell types (1). In
myeloma cells, both antiapoptotic and proproliferative signaling
from IGF-I was mediated by PI3 kinase (31). In myoblasts, IGF-
I-induced differentiation was mediated by PI3 kinase, whereas
proliferation was mediated by MAPK (20). In hepatocytes,
IGF-mediated cell survival was dependent on IRS-2 (32). In our
experiments, IGF-I stimulation selectively activated IRS-2 and
the PI3 kinase pathway, and not IRS-1 and the MAPK pathway.
Although IGF-I increases proliferation in many cell types (4, 18,
19, 26, 27, 31), we did not see any effect of IGF-I on lung
fibroblast proliferation. Our results, however, are consistent
with the selective activation of IRS-1 and IRS-2 leading to
proliferation and migration, respectively, in pleural mesotheli-
oma cells (18) and MCF cells (33).

One feature of pulmonary fibrosis is migration of fibroblasts
into the intraalveolar space, where they secrete matrix proteins
and contribute to the obliteration of normal architecture. We
found that IGF-I induced migration of fibroblasts, which was
inhibited by addition of A12. IGF-IR activation can affect cell
migration through several mechanisms including down-regula-
tion of adhesive strength of integrins (34), redistribution of
integrins to the leading edge of migrating cells, and disruption
of cadherin—catenin complexes (35). Because we previously
detected elevated levels of IGF-I in BALF from patients with
ARDS, IGF-I may provide a chemotactic factor for migration
of fibroblasts into intraalveolar spaces, which results in de-
position of matrix proteins and eradication of airspaces.

The mechanism of improved survival with early administra-
tion of A12 is not clear, but we speculate that the mechanism is
distinct from an effect on improved fibrosis. There was no dif-
ference in hydroxyproline content on Days 7 and 14, suggesting
that differences in early fibrosis did not account for the decreased
mortality of Al2-treated mice. Late administration of A12 did
not affect survival. This is not surprising because the majority of
deaths from bleomycin occur in the first 10 days after injury; it is
unlikely that mice would be affected by late A12 administration.
Suppression of the initial inflammatory response by Al2 is
possible. There was a trend toward decreased BALF cell counts
and total protein in Al2-treated mice, suggesting less inflamma-
tion, but this did not reach statistical significance. We did not see
any differences in cell differentials at any time point. It is possible
that earlier time points may have revealed differences in either
lung permeability or inflammation that were subsequently
reflected in mortality. A12 treatment may affect the response to
oxidative stress after bleomycin injury. Consistent with this
possibility, IGF-IR heterozygous mice are resistant to oxidative
stress and have longer life spans, which may be due to decreased
signaling through the p66 isoform of Shc, another signal trans-
duction molecule for IGF-IR (36).

In summary, we show that early A12 administration improved
survival of bleomycin-treated mice. In addition, although initial
fibrosis was similar in control and A12-treated mice, A12-treated
mice had faster resolution of fibrosis. Furthermore, late A12
administration also decreased fibrosis in bleomycin-treated mice.
We speculate that some of the effects of A12 are due to increased
fibroblast apoptosis, which facilitates matrix remodeling and
resolution of fibrosis. These data show that the IGF-IR is a
potential target for treatment of lung injury and fibrosis, and
therapeutic reagents are already being developed and tested in
patients.
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