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Protection from Fluorescein Isothiocyanate-Induced Fibrosis in
IL-13-Deficient, but Not IL-4-Deficient, Mice Results from
Impaired Collagen Synthesis by Fibroblasts'

Jill E. Kolodsick,* Galen B. Toews,* Claudia Jakubzick,” Cory Hogaboam," Thomas A. Moore,*
Andrew McKenzie,* Carol A. Wilke,* Cara J. Chrisman,* and Bethany B. Moore**

Intratracheal injection of FITC results in acute lung injury and progresses to fibrosis by day 21 postchallenge. In response to
FITC, BALB/c mice produce IL-4 and IL-13 in the lung. To investigate whether IL-4 and/or IL-13 were important profibrotic
mediators in this model, we examined the fibrotic response to FITC in mice that were genetically deficient in IL-4 (IL-4~'7),IL-13
(IL-137'7), or IL-4 and IL-13 combined (IL-4/137'7). Baseline levels of collagen were similar in all mice. In response to FITC, both
BALB/c and IL-4~'~ mice developed fibrosis, whereas the IL-13~'~ and IL-4/13~/~ mice were significantly protected, as measured
by total lung collagen levels and histology. Total leukocyte recruitment to the lung was similar in all four strains of mice when
measured on days 7, 14, and 21 post-FITC. BALB/c mice showed prominent eosinophilia on day 7 that was absent in IL-4~'~,
IL-137/7, and IL-4/13~/~ mice, suggesting that eosinophilia is not necessary for development of a fibrotic response. There were
no significant differences in the percentages of any other leukocytes analyzed between the genotypes. Similarly, protection in
IL-137/~ mice was not associated with alterations in cytokine or eicosanoid profiles. Interestingly, TGF-B1 production was not
reduced in IL-137/~ mice. Analyses of fibroblasts isolated from the four genotypes demonstrated that although there were similar
numbers of fibroblasts present in cultures of lung minces, fibroblasts from IL-13-deficient strains have reduced basal and stim-
ulated levels of collagen production. IL-13Ra1 expression increases on fibroblasts during fibrotic responses in vivo, and IL-13
increases collagen synthesis in fibroblasts. Thus, IL-13 mediates its profibrotic actions through direct effects on fibroblast pro-

duction of extracellular matrix. The Journal of Immunology, 2004, 172: 4068—-4076.

nimal model systems have been developed for the study
A of fibrotic processes in the lung. These model systems
include the intratracheal instillation of chemotherapeutic
agents (bleomycin) (1) or the instillation of particulate Ags such as
silica (2) or FITC (3). FITC challenge results in acute lung injury
that leads to patchy areas of inflammation and subpleural scarring,
reflecting collagen deposition. In response to this injury, a variety
of proinflammatory and profibrotic mediators are made that serve
to modulate the fibrotic process (4). The fibrotic process in re-
sponse to FITC can be viewed as an overlapping continuum. The
initial deposition of FITC within the lung causes an acute injury
that results in both vascular and alveolar permeability, which peaks
between days 1-3 after the insult (4). The peak of the inflammatory
response is day 7 post-FITC (4). By day 10 post-FITC, fibropro-
liferation is evident, and extracellular matrix deposition begins.
This fibrotic phase continues through days 21-28 postinsult and is
persistent at least through day 42 post-FITC (3).
A number of soluble factors have been implicated as profibrotic
mediators. Among these are growth and differentiation factors
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such as TGF- (5), proinflammatory cytokines such as TNF-« (6),
lipid mediators such as leukotrienes (7), and type 2 (T2) cytokines
such as IL-4 and IL-13 (8-10). T2 cytokines have been implicated
in remodeling associated with granuloma formation (11, 12) as
well as asthma (13-15). The T2 cytokines, IL-4 and IL-13, share
many functional properties mediated by shared receptor compo-
nents, yet have been described to have differing functions as well
(16). IL-4 is known to promote fibroblast chemotaxis, prolifera-
tion, and collagen synthesis (17-22). IL-13 can also promote fi-
broblast proliferation and collagen synthesis (21-24). Similarly,
IL-4 and IL-13 have both been shown to augment the ability of
human mesenchymal cells to contract collagen gels (25) and the
expression of adhesion molecules and profibrotic cytokines from
fibroblasts (26). Studies using IL-4~/~ animals or IL-4 neutraliza-
tion have shown reduced granuloma formation in Schistosoma ja-
ponicum-infected mice (27) and reduced liver fibrosis in Schisto-
soma mansoni-infected mice (11), suggesting that IL-4 can
promote the fibrotic-like granulomatous response. Similarly, IL-13
blockade has been shown to ameliorate hepatic fibrosis after Schis-
tosoma mansoni infection (12). Neutralization of IL-13 after bleo-
mycin stimulation ameliorates pulmonary fibrosis as well (28). Fi-
nally, recent studies using animals that overexpressed IL-13 under
control of the Clara cell-specific CC10 promoter demonstrated in-
creased subepithelial cell fibrosis, mucus hypersecretion, and eo-
sinophilic inflammation reminiscent of asthma exacerbations (10).
Further investigations by the same authors demonstrated the ability
of IL-13 to promote transcription and activation of the profibrotic
cytokine TGF-B1 (29), thus suggesting TGF-1 activation as a
central mechanism for the profibrotic effects of 1L-13.

As mentioned above, numerous studies have suggested a profi-
brotic role for these T2 cytokines; however, there have been no
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studies to date to examine the progression of experimental fibrosis
in the complete absence of IL-4 and/or IL-13. We chose to do this
by examining the fibrotic response to FITC in IL-4~'~, IL-137/",
and IL-4/137'~ mice. IL-137/~ and IL-4/13~'~ mice were signif-
icantly protected from FITC-induced pulmonary fibrosis; however,
IL-4~’~ mice were not. The protection in IL-137'~ mice did not
correlate with reduced inflammation. Surprisingly, protection did
not correlate with reduced production of, or responsiveness to,
TGF-f1. Fibroblasts from IL-13~'~ mice produce lower basal lev-
els of collagen than wild-type controls, whereas fibroblasts from
IL-4~'~ mice produced collagen levels equivalent to control val-
ues. IL-13 can stimulate collagen production in both wild-type and
IL-137/~ fibroblasts; however, the overall collagen synthesis in
IL-137'" animals is still lower. IL-13Ra1 expression increases on
fibroblasts during fibrotic responses in vivo. The fact that IL-
137/~ mice are protected from FITC-induced fibrosis despite the
presence of TGF-B1 suggests that IL-13 plays a crucial regulatory
role in determining fibrotic responses in vivo.

Materials and Methods
Mice

IL-4~'" mice bred onto the BALB/c background and control BALB/c mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). The gen-
eration of IL-137'~ (30) and IL-4/137'~ (31) mice has been previously
described. These genotypes were backcrossed onto the BALB/c back-
ground for eight generations and were bred at University of Michigan
under specific pathogen-free conditions. All mice were given food and
water ad libitum and monitored daily by University of Michigan Unit for
Laboratory Animal Medicine veterinary staff. These experiments were ap-
proved by the university committee for the use and care of animals.

FITC inoculation

FITC inoculation was performed as previously described (4). Briefly, mice
were anesthetized with sodium pentobarbital. The trachea was exposed and
entered with a needle under direct visualization. FITC (21 mg; F-7250;
Sigma-Aldrich, St. Louis, MO) was dissolved in 10 ml of sterile PBS,
vortexed extensively, and sonicated for 30 s. This slurry was transferred to
multiuse vials and vortexed extensively before each 50-ul aliquot was
removed for intratracheal injection using a 26-gauge needle.

Lung collagen measurements

Total lung collagen levels were determined by harvesting lungs from mice
on day 21 after FITC or saline administration. Animals were euthanized
and perfused with 3 ml of normal saline before all five lung lobes were
removed and snap-frozen in liquid nitrogen. Before analysis, lungs were
homogenized in 1 ml of normal saline and spun at 2000 rpm for 10 min.
Aliquots of lung homogenate (100 ul) were then assayed for total lung
collagen levels and compared with a standard curve prepared from rat tail
collagen using the Sircol collagen dye binding assay (Accurate, Westbury,
NY) according to the manufacturer’s instructions.

Histology

Animals were euthanized and perfused via the right ventricle with 5 ml of
normal saline. Lungs were inflated with 1 ml of 10% neutral buffered
formalin, removed, and fixed overnight in formalin before being dehy-
drated in 70% ethanol. Lungs were processed using standard procedures
and embedded in paraffin. Three- to 5-um sections were cut, mounted on
slides, and stained with H&E or Masson’s Trichrome Blue for collagen
deposition.

Collagenase digestion to isolate lung leukocytes

Collagenase digestions can be used to analyze both resident and recruited
populations of lung cells found in the alveolar space and interstitium. This
procedure has been optimized to purify lung leukocytes (32). Lungs were
excised, minced, and enzymatically digested for 30 min using 15 ml/lung
of digestion buffer (RPMI 1640, 5% FCS, antibiotics, 1 mg/ml collagenase
(Roche, Chicago, IL), and 30 ug/ml DNase (Sigma-Aldrich)). The cell
suspension and undigested fragments were further dispersed by repeated
passage through the bore of a 10-ml syringe without a needle. The total cell
suspension was pelleted, and any contaminating erythrocytes were elimi-
nated by lysis in ice-cold NH,ClI buffer (0.829% NH,Cl, 0.1% KHCO;, and
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0.0372% Na, EDTA, pH 7.4). The pellet was resuspended in 5 ml of
complete medium (RPMI 1640, 5% FCS, 1% penicillin/streptomycin, and
1% L-glutamine) and dispersed by 20 passages through a 5-ml syringe. The
dispersed cells were filtered through a Nytex filter (Tetko, Kansas City,
MO) to remove clumps. The total volume was brought up to 10 ml with
complete medium. An equal volume of 40% Percoll (Sigma-Aldrich) was
added, and the cells were centrifuged at 3000 rpm for 30 min (room tem-
perature) without a brake. The cell pellets were resuspended in complete
medium, and leukocytes were counted on a hemocytometer in the presence
of trypan blue. Cells were >90% viable by trypan blue exclusion. Cyto-
spins of recovered cells were prepared for differential staining as described
below. In addition, recovered leukocytes were analyzed by flow cytometry.

Lung homogenates

After perfusion of the lungs with 5 ml of normal saline via the right ven-
tricle, individual lung lobes were dissected and homogenized in 1 ml of
PBS containing protease inhibitors (Complete Protease tablets; Roche,
Manheim, Germany). Cellular debris was removed by centrifugation at
3000 rpm for 10 min. Aliquots of lung homogenate were then assayed by
specific ELISA for cytokines. In some experiments lipids were extracted
from lung homogenates using Sep-Pak cartridges (Waters, Milford, MA) as
previously described (33). Eicosanoids were then measured by specific
enzyme immunoassay (EIA)? kits obtained from Cayman Chemicals (Ann
Arbor, MI).

Differential staining

Cytospins of collagenase digestions were made by centrifuging 50,000
cells onto microscope slides using a Cytospin 3 (Shandon, Astmoore,
U K.). The slides were allowed to air-dry and were stained using a modified
Wright-Giemsa (WG) stain. For WG staining, the slides were fixed/
prestained for 2 min with a one-step, methanol-based WG stain (Harleco;
EM Diagnostics, Gibbstown, NJ), followed by steps 2 and 3 of the Diff-
Quik whole blood stain (Diff-Quik; Baxter Scientific, Miami, FL). This
modification of the Diff-Quik stain procedure improves the resolution of
eosinophils from neutrophils in the mouse. A total of 300 cells was counted
from randomly chosen high power microscope fields for each sample. The
differential percentage was multiplied by the total leukocyte number to
derive the absolute numbers of monocyte/macrophages, neutrophils, and
eosinophils per sample.

FACS analysis

Lung cells (1 X 10°) from the collagenase digestions of individual animals
were incubated for 15 min on ice in Fc block (BD PharMingen, San Diego,
CA) before washing and centrifugation. Cells were stained in a 100-ul total
volume with 1 pg of combinations of the following Abs (obtained from BD
PharMingen unless otherwise noted): CD45 (YW62.3; Caltag Laborato-
ries, Burlingame, CA), CD4 (RM4-4), CD8 (53-6.7),CD19 (1D3), or DXS.
Stained samples were stored in the dark at 4°C until being analyzed on a
flow cytometer (FACScan; BD Biosciences, Mountain View, CA). All
samples were stained with CD45 to identify a leukocyte-specific gate. The
absolute number of a type of leukocyte in the lungs was determined as the
percentage of that cell type multiplied by the total number of cells (leu-
kocytes) in the lung collagenase digestion.

Lung leukocyte culture

Lung leukocytes purified by collagenase digestion were cultured at 5 X
10°/ml in complete RPMI 1640 medium containing 10% FCS, 1% peni-
cillin-streptomycin, and 1% L-glutamine. Cell-free supernatants were col-
lected after 24 h of culture and were analyzed by ELISA for production of
cytokines.

ELISA and EIA

Measurements of IL-4, monocyte chemotactic protein-1 (MCP-1), IFN-vy,
and IL-10 were performed on culture supernatants and lung homogenates
using Opti-EIA kits from BD PharMingen according to the manufacturer’s
instructions. IL-13 ELISAs were purchased from R&D Systems (Minne-
apolis, MN). Sensitivity ranged from 2—10 pg/ml at the lower limit. Lung
homogenates were analyzed by EIA for the production of PGE,, cysteinyl
leukotrienes, and leukotriene B, using commercially available kits from
Cayman Chemicals.

3 Abbreviations used in this paper: EIA, enzyme immunoassay; MCP-1, monocyte
chemotactic protein-1; PAI-1, plasminogen activator inhibitor-1; aSMA, a-smooth
muscle actin; WG, Wright-Giemsa.
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Plasminogen activator inhibitor-1 (PAI-1)/luciferase assay for
TGF-B1

PAIL cells (mink lung epithelial cells (MLECs-clone 32) stably transfected
with an 800-bp fragment of the 5’ end of the human PAI-1 gene fused to
the firefly luciferase reporter gene in a pl9LUC-based vector containing
the neomycin resistance gene from pMAMneo; a gift from Dr. D. Rifkin,
Department of Cell Biology, New York University, New York, NY) were
maintained in DMEM supplemented with 10% FCS, penicillin (100 U/ml),
streptomycin (100 mg/ml), L-glutamine, and G418 (geneticin effective con-
centration, 200 wg/ml). To perform the assay, cells were plated at 1 X 10°
cells/well in a six-well plate. The following day, medium was replaced
with DMEM supplemented with 0.1% BSA, penicillin (100 U/ml), strep-
tomycin (100 mg/ml), L-glutamine, and G418. Then, 250 ul of lung ho-
mogenate or recombinant TGF-B1 was added to each well. After a 24-h
incubation, medium was removed, cells were rinsed with PBS, and 400 ul
of cell lysis buffer (Promega, Madison, WI) was added to each well. Cells
were scraped and transferred to a microcentrifuge tube placed on ice. After
all samples were collected, tubes were vortexed and spun at 12,000 X g for
15 s at room temperature. Supernatants were transferred to a new tube and
assayed using the Promega Luciferase Assay System according to the man-
ufacturer’s directions. To prepare lung homogenates, one set of lungs was
dissolved in 2 ml of PBS containing protease inhibitors. For measurements
of active TGF-B1, 250 ul of lung homogenates were used neat. To deter-
mine total TGF-B1 activity, 250 ul of lung homogenate was incubated with
3.3 wl of 12 N HCI for 10 min at room temperature, followed by the
addition of 3.5 ul of 12 N NaOH. Samples were vortexed and added im-
mediately to the PAIL cells.

Fibroblast isolation

Lungs were perfused free of blood, and individual lung lobes were re-
moved to a petri dish. Using sterile technique, lung lobes were finely
minced with scissors, and the lung mince was cultured for 10-14 days in
complete DMEM containing 10% FCS and 1% penicillin-streptomycin.
Fibroblasts were passaged by trypsinization when they reached 70% con-
fluence and were always used before the third passage. To insure that there
was no leukocyte contamination in fibroblast cultures that were to be stim-
ulated with cytokines, cells were stained with anti-CD45 Abs coupled to
magnetic beads (Miltenyi Biotech, Auburn, CA), and the CD45-deficient
cells were negatively selected as the column flow-through (SuperMacs col-
umns; Miltenyi Biotec).

mRNA analysis

Total mRNA was prepared using TRIzol reagent (Life Technologies,
Gaithersburg, MD) according to the manufacturer’s instructions. TGF-B1,
TGF-B2, and TGF-B3 mRNA levels were determined using RNase pro-
tection assays (RiboQuant; BD PharMingen, San Diego, CA) according to
the manufacturer’s instructions. IL-13Ral expression was determined by
RT-PCR using the Promega Access RT-PCR kit according to the manu-
facturer’s instructions. Primer sequences were as follows: IL-13Ral sense,
GAATTTGAGCGTCTCTGTCGAA; IL-13Ral antisense, GGTTATGC
CAAATGCACTTGAG; B-actin sense, GTGGGGCTCCCCAGGCACCA,;
and B-actin antisense, GCTCGGCCGTGGTGGTGAAGC.

Western blotting

Cells were grown to 85-95% confluence and serum-starved for 24—48 h in
35-mm dishes. Cultures were exposed to treatments for 24 h, then were
washed with ice-cold PBS, and 200 ul of cold RIPA lysis buffer (1% (w/w)
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M
NaH,PO,, 0.02 M EDTA, 0.05 M NaF, 0.002 M NA;VO,, and a 1/100
dilution of Protease Cocktail Set II (Calbiochem-Novabiochem, San Diego,
CA)) was added to each sample. After a 2-min incubation on ice, the lysed
sample was collected. Lysis samples were assayed for total protein con-
centration using the DC Protein Assay (Bio-Rad, Hercules, CA). Equal
amounts of protein from each experimental condition were mixed with a
1:5 (v/v) ratio of 6X electrophoresis sample buffer (0.2 M EDTA, 40 mM
DTT, 6% SDS, and 0.6 mg/ml pyronin, pH 6.8) and boiled for 7 min.
SDS-PAGE was performed using a 4—12% polyacrylamide gradient gel.
Protein samples were electrophoretically transferred to polyvinylidene di-
fluoride membrane (Immobilon-P; Millipore, Bedford, MA) and incubated
with 5% nonfat milk and 0.1% Tween 20, pH 7 4, for at least 1 h. Collagen
was detected using a 1/500 dilution of purified rabbit anti-mouse collagen
type I (Cedarlane Laboratories, Hornby, Ontario, Canada) in 5% nonfat
milk and 0.1% Tween 20 for 1 h, followed by two washes with PBS-Tween
(0.1% Tween). The secondary Ab was an HRP-coupled goat anti-rabbit Ab
(ImmunoPure Goat Anti-Rabbit IgG, (H+L) peroxidase conjugated;
Pierce, Rockford, IL) used at a 1/10,000 dilution in 5% nonfat milk and

IL-13, BUT NOT IL-4, PROMOTES FITC-INDUCED FIBROSIS

0.1% Tween 20, incubated for 1-2 h. The blot was then washed five times
with PBS-Tween (0.1% Tween) before incubation with SuperSignal West
Pico chemiluminescence substrate (Pierce) for 5 min and exposed to
chemiluminescent-sensitive Kodak X-OMAT AR film (Eastman Kodak,
Rochester, NY). For other experiments, a-smooth muscle actin («SMA)
was detected after electrophoresis and transfer of a 4-20% polyacrylamide
gradient gel using a monoclonal primary Ab (clone 1A4; DAKO, Carpin-
teria, CA) diluted 1/1000 in blocking buffer, followed by detection with an
HRP-coupled secondary Ab (ImmunoPure goat anti-mouse IgG, (H+L)
peroxidase conjugated; Pierce) diluted 1/10,000. In most experiments lanes
represent cells pooled from three individual animals. Equal protein loading
in each lane was confirmed by stripping the blots and reprobing them with
anti-a-tubulin Ab (Sigma-Aldrich).

TGF-BI responsiveness

Fibroblast responsiveness to TGF-B1 was measured in two ways. First,
fibroblasts were serum-starved for 24 h before incubation with 2 ng/ml
TGF-B1 for 24 h. Cells were then analyzed for collagen synthesis by West-
ern blot analysis as described. TGF-B1 stimulates collagen synthesis in
fibroblasts. Additionally, TGF-B1 signaling capacity was analyzed by
transfecting fibroblast cultures with a reporter plasmid carrying a TGF-£1-
responsive promoter (p3TP-LUX; a gift from Dr. J. Massague, Memorial
Sloan-Kettering Cancer Center, Howard Hughes Medical Institute, New
York, NY). Four million fibroblasts were transfected with 10 ug of plasmid
DNA via electroporation at 250 V and 960 uF using a Gene Pulser (Bio-
Rad). Transfected cells were then split into two cultures. Cultures were
maintained in complete medium for the first 24 h posttransfection. Cultures
were switched to serum-free medium containing 0.1% BSA with or without
10 ng/ml TGF-B1 for an additional 24 h before luciferase activity was
measured in cell lysates. Results are reported as the fold induction of TGF-
B1-stimulated luciferase activity over nonstimulated levels.

Statistics

Statistical significance was analyzed using the InStat 2.01 program (Graph-
Pad, San Diego, CA) on a Power Macintosh G3. Student’s 7 tests were run
to determine p values when comparing two groups. When comparing three
or more groups, ANOVA was performed with a post-hoc Bonferroni test to
determine which groups showed significant differences. A value of p <
0.05 was considered significant.

Results
IL-4 and IL-13 are induced after FITC challenge

To determine whether IL-4 and IL-13 are induced in the lung in
response to FITC challenge, lung leukocytes were prepared from
BALB/c mice on days 0, 7, 14, and 21 post-FITC challenge and
cultured at 5 X 10%ml in the presence or the absence of 5 wg/ml
Con A for 24 h before harvest. IL-4 and IL-13 production were
measured in cell-free supernatants using specific ELISAs. 1L-13
was readily detectable in supernatants from lung leukocytes and
remained elevated compared with baseline secretion measured
from leukocytes purified from untreated mice throughout days
7-21 (Fig. 1). IL-4 was also elevated compared with baseline, but
was present at much lower levels than IL-13. Stimulation of the
lung leukocytes with Con A increased the production of both cy-
tokines. IL-4 levels were stimulated ~4- to 5-fold at all time
points, whereas IL-13 levels were stimulated 20- to 30-fold by Con
A at all time points (not shown). Thus, IL-4 and IL-13 are both
produced by lung leukocytes after FITC challenge; however, IL-13
is induced to a much greater extent.

IL-137'" and IL-4/137'" mice, but not IL-4~'~ mice, are
protected from FITC-induced pulmonary fibrosis

To determine whether the production of IL-4 and/or IL-13 was
regulating the development of pulmonary fibrosis, we injected
BALB/c, IL-137/7,IL-47/~, and IL-4/13"/~ mice with either sa-
line or FITC intratracheally on day 0. On day 21 postchallenge,
mice were euthanized, and lungs were analyzed for collagen con-
tent as a surrogate measure of fibrosis. Baseline (saline-chal-
lenged) levels of lung collagen were not statistically different in
any of the four genotypes tested (Fig. 2). After FITC challenge,
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FIGURE 1. IL-13 and IL-4 are produced in the lung in response to FITC
challenge. Mice were injected on day O with FITC. On days 0, 7, 14, and
21 post-FITC, lungs were harvested, and lung leukocytes were purified via
collagenase digestion. Leukocytes were cultured at 5 X 10°ml for 24 h
before cell-free supernatants were collected and measured by specific
ELISA for IL-4 and IL-13. Values represent the mean = SEM for samples
from four individual mice. Data are representative of two identical
experiments.

BALB/c mice develop fibrosis, as measured by increased deposi-
tion of collagen similar to what has been reported previously (3).
Similarly, the IL-4~'~ mice showed no protection from the devel-
opment of pulmonary fibrosis. In contrast, mice deficient in IL-13
or mice deficient in both IL-4 and IL-13 showed protection from
the development of FITC-induced fibrosis that was statistically
significant. There was no additive protection seen in the mice that
were deficient in both IL-4 and IL-13 compared with the mice
deficient in IL-13 alone.

We confirmed that leukocytes from IL-4~'~ mice produced
IL-13 at levels similar to those in wild-type mice at all time points
after FITC challenge. Leukocytes from IL-4~'~ mice made 58 +
21 pg/ml IL-13 on day 7 post-FITC, 102 * 14 pg/ml IL-13 on day
14 post-FITC, and 66 = 7 pg/ml IL-13 on day 21 post-FITC (n =
4). These levels are similar to those measured in BALB/c lung
leukocytes after FITC administration (Fig. 1).

The results of the collagen assay were confirmed by examining
histology from FITC-treated mice of the four genotypes. Histo-
logic sections were obtained from mice on day 21 post-FITC and
were stained with H&E to identify inflammatory cells and with
Masson’s Trichrome to visualize mature collagen deposition. Both
BALB/c and IL-4~'~ mice show evidence of dense consolidation
and fibrosis, whereas the IL-137'~ and IL-4/137/~ mice showed
only isolated areas of inflammation and consolidation (Fig. 3).

Magnitude of inflammatory response is similar in all genotypes

To determine the degree of inflammation seen in the four geno-
types after FITC administration, mice were injected with FITC on
day 0 and harvested for collagenase digestion on days 7, 14, and 21
post-FITC. Total cell numbers were enumerated and compared
with cell numbers from collagenase digestions of untreated mice
(day 0). All genotypes of mice tested showed cellular influx to the
lung in response to FITC inoculation. The inflammatory response
was maximal on day 7, but remained slightly elevated on days 14
and 21 post-FITC (Fig. 4A). There was no statistical difference in
the magnitude of the inflammatory response between any of the
groups of mice tested. Thus, the protection seen in the IL-137/~
and IL-4/137'~ mice could not be attributed to diminished
inflammation.
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FIGURE 2. IL-137'" mice, but not IL-4 ™/~ mice, are protected from
FITC-induced pulmonary fibrosis. Mice of all four genotypes were injected
with FITC or saline on day 0. On day 21 postchallenge, lungs were har-
vested, and collagen content was measured by the Sircol assay to determine
lung fibrosis. The level of collagen in saline-treated lungs was similar for
all four genotypes (H). After FITC challenge ([J), the levels of collagen
increased dramatically in BALB/c and IL-4~/~ mice. However, IL-137/~
and TL-4/137/~ mice were significantly protected from FITC-induced fi-
brosis compared with BALB/c mice (p = 0.01 for both IL-137/~ and
IL-4/137'~ compared with BALB/c). Values represent the mean = SEM of
eight animals per group and are representative of three experiments.

Eosinophilia does not correlate with fibrotic outcome

To determine the composition of the inflammatory cells that were
recruited in the four genotypes of mice, leukocytes purified from
collagenase digests were subjected to differential and flow cyto-
metric analysis to determine cellular phenotype. Fig. 4B represents
data from day 7 post-FITC, the peak of the inflammatory response.
These data demonstrate that BALB/c mice develop marked eosin-
ophilia in response to FITC challenge on day 7 postinoculation.
The eosinophilia is transient and is gone by day 14 post-FITC (not
shown). Interestingly, the IL-137/7, IL-4~/7, and IL-4/137/~
mice all showed reduced eosinophilia on day 7 despite the fact that
the IL-4~'~ mice were not protected from fibrosis. We conclude
that the genetic disruption of the T2 cytokines inhibits the devel-
opment of transient eosinophilia in response to fibrotic challenge;
however, the absence of eosinophils does not correlate with pro-
tection from fibrosis. To determine whether there were any differ-
ences in the composition of the lymphocytes that were recruited to
the lung after FITC challenge, we subjected the collagenase-di-
gested leukocytes to flow cytometric analysis. There was no sta-
tistical difference in the number of B, NK, y8 T, CD4" o T, or
CD8" af T cells within the lungs of any of the genotypes tested
(not shown). Similarly, there were no significant differences in the
composition of the inflammatory response among the various ge-
notypes when tested on day 14 or 21 post-FITC (not shown).

Number of fibroblasts cultured from lung minces is similar in all
four genotypes

To determine whether there were differences in the numbers of
fibroblasts present in the lungs of FITC-treated mice, lung minces
were prepared from mice of all four genotypes on day 7 post-FITC,
the peak of inflammation. Lung minces from individual mice (n =
4) were cultured for 14 days and total numbers of mesenchymal
cells were enumerated. BALB/c mice contained an average of
2.4 * 0.5 million fibroblasts. IL-13~/~ mice contained 2.8 * 0.5
million, IL-4/137/" mice contained 2.5 = 0.6 million, and IL-
47'~ mice contained 2.8 * 0.3 million fibroblasts/lung. There
were no statistical differences in the number of fibroblasts grown
from lung minces of the different genotypes at any time point
tested between days 0 and 21.
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FIGURE 3. IL-137" and IL-4/13"'" mice have less histologic evi-
dence of fibrosis than do BALB/c or IL-4 '~ mice after FITC challenge.
Mice of all four genotypes were injected on day O with FITC. On day 21,
lungs were harvested for histological analysis. Panels on the left represent
H&E staining of lung sections for all four genotypes. Panels on the right
represent Masson’s Trichrome staining, where the blue coloration indicates
areas of collagen deposition. Panels shown are representative of the his-
tology seen in six individual mice.

Neither T1 cytokine profiles nor eicosanoid differences correlate
with protection from FITC-induced fibrosis

We were next interested in determining whether there were notable
differences in the profiles of eicosanoids or cytokines made in re-
sponse to FITC in the susceptible vs resistant genotypes. Mice of
all four genotypes were injected with FITC on day 0. On day 3 or
7 post-FITC, lungs were harvested, and lung homogenates were
analyzed for cytokine levels by specific ELISA. Table I describes
the levels of IFN-vy, IL-10, and MCP-1 that were present in the
lungs of each genotype. There were no significant differences in
the levels of IL-10 or MCP-1 present in the lungs of the four
genotypes of mice. Interestingly, the level of IFN-y was signifi-
cantly greater in the BALB/c lungs than in the other three geno-
types (p < 0.01); however, there was no statistical difference be-
tween the protected IL-13-deficient mice and the susceptible IL-
47"~ mice. Furthermore, when IFN-y was measured in leukocyte
supernatants of cells purified from lungs on day 7 postfibrotic in-
sult, there were no significant differences noted (BALB/c lung leu-
kocytes secreted 790 £ 293 pg/ml compared with 1176 = 506
pg/ml from IL-4~'~ leukocytes and 715 + 177 pg/ml from IL-
137/~ leukocytes; n = 4.) Thus, IFN-y production does not cor-
relate with protection.

Our previous studies have demonstrated that endogenous leu-
kotrienes can promote fibrotic responses within the lung (7). Like-
wise, endogenous PGs can limit fibrotic responses (33, 34). There-
fore, we next questioned whether the levels of leukotrienes and
PGs were different in the four genotypes of mice post-FITC. Mice
of all four genotypes were injected with FITC on day 0. On day 7,
lungs were harvested and homogenized, and lipids were extracted
using Sep-Pak cartridges. Table I details the levels of cysteinyl
leukotrienes, LTB,, and PGE, that were measured in each geno-
type on day 7. Despite the fact that T2 cytokines have been re-
ported to modulate eicosanoid production (35—44), there were no
differences that could account for the pattern of protection seen in
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FIGURE 4. Protection in IL-137'~ mice cannot be explained by differ-
ences in inflammatory cell numbers or subtypes. A, Mice of all four ge-
notypes were injected with FITC on day 0. On days 0, 7, 14, and 21, lungs
were harvested for collagenase digestion and leukocyte purification (n = 4
mice/group). Day 7 is the peak of inflammation for all genotypes, but
leukocyte cell numbers remain elevated throughout day 21 in all groups.
There are no statistical differences between the number of inflammatory
cells present within the lungs of the different mice at any of the time points
tested. Data are representative of three identical experiments. B, Purified
leukocytes on day 7 post-FITC were subjected to differential staining and
analysis to identify leukocyte subpopulations. BALB/c mice show a tran-
sient eosinophilia (p < 0.05) on day 7 post-FITC that is absent in the
T2-deficient genotypes. Flow cytometric analysis of the lymphocyte pop-
ulation identified no statistical differences in B, CD4™ T,CD8" T, ydT, or
NK cell numbers. This experiment was repeated twice with similar results.

the various genotypes. Thus, differences in eicosanoid profiles do
not correlate with protection in these genotypes.

IL-137"" mice do not have diminished levels of TGF-81

TGF-B1 is a critical profibrotic cytokine that is known to be able
to induce fibrotic responses within the lung (45). It has been well
documented that TGF-B1 can induce the transformation of fibro-
blasts to myofibroblasts (46—50) and can increase the production
of extracellular matrix components in fibroblasts (51, 52). Recent
work using IL-13-overexpressing mice has suggested that 1L-13
exerts its profibrotic effects via increasing both the transcription
and the activation of TGF-B1 (29). Therefore, we wanted to de-
termine the level of TGF-B1 expression in IL-137'" and IL-4/
137/~ mice. For these analyses, BALB/c, IL-137/7, and IL-4/
137/~ mice were injected with FITC on day 0. On days 0, 3,7, 14,
and 21 post-FITC, lungs were harvested for RNA analysis of
TGF-p isoforms or were homogenized and assayed for TGF-£1
bioactivity using PAIL cells. Fig. 5A demonstrates the levels of
total (acid-treated) TGF-B1 activity detected in lung homogenates
from the various genotypes after FITC. There were no statistical
differences between any of the strains. Likewise, when active
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Cytokines
Genotypes IFN-vy (pg/ml) IL-10 (pg/ml) MCP-1 (ng/ml) LTB, (pg/ml) CysLT (pg/ml) PGE, (pg/ml)
BALB/c 9405 129 = 11 1403 43+03 9.8 2.1 12703
IL-4~"~ 58 +0.1 11234 1.1 04 37x04 11.6 £33 206 £09
IL-137/7 4305 99 x2 1903 38*1 115+25 1.7*x0.7
IL-4/137"~ 29+03 11204 12+03 29+03 82 0.1 4=*1

“Mice of all four genotypes were injected with FITC on day 0. On day 3 or 7 post-FITC, lungs were harvested. Lungs were homogenized and aliquoted. Cytokine
measurements were made by ELISA. In other aliquots, lipids were extracted before levels of leukotrienes and eicosanoids were measured by specific EIA. All mediators were
measured on day 7 post-FITC, except for MCP-1, which was measured on day 3, because our earlier experiments suggest that this mediator peaks between days 1 and 3 post-FITC
(3). Data represent analysis of at least four mice per group and are representative of two experiments. LTB,, Leukotriene B,; CysLT, cysteinyl leukotriene.

TGF-B1 was analyzed by bioassay in non-acid-treated samples
(Fig. 5B), the levels paralleled the pattern seen in total TGF-£1
activity, and there were no statistical differences between the
groups. Similarly, the mRNA levels were not statistically different
for TGF-B1, TGF-B2, and TGF-£3 when analyzed by RNase pro-
tection assay (Fig. 5C) on day 7. Additionally, RT-PCR analysis of
TGF-B1 expression in lungs on day 14 post-FITC are not different
(Fig. 5D). Thus, IL-137/~ mice are protected from FITC-induced
pulmonary fibrosis despite abundant levels of TGF-£1.

TGF-BI responsiveness is intact in IL-13-deficient fibroblasts

We next determined whether the responsiveness to TGF-81 was
diminished in IL-13-deficient fibroblasts. To ascertain whether
TGF-B1 signaling pathways were functional in IL-137'" fibro-
blasts, cells were grown from lung minces of unchallenged
BALB/c and IL-137'" mice. Four million primary fibroblasts
pooled from three mice of each genotype were transiently trans-
fected with the p3TP-LUX plasmid, which contains a TGF-B1-
responsive promoter driving a luciferase reporter gene. Trans-
fected cells were split into equal aliquots, and half were treated
with 10 ng/ml TGF-B1. Cellular lysates were then analyzed for
luciferase activity. TGF-B1 induced a 7.4 *= 2.2-fold increase in
luciferase activity in BALB/c fibroblasts compared with a 15.2 *
4 8-fold increase in IL-13~/~ fibroblasts (n = 3; p = NS). Thus,
there was no deficiency in TGF-S1 signaling in the IL-137/~ fi-
broblasts. TGF-1 is well known to up-regulate collagen synthesis
in fibroblast cultures; thus, we tested the effect of TGF-B1 on col-
lagen production in BALB/c and IL-13"/~ fibroblasts. Fig. 6A
demonstrates that TGF-B1 augments the production of collagen I
in BALB/c fibroblasts. Fig. 6B demonstrates that TGF-£1 is sim-
ilarly able to augment collagen I production from IL-13-deficient
fibroblasts. These data suggest that there are no defects in TGF-S1
signaling in fibroblasts from IL-13-deficient mice.

Myofibroblasts from IL-13~'~ mice are deficient in collagen 1
expression

We next addressed whether the overall production of collagen was
different among fibroblasts purified from the four genotypes of
mice. Fibroblasts were grown from pooled lung minces (n = 3) of
the four strains of mice as described in Materials and Methods.
After 13 days of culture, cells were adhered to 35-mm dishes and
were then serum-starved for 24 h. Some dishes of cells were
treated with IL-13 at 10 ng/ml or were maintained in serum-free
medium for an additional 48 h. Cellular lysates were prepared and
analyzed for collagen I production by Western blot. Fig. 7A dem-
onstrates that IL-13~/~ and IL-4/13"/ fibroblasts from unchal-
lenged mice produce lower levels of collagen I compared with
BALB/c mice when equal amounts of protein from the cultures are
compared. Densitometry of multiple experiments showed the pro-
duction of collagen I by IL-13~/~ fibroblasts was reduced 60-90%

compared with that by BALB/c fibroblasts. This was also true
when fibroblasts were isolated from day 7 FITC-treated mice (not
shown). In contrast, fibroblasts from IL-4~'~ mice produced
equivalent collagen levels (never >12% different by densitometry)
compared with BALB/c controls (Fig. 7B). Fig. 7C demonstrates
that IL-13 could augment the production of collagen in both
BALB/c and IL-137/ fibroblasts. However, because of the over-
all lower levels of collagen at baseline in the IL-13"/~ mice, even
stimulated levels of collagen production were lower. Thus, an
overall diminished production of collagen in the IL-13~/" mice is
probably responsible for the protection from fibrosis seen in these
mice in vivo.

IL-13Ral expression increases on fibroblasts during fibrotic
responses

Our data demonstrate that IL-13 is a potent profibrotic cytokine
that drives the production of collagen I from fibroblasts. Therefore,
we hypothesized that IL-13R expression might increase on fibro-
blasts during fibrotic processes in vivo. We examined the expres-
sion of the high affinity, signal-transducing IL-13Ral chain on
fibroblasts purified from wild-type mice at various time points
post-FITC challenge. Fibroblasts were grown out of lung minces
started on days 0, 1, 3, 7, 10, and 14 post-FITC. Fibroblasts were
allowed to grow for 14 days in culture before RNA was harvested
and analyzed by RT-PCR for the expression of IL-13Ral. The
levels of mRNA for IL-13Ral were increased by days 10 and 14
during the fibrotic response, a time point that correlates well with
in vivo fibroproliferation post-FITC. We were unable to identify
transcripts for IL-13Ra2 in these same cells by RT-PCR (not
shown). Thus, fibroblast IL-13Ra1 expression increases during fi-
brotic processes in vivo, and the profibrotic effects of IL-13 on
collagen I production are probably amplified.

Discussion

IL-137/", but not IL-4~'~, BALB/c background mice are pro-
tected from FITC-induced pulmonary fibrosis. There is no additive
protection in IL-4/137/" mice; thus, IL-4 does not substitute for
the functions of IL-13 in this model. The protection in IL-13-
deficient mice is not attributable to changes in inflammatory cell
recruitment, inflammatory cell composition, fibroblast numbers,
cytokine profiles, eicosanoid profiles, or TGF-B1 activation or sig-
naling. Rather, the protection seen in IL-13-deficient mice is re-
lated to the collagen synthesis phenotype of the fibroblasts. Fibro-
blasts from IL-137'~ and IL-4/13/~ mice produce less collagen
I than wild-type cells both at baseline and after FITC challenge.
The expression of IL-13Ral increases on fibroblasts during fi-
brotic responses in vivo. Thus, fibrotic protection in IL-137/~
mice can be attributed to the lack of IL-13 activation of collagen
secretion in fibroblasts from those animals. IL-137/" animals are
protected from fibrosis despite the presence of TGF-1; thus, these
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FIGURE 5. Levels of TGF-B1 in IL-13-deficient mice are not reduced
compared with those in BALB/c mice. A, Mice were injected with FITC on
day 0. On the indicated days post-FITC, lung homogenates were prepared
in a total volume of 2 ml; 250 ul of the lung homogenate was acid-treated,
then neutralized to activate latent TGF-1 within the sample. These lung
homogenates were then analyzed in a bioassay for TGF-S1 activity (PAIL
cell assay). Levels of TGF-B1 rose post-FITC; however, there were no
differences seen in the levels of total TGF-B1 measured between the sus-
ceptible BALB/c mice and the protected IL-13-deficient mice. B, When
active TGF-B1 was measured from non-acid-treated lung homogenates, the
levels were lower, but showed the same trends in all samples. Data in A and
B represent the mean = SEM for three animals per group measured in
duplicate and are representative of two similar experiments. C, Mice were
treated with FITC on day 0. On day 7, lungs were removed, and total lung
RNA was analyzed for TGF-B1, -B2, and -B3 isoform expression by
RNase protection analysis. Each lane represents RNA pooled from three
lungs per group and represents two similar experiments. D, RT-PCR anal-
ysis for TGF-B1 in whole lung RNA isolated on day 14 post-FITC. Each
lane represents RNA pooled from three lungs per group. The data shown
represent two similar experiments.

results suggest that in vivo IL-13 plays an obligatory role in driv-
ing collagen production from fibroblasts.

Our studies involve IL-13- and IL-4/13-deficient mice. Previous
studies involved transgenic mice overexpressing IL-13. These
overexpression studies demonstrated that IL-13 increased subepi-
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FIGURE 6. There are no defects in TGF-f1 responsiveness in IL-13-
deficient fibroblasts. Fibroblasts were grown out of tissue minces (n = 3)
of unchallenged BALB/c (A) or IL-137/" and IL-4/13""~ (B) mice for 13
days. On day 13, fibroblasts were lifted by trypsin digestion and plated at
equal confluence in 35-mm dishes. Cells were then serum-starved for 24 h
before medium was changed, and cells were incubated for an additional
24 h in the presence of serum-free medium (SFM) or 2 ng/ml TGFpI.
Cellular lysates were prepared, and equal amounts of protein were loaded
onto polyacrylamide gels for analysis of collagen I by Western blot. The
blot in B was exposed for a longer period of time so that the unstimulated
levels of collagen would be similar in A and B. The experiments were
repeated four times with similar results.

thelial cell fibrosis, mucus hypersecretion, and eosinophilic in-
flammation reminiscent of changes associated with asthma and
airway remodeling (10). Further investigations demonstrated that
IL-13 increased the transcription and activation of TGF-£1 (29),
thus suggesting that activation of TGF-81 was a central mecha-
nism for the profibrotic effects of IL-13. These experiments clearly
demonstrated that overexpression of IL-13 (in the absence of a
fibrotic stimulus) was associated with fibrotic changes in the lung.
Our results confirm a crucial role for IL-13 in mediating fibrotic
responses, but demonstrate a different mechanism from that found
in earlier studies. IL-137/~ mice are significantly protected when
administered a fibrotic challenge. Interestingly, these 1L-137/~
mice are protected from FITC-induced pulmonary fibrosis despite
abundant production of TGF-B1. Our results show that there were
no differences in the levels of transcription of TGF-B1, TGF-£2, or
TGF-B3 among any of the genotypes tested at any time point. No
differences in the levels of active or latent TGF-£1 were detected
in lung homogenates of any of the genotypes at any time point
analyzed, and no differences in TGF-B1 signaling were identified.
Thus, in this model, IL-13~/~ mice do not show a defect in their
ability to transcribe and activate this profibrotic cytokine. We pro-
pose that IL-13 plays a dominant, non-TGF-B1-dependent role in
the regulation of fibroblast extracellular matrix production.

Our previous work has demonstrated that 5-lipoxygenase prod-
ucts of arachidonic acid metabolism (leukotrienes) are profibrotic
molecules in pulmonary fibrosis (7), whereas the cyclooxygenase
products of arachidonic acid metabolism (PGs) are protective lipid
mediators in fibrotic responses (33, 34). T2 cytokines can influence
the expression of enzymes regulating arachidonic acid metabolism
(35—44). Table I demonstrates that the expression of cysteinyl leu-
kotrienes, leukotriene B,, and PGE, are similar despite the geno-
type of the mouse tested. Similar patterns of expression were seen
on days 14 and 21 post-FITC as well (not shown). Thus, altered
eicosanoid generation could not account for the protection in
IL-137'" mice.

Fibrotic diseases in the lung have been attributed to alterations
in the balance of T1 vs T2 cytokines (53-55). Diseases such as
asthma and fungal infections, which can develop fibrotic conse-
quences, are often characterized by the overproduction of T2 rel-
ative to T1 cytokines. Thus, one possibility for the protection seen
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FIGURE 7. Fibroblasts from IL-13-deficient mice produce lower levels
of collagen I than wild-type fibroblasts. Fibroblasts were grown for 13 days
from lung minces of unchallenged mice as described in Materials and
Methods. Equal numbers of cells were plated in 35-mm dishes and allowed
to adhere overnight. The following day, the cells were placed into serum-
free medium for 24—48 h before cellular lysates were made and analyzed
for collagen I (col I) or aSMA expression by Western blot. A, Comparison
of wild-type BALB/c (B) cells to cells from IL-137/~ and IL-4/137/~
strains. B, Comparison of fibroblasts from BALB/c mice to those from
IL-4~'~ mice. C, Comparison of the production of col I and a-SMA from
BALB/c or IL-137/" fibroblasts treated with serum-free medium or 10
ng/ml IL-13 for 48 h. In all wells data represent analysis of cells pooled
from three mice. Data are representative of at least three independent
experiments.

in IL-13-deficient mice was that the fibrotic protection was due to
a compensatory overproduction of T1 cytokines such as IFN-vy.
However, no clear pattern of elevated IFN-vy could be identified in
the protected IL-137'~ and IL-4/137/~ mice at any time point
post-FITC.

Fibroblasts, specifically myofibroblasts, are the cell type respon-
sible for the pathologic consequences of excess matrix production
during fibrosis (50). Fibroblasts grown from lung minces in com-
plete medium phenotypically resemble myofibroblasts, as evi-
denced by the high level expression of aSMA. IL-13- and IL-4/
13-deficient cells produced less collagen I despite having
equivalent levels of aSMA. These data suggest that IL-13 does not
regulate myofibroblast differentiation, but, rather, regulates the ef-
fector function of these myofibroblasts in situ. One possibility to
explain this finding is that fibroblasts from IL-13-deficient mice
failed to express receptors for TGF-S1 or IL-13. However, our
results suggest that the fibroblasts from IL-13-deficient mice are
fully capable of responding to both TGF-f1 and IL-13 in vitro by
increasing collagen I production. Diminished matrix production in
IL-137'~ fibroblasts cannot be attributed to decreased fibrotic li-
gand responsiveness, but, rather, results from an absence of fibrotic
ligand (IL-13) expression. Additionally, our data from wild-type
mice demonstrate that IL-13Ra1 expression increases on fibro-
blasts/myofibroblasts throughout the progression of fibrotic dis-
ease (Fig. 8). Given that our data in Fig. 7 demonstrate that IL-13
is a potent inducer of extracellular matrix secretion in fibroblasts,
increased receptor expression during fibrotic responses is likely to
have important pathogenic consequences. Increased receptor ex-
pression probably leads to increased signaling, and thus the cycle
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FIGURE 8. Expression of IL-13Ral increases on fibroblasts during fi-
brotic responses in vivo. BALB/c mice were injected with FITC on day 0.
Ondays 0, 1,3,7, 10, and 14 post-FITC, lungs were harvested and minced,
and fibroblasts were grown out of the lung minces for 14 days before total
RNA was prepared and analyzed for IL-13Ral expression by RT-PCR.
Each lane represents combined RNA from three animals per time point.
Data are representative of two similar experiments.

of IL-13-driven matrix production would be expected to be
amplified.

Our data are the first to demonstrate that signaling pathways
leading to aSMA expression and collagen I expression are distinct.
Previous studies have suggested that the increased collagen pro-
duction in fibrotic responses is due to the increased synthesis of
collagen by myofibroblasts (56). IL-13~/~ fibroblasts are deficient
in collagen I synthesis despite equivalent levels of aSMA expres-
sion. Furthermore, this observation suggests that neutralization of
IL-13 may still be beneficial in fibrotic disorders where myofibro-
blast recruitment/proliferation is already underway.

In conclusion, our data demonstrate that IL-13 crucially regu-
lates collagen I production by myofibroblasts. Signals from IL-13
increase the levels of collagen I protein expression independent of
TGF-B1 signaling. The absence of IL-13 is sufficient to prevent
collagen I synthesis, even in the presence of TGF-f1, both in vitro
and in vivo. Blockade of IL-13 or IL-13R may represent a prom-
ising therapeutic target, because it may block the undesired effects
of excess matrix production, presumably while leaving intact the
ability of myofibroblasts to contract and close injured areas via
aSMA-mediated processes. Furthermore, our results suggest that
anti-IL-13 therapy would be unlikely to modulate the eicosanoid
and cytokine cascades necessary for efficient wound repair. Thus,
our results suggest that anti-IL-13 therapies may be very beneficial
for the treatment of fibroproliferative lung disorders.
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