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Acute and chronic pulmonary diseases are character-
ized by impaired fibrinolytic activity within the lung.
To determine the role of the fibrinolytic system in
regulating the pathologies associated with lung in-
jury, we examined the effect of bleomycin, an agent
that induces the development of pulmonary fibrosis,
in mice deficient for plasminogen (Pg~/ "), urokinase
(u-PA™/7), urokinase receptor (u-PAR™’7), or tissue
plasminogen activator (t-PA~/7), and in control wild-
type (WT) mice. Pg~/~ and t-PA™/~ mice demon-
strated an enhanced increase in lung collagen content
relative to that observed in WT mice. Levels in
u-PA™’~ and u-PAR™/~ mice were similar to those in
WT mice. Histological analysis 14 days after lung in-
jury confirmed enhanced interstitial fibrosis in
Pg~/~,u-PA~/", and t-PA~/~ mice relative to WT and
u-PAR™/~ mice. Areas of pulmonary hemorrhage
were observed in bleomycin-treated WT mice and not
in Pg~/~, u-PA™/", and u-PAR™/~ mice or saline con-
trols. Instead, extensive areas of fibrosis were present
throughout the lungs of bleomycin-treated Pg~’~ and
u-PA~’~ mice. A mixed phenotype (hemorrhage and
fibrosis) was observed in t-PA™/~ and Pg*’/~ mice.
Hemosiderin-laden macrophages were abundant in
the lungs of mice exhibiting hemorrhage and these
mice were prone to an early death. Enhanced macro-
phage levels in the lungs and activation of matrix
metalloelastase (MMP-12) were found in mice with a
hemorrhage phenotype. The results of these studies
indicate a role for the fibrinolytic system in acute lung
injury and suggests that intra-alveolar hemorrhage is
the result of basement membrane degradation through
cell-mediated u-PA activation of Pg with possible in-

volvement of matrix metalloproteinases. Absence of
these two components of the fibrinolytic system, either
urokinase or plasminogen, results in accelerated fibro-
sis. (Am J Pathol 2000, 157:177-187)

Lung disease is one of the leading causes of death in the
United States, claiming more than 300,000 lives every
year." Among pulmonary diseases, those caused by
acute lung injury have a variety of clinical pathologies,
some of which eventually develop into pulmonary fibro-
sis. Lung injury triggers an inflammatory response that
includes migration and activation of both resident and
circulating inflammatory cells and production of cyto-
kines and growth factors. This inflammatory cascade re-
sults in cell proliferation, extracellular matrix remodeling,
and changes in vascular tone. In addition, macrophages
produce enzymes that modulate thrombosis and coagu-
lation. Acute and chronic pulmonary diseases are char-
acterized by severe inflammation, impaired fibrinolytic
activity, and increased deposition of collagen within the
lung.2?

The primary physiological fibrinolytic system is the
plasminogen activation pathway.'® Components of this
system include the zymogen, plasminogen (Pg); plasmin-
ogen activators, urokinase (u-PA), and tissue plasmino-
gen activator (t-PA); plasminogen activator inhibitors,
PAI-1 and PAI-2; plasmin (Pm), the enzymatically active
form of Pg responsible for the degradation of fibrin; and
the Pm inhibitor, a, anti-plasmin. The development of
mice deficient for components of the fibrinolytic system
has provided the means to examine the role of these
components in various physiological processes. These
include hemostasis and cell migratory events associated
with inflammation, reproduction, angiogenesis, and tu-
mor metastasis.”"'® Indeed, studies in these mice have
confirmed the importance of Pg in fibrinolysis and main-
tenance of vascular patency.?® Other indirect studies
have shown that Pm-generated fibrin(ogen) degradation
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products can serve as chemoattractants for leukocytes,
hence magnifying the inflammatory response.®"?? Pm
itself has been shown to act as a chemoattractant agent
specifically for macrophages.®® In addition, Pm is
thought to activate matrix metalloproteinases,?* which
are capable of degrading many extracellular matrix com-
ponents including collagen, elastin, fibronectin, proteo-
glycan, and laminin,?® and hence can indirectly facilitate
cell migration. Therefore, Pm could be involved directly or
indirectly with several aspects of repair mechanisms after
acute lung injury.

It has been reported that overexpression of PAI-1 re-
sults in increased deposition of collagen and fibrin in
bleomycin-treated mice.?® On the other hand, deficiency
of PAI-1 attenuated the development of pulmonary fibro-
sis. In the former case, inhibition of Pg activation led to an
increase in fibrin clots in the interstitium and alveolar
spaces.?® Additionally, u-PA treatment has been shown
to diminish the development of bleomycin-induced pul-
monary fibrosis in rats®” and mice.?® This study showed
decreased lung collagen levels after treatment with u-PA,
demonstrating the potential use of Pg activators as ther-
apeutic agents for pulmonary fibrotic disorders. The cur-
rent investigation was designed to evaluate the mecha-
nism by which Pg and its activators, u-PA and t-PA, are
involved in the development of pulmonary fibrosis, using
a model of inflammatory injury and fibrosis. Lack of one or
more of the components of the fibrinolytic system re-
sulted in alterations in the response to acute lung injury
and development of pulmonary fibrosis. Based on these
findings, the current investigation is aimed at further de-
lineation of the roles of genes involved in the fibrinolytic
system in repair of lung injury induced by bleomycin,
which may serve as a model of oxidative lung injury.

Materials and Methods

Animals

WT, Pg~/~, u-PA~/~ u-PAR/~, t-PA~/~, of mixed (50:50)
C57BL6/129 strain background were developed and
characterized as previously described.’" 2192930 \ice
were housed in micro-isolation cages on a constant 12-
hour light/12-hour dark cycle in a temperature- (22.2°C)
and humidity-controlled room and given ad libitum access
to food and water. Sexually mature Pg™/~ females were
mated with Pg*/~ males, and t-PA~/~ u-PA /",
u-PAR/~ females were mated with their male counter-
parts. Experimental mice were 8 to 12 weeks of age and
included males and females. All animal experiments
were performed in accordance with protocols approved
by the Institutional Animal Care and Research Advisory
Committee.

Bleomycin Treatment

Intratracheal administration of a single dose of 0.075 U
bleomycin (Bristol-Myers Squibb Co., Princeton, NJ) in 50
wl of sterile saline was performed by infusion through the
vocal cords using a fiber optic light source for illuminating

the entrance into the trachea while the mice were under
intraperitoneal ketamine/xylazine anesthesia. This dose
of bleomycin has been previously shown to produce
pulmonary fibrosis in mice of similar genetic back-
ground.®® Control animals included nontreated and sa-
line-treated mice. At defined time points after bleomycin
infusion, mice were anesthetized with isofluorane and
lung vasculature perfused free of blood by slowly inject-
ing 3 ml of phosphate buffered saline (PBS) into the right
ventricle.

Hydroxyproline Assay

To estimate the total amount of collagen in the lung,
hydroxyproline was measured as described?® from bleo-
mycin- or saline-treated mice 14 days after treatment.
The lung vasculature was perfused as described and the
left lung was excised and homogenized in 2 ml cold PBS
using a hand homogenizer. A 1-ml aliquot of the homog-
enate was vacuum-dried, weighed, and hydrolyzed in 6
N HCI at 110°C for 12 hours. Samples were filtered
through a 45-um filter and 50 ul of the filtered sample was
used for the assay which was conducted in duplicate. An
aliquot of 50 wl of citrate/acetate buffer (5% citric acid,
1.2% glacial acetic acid, 7.24% sodium acetate, 3.4%
sodium hydroxide) and 1 ml chloramine T solution (0.564
g chloramine T, 4 ml n-propanol, 32 ml citrate/acetate
buffer) were added to the sample and allowed to incu-
bate at room temperature for 20 minutes. A 1-ml aliquot of
Ehrlich’s solution (4.5 g p-dimethylaminobenzaldehyde in
18.6 ml n-propanol, 7.8 ml of 70% perchloric acid) was
added to the sample and incubated at 65°C for 15 min-
utes. Absorbance was measured at 550 nm and the
amount of hydroxyproline was determined against a stan-
dard curve generated from known concentrations of re-
agent hydroxyproline (Sigma Chemical Co., St. Louis,
MQO). Samples containing known amounts of purified col-
lagen (Vitrogen-100, Celtrix Laboratories, Palo Alto, CA)
were used to confirm the ability of the assay to completely
hydrolyze and recover hydroxyproline from collagen.

Isolation and Identification of Lung Leukocytes

To study the inflammatory response during the acute
phase after lung injury, leukocytes were isolated from
whole lungs.®" Mice were anesthetized at day 0 and at 3,
5, 7, or 9 days after treatment with bleomycin or vehicle
and lung vasculature was perfused free of blood. The left
lung was excised and the trachea and hilar nodes were
removed from the lung sample. Lungs were minced and
digested in 15 ml of a digest solution containing collage-
nase (Type A, 1 mg/ml, Sigma Chemical); DNase | (50
U/ml, Sigma Chemical); Hanks’' balanced salt solution
(HBSS; Gibco BRL, Grand Island, NY); antibiotics (Pen-
Strep, 1%, Gibco BRL); and supplemented with 5% fetal
calf serum (Gibco BRL). After digestion, the tissue was
mechanically disrupted by multiple passages through a
10-ml plastic syringe. Contaminating erythrocytes were
lysed in 0.075% NH,CI in Tris-HCI, pH 7.2, and the leu-
kocytes recovered free of cell debris by filtration through



a nytex screen (3-100/35 mesh; Tekco, Briarcliff Manor,
NY). To ensure a homogeneous leukocyte preparation, a
40% Percoll (Sigma Chemical) gradient was used and
the leukocyte pellet resuspended in HBSS media con-
taining antibiotics and serum. Cell viability was deter-
mined using trypan blue exclusion and total number of
leukocytes per lung were quantitated using a hemocy-
tometer.

To determine the type of leukocytes obtained from the
lung digests, 100-ul samples containing 10° cells/ml
were centrifuged onto a glass slide using a cytocentri-
fuge (Shandon, Sewickley, PA). Samples were then
stained with Wright stain (EM Science, Gibbstown, NJ)
and visualized by light microscopy. The number of mac-
rophages was determined for a particular field of view
(200 cells) in duplicate and expressed as mean = SE.

Western Blot Analysis

To determine the protein expression and activation of
MMP-12 whole lung extracts from saline- or bleomycin-
treated WT and Pg~/~ mice were homogenized in 2 ml
of PBS containing 1% sodium dodecyl sulfate (SDS)
and proteinase inhibitors (1 mmol/L phenylmethylsul-
fonyl fluoride, 10~° mol/L leupeptin, 1 mmol/L EDTA).
Protein was extracted for 1 hour at room temperature,
centrifuged, and the supernatant was used for total
protein determination using the bicinchoninate (BCA,
Pierce, Rockford, IL) method. SDS-polyacrylamide gel
electrophoresis (PAGE) was performed using 80 ng
total protein. Proteins were transferred onto an immo-
bilon-P membrane (Millipore, Bedford, MA) and non-
specific protein binding was blocked in 5% powdered
milk Tris-buffered saline (TBS) containing 0.05%
Tween-20 (BLOTTO). A polyclonal antibody against
recombinant mouse MMP-12 was kindly provided by
Dr. Steve Shapiro (Washington University School of
Medicine, St. Louis, MO). Membranes were incubated
in anti-MMP-12 antibody (1:2000 in BLOTTO) at 4°C
overnight. Membranes were washed in TBS-Tween,
reblocked, then incubated with HRP-conjugated swine
anti-rabbit IgG antibody (1:2000 in BLOTTO) and
washed again. Finally, membranes were developed
using the ECL Plus Kit (Amersham, Arlington Heights,
IL).

Histology and Immunohistochemistry

To study the histological changes and alterations in the
deposition of fibrin and collagen in situ during the acute
and organizing stages after lung injury, right lungs from
bleomycin- and saline-treated mice were examined at 7
and 14 days after treatment. Animals were anesthetized
and perfused as described above. After excision of the
left lung for other studies, such as collagen content, the
right lung was instilled intrabronchially with Histochoice
(Amresco, Solon, OH). The airway was then ligated, ex-
cised, and embedded in paraffin. Paraffin sections 7 um
thick were placed on slides coated with polyL-lysine (Sig-
ma Chemical). Tissue sections were deparaffinized, re-
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Figure 1. Hydroxyproline content in lungs 14 days after saline (7 = 3 for
each genotype) or bleomycin treatment of WT (n = 4), Pg*/~ (n = 3),
Pg /" (n=5),u-PA™" (n=15),u-PAR/" (n=7), and t-PA~/~ (n = 4)
mice. Values are means * SE of 4 to 7 mice, performed in duplicate.

hydrated, and immersed in running water (for hematoxy-
lin and eosin, Masson’s trichrome, and Prussian blue
stains) or TBS/bovine serum albumin (BSA) or PBS/BSA
(for immunohistochemistry).

Fibrin was identified by immunohistochemistry using a
polyclonal antibody against mouse fibrin(ogen) (DAKO
Corp., Carpinteria, CA). Histological sections were incu-
bated with peroxidase-labeled rabbit anti-goat IgG (Da-
kopatts, Copenhagen, Denmark) and peroxidase activity
was developed by incubation in 0.05 mol/L Tris-HCI, pH
7.0, containing 0.06% 3,3-diaminobenzidine and 0.1%
H.0,. MMP-12 was localized in sections of lung using the
same anti-MMP-12 antibody used for Western blots at
1:500 in PBS containing 0.1% BSA. Sections were incu-
bated with biotinylated secondary antibody, followed by
the ABC reagent from Vectastain ABC Kit (Vector Labo-
ratories, Burlingame, CA). Peroxidase activity was de-
tected as described above. Counterstaining was per-
formed with hematoxylin.

Statistical Analysis

Values were expressed as means = SE. Comparisons
were made using Student’s t-test and analysis of variance
when more than two values were compared. P values
<0.05 were considered significant.

Results

Collagen Content of Bleomycin-Treated Lungs

Because collagen content has been used as a measure
of the degree of fibrosis in the lung,®® these measure-
ments were made in the lungs of saline- or bleomycin-
treated mice. Eitzman and others®® have demonstrated
that pulmonary fibrosis peaks 14 days after bleomycin
treatment in mice of a similar genetic strain. Therefore,
lungs were examined 14 days after treatment except for
t-PA~/~ mice who survived only 11 days post-drug treat-
ment. After intratracheal administration of bleomycin, col-
lagen levels increased significantly above saline controls
in Pg™’~, Pg*/~, and t-PA™/~ mice (150.06 + 28.40 vs.
33.53 = 6.00, P = 0.02; 147.02 = 25.70 vs. 60.07 = 1.6,
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P =0.04;152.70 = 8.50 vs. 55.67 = 8.20, P = 0.0005 ng
hydroxyproline/left lung; Figure 1). In WT, u-PA~/~, and
u-PAR™~ mice there was also an increase in collagen
with values approaching significance (89.38 = 19.20 vs.
47.97 = 25.80, P = 0.24; 100.90 = 15.14 vs. 63.53 =
5.30,P =0.12;78.76 = 11.60 vs. 50.70 = 7.45, P = 0.18

ng hydroxyproline/left lung; Figure 1). Collagen levels
observed in Pg~/~ and t-PA~/~ mice were higher than
those observed in WT, u-PA~'~, and u-PAR™/~ mice
(150.06 * 28.4 and 152.70 * 8.50 ug hydroxyproline/left
lung, respectively, vs. 89.38 = 19.20 ug hydroxyproline/
left lung for WT mice; Figure 1).
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Histology

To better understand the histological changes associ-
ated with this acute lung injury model, the right lungs from
bleomycin- or saline-treated mice were collected 14 days
after treatment. Lung tissue sections were stained with
hematoxylin and eosin, Masson'’s trichrome (for collagen
identification), or Prussian blue (for identifying areas of
chronic hemorrhage). The lungs of saline-treated mice
appeared normal regardless of genotype or time point
after treatment. Collagen was identified in these lungs
only in areas surrounding large vessels and airways (Fig-
ure 2A). At 14 days after bleomycin treatment, focal areas
of fibrosis in the interstitium as well as proteinaceous
exudate in the intra-alveolar spaces were observed in
some areas of the lungs of WT mice (Figure 2B). How-
ever, an unexpected hemorrhage phenotype was ob-
served in the lungs of these mice at this time point (Figure
2C). Associated with these areas of hemorrhage were
hemosiderin-laden macrophages, as observed in adja-
cent tissue sections stained with Prussian blue, indicating
chronic hemorrhage (Figure 2D). In contrast, all bleomy-
cin-treated Pg~/~ mice examined (n = 7) showed exten-
sive areas of fibrosis but no areas of hemorrhage (Figure
2E). In these animals, abnormal collagen deposition was
observed in the interstitium associated with the areas of
fibrosis (Figure 2F). Pg*/~ mice showed a mixed pheno-
type of hemorrhage, observed in the WT mice, and col-
lagen content and fibrotic lesions, found in the Pg~/~
mice (Figure 2G). Chronic hemorrhage observed in these
mice was confirmed by Prussian blue staining of adjacent
sections, which showed the presence of hemosiderin-
laden macrophages in areas of hemorrhage (Figure 2H).

Bleomycin also induced extensive fibrosis in the lungs
of u-PA~/~ mice after 14 days of treatment, although
collagen deposition, as visualized with Masson’s
trichrome staining, did not appear as extensive as ob-
served in the lungs of Pg~/~ mice (Figure 3A). Similar to
Pg /" mice, no hemorrhage was found in any of these
animals. u-PAR™/~ mice exhibited focal areas of fibrosis
as observed in the WT mice (Figure 3B). Similar to Pg~/~
mice, none of these animals showed signs of chronic
intra-alveolar hemorrhage as confirmed by the absence
of positive cells in adjacent sections stained with Prus-
sian blue (not shown). In contrast, t-PA~/~ mice pre-
sented a mixed phenotype of hemorrhage found in the

Figure 3. Photomicrographs of representative lungs (7 = 6 for each geno-
type) from mice 14 days after bleomycin treatment stained with Masson’s

WT and Pg ~/~ animals and extensive fibrosis found in trichrome. A: u-PA~"~ lung shox;ving extensive area of fibrosis (f); original

—/= _PA—/— mi ; ; ; : magnification, X100. B: u-PAR™/~ lung showing focal areas of fibrosis (f)
Pg and u PA m|c¢ (Figure 3C). The T'bro“? |espns surrounded by normal alveoli; original magnification, X100. C: t-PA™"~ lung
in all of the animals studied showed the typical thickening showing areas of fibrosis (f) surrounded by areas of extensive intra-alveolar
of the alveolar wall and the presence of abnormal depo- hemorrhage (h); original magnification, X100.

sition of collagen in the interstitium. The differences in the

Figure 2. Photomicrographs of representative lungs from WT (72 = 6; A—D), Pg~’~ (1 = 7; E and F), and Pg"’~ (7 = 7; G and H) mice 14 days after saline
or bleomycin treatment. A—C and E—G were stained with Masson’s trichrome; D and H were stained with Prussian blue. A: Saline-treated WT lung showing a
bronchiole (b) and artery (a) from the bronchioarterial bundle surrounded by normal deposition of collagen (arrow) and normal alveoli; original magnification,
X100. B: Bleomycin-treated WT lung showing focal areas of fibrosis (f) and proteinaceous exudate (arrows) in the alveolar spaces; original magnification, X100.
C: Another area in the lung in B, showing extensive intra-alveolar hemorrhage (RBCs) and fibrin deposition (arrow); original magnification, X100. D: Adjacent
section to the lung in C showing hemosiderin-laden macrophages (arrows) associated to the area of extensive alveolar hemorrhage; original magnification, X100.
E: Bleomycin-treated Pg™/~ lung showing extensive fibrosis (f). No intra-alveolar hemorrhage was observed in the lungs of these animals; original magnification,
X100. F: Higher magnification of the lung in E, showing extensive deposition of collagen (arrows) associated with fibrotic areas (f); original magnification, X400.
G: Bleomycin-treated Pg*/~ lung showing both areas of intra-alveolar hemorrhage (h) and fibrosis (f); original magnification, X 100. H: Adjacent section to the
lung in G, showing hemosiderin-laden macrophages (arrows) associated with areas of extensive hemorrhage (h) but not with fibrotic areas (f); original
magnification, X100.
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Table 1. Early Deaths in Mice after Bleomycin Treatment

Average day of % of animals that

Genotype early death died early
wT 8.7 33
Pg*/~ 6 46
u-PA™"~ 7.8 62
tPA™ 7 75

extent of abnormal collagen deposition observed in the
different genotypes correlated with the accumulation of
collagen in these mice as measured by hydroxyproline
levels (Figure 1). Interestingly, the hemorrhage pheno-
type observed in the WT, Pg~/~, and t-PA~/~ mice cor-
related with the early deaths observed in these animals,
Table 1. Moreover, earlier death exhibited in the Pg*”
and t-PA~/~ mice could also be due to their enhanced
accumulation of fibrotic lesions compared to the WT
mice. In that regard, early deaths of u-PA~/~ mice could
be the result of the extensive fibrosis observed in these
animals as early as day 7 after bleomycin treatment.
However, no early deaths were found in Pg’/’ or
u-PAR/~ mice.

Leukocyte Levels in the Lungs of Bleomycin-
Treated Mice

Studies using thioglycollate™ as a model of inflammation
have shown quantitative differences between WT and
Pg~/~ mice in macrophage levels in the peritoneum.
Therefore, macrophage levels during the acute stage
after bleomycin treatment of Pg~/~, u-PA~/~, u-PAR /",
t-PA~/~, and WT mice were studied. Leukocytes were
isolated from collagenase-digested whole lungs at days
0 (no treatment, baseline), 3, 5, 7, and 9 after saline or
bleomycin treatment. This method yielded samples con-
taining >95% leukocytes as confirmed by positive CD45
immunostaining (data not shown). The leukocytes iso-
lated in this way represented those present in the alveolar
spaces as well as in the interstitium of the lung at the time
of collection.

No significant increase was observed in the number of
macrophages present in the lungs of mice at 3 days after
bleomycin treatment, although WT mice showed the high-
est levels of all of the genotypes studied (Table 2). Mac-
rophage levels at this time point were comparable to
those found in the saline-treated counterparts of Pg~/~,
u-PA~/~, and t-PA~'~ mice, and may represent the alve-
olar macrophages already present in the lung (Table 2).
The peak in the macrophage levels in the lungs of WT

mice occurred 5 days after bleomycin treatment (Table
2). This was also the peak time for the accumulation of
macrophages in the lungs of Pg~/~ (4.86 = 0.40 X 10°)
and u-PA™/~ (562 = 0.70 X 10°) mice treated with
bleomycin. However, their levels were considerably less
than those found in WT mice (8.68 + 0.60 x 10°), P =
0.001 relative to Pg~/~ and P = 0.04 relative to u-PA~/~
(Table 2). These findings are consistent with those ob-
served in Pg™/~ mice using thioglycollate- and biopoly-
mer-induced peritoneal inflammation models.’ In the
present study, at day 7 post-treatment, there was a de-
crease in the number and percentage of macrophages
found inthe lungs of Pg~/~, u-PA~/~ and WT mice (Table
2). The decrease in macrophage counts at this time point
coincided with an increase in the percentage of lympho-
cytes found in the lungs of bleomycin-treated mice (data
not shown). This was not the case for t-PA~/~ mice
treated with bleomycin, in which macrophage numbers
continued to increase reaching levels comparable to
those of WT mice at 9 days after bleomycin treatment
(Table 2). No increase in the macrophage levels in the
lungs of u-PAR™/~ mice treated with bleomycin was ob-
served between 3 and 7 days after bleomycin treatment.
However, a significant increase in macrophage number
was observed at day 9 after bleomycin treatment com-
pared to their saline controls (6.22 + 0.50 vs. 2.73 = 0.70,
P = 0.05) although at this late time point the level did not
reach the highest observed level in WT mice (Table 2).

Fibrin Deposition in Bleomycin-Treated Mice

Because one of the first events after acute lung injury is
the extravasation of plasma proteins such as fibrino-
gen,®? accumulation of fibrin in the intra-alveolar spaces
and interstitium of the lung of bleomycin- or saline-treated
mice was analyzed. Therefore, the extent and localization
of fibrin(ogen) in the lungs of these mice were studied at
3, 7, and 14 days after treatment. No fibrin(ogen) depos-
its were observed in the lungs of WT animals treated with
saline at any time point studied (data not shown). In
contrast, as described earlier,’" 2 Pg~'~ control mice
showed spontaneous fibrin deposition in the lungs
throughout the time points studied. Bleomycin-treated
lungs of WT mice showed few areas of fibrin(ogen) de-
posits at 3 and 7 days after bleomycin treatment, which,
for the most part, were resolved by day 14 (Figure 4A). In
sharp contrast, Pg~/~ mice showed extensive fibrin
(ogen) deposition as early as day 3, peaking at day 7,
and continuing even at day 14 after bleomycin treatment
(Figure 4, B and C). The areas of fibrin(ogen) deposition

Table 2. Total Lung Macrophage Levels Post-Bleomycin Treatment (X10°, # = 6, mean * SE)

Genotype Day 0* Day 3 Day 5 Day 7 Day 9

WwT 2.87 £0.52 5.25 = 0.90 8.68 = 0.60 542 = 0.70 5.45 = 0.50
Pg~~ 2.47 =043 3.10 = 0.30 4.86 = 0.40 3.50 = 0.60 4.68 = 1.00
u-PA~"~ 3.85 +0.30 2.30 +£0.70 5.62 = 1.00 5.25 = 0.80 4.28 = 0.60
u-PAR™~ 4.80 = 0.60 3.87 = 0.70 3.40 = 0.40 3.95+0.70 6.22 = 0.50
t-PA~/~ 3.81 + 0.61 3.87 +0.40 5.15 = 0.80 6.47 +0.50 7.48 = 0.30

*Baseline macrophage levels, representing macrophages present in lungs of animals that did not receive any treatment.



Figure 4. Photomicrographs of representative mice lungs (7 = 3 for each
genotype) treated with bleomycin and immunostained with an anti-fibrin
(ogen) antibody. A: WT lung 14 days after treatment showing few areas of
fibrin deposition (arrows); original magnification, X100. B: Pg~/~ lung 7
days after treatment showing extensive fibrin deposition (brown aggregates);
original magnification, X40. C: Pg™/~ lung 14 days after treatment showing
extensive fibrin deposition (arrows) associated with areas of fibrosis (f);
original magnification, X200.

inthe Pg~/~ mice were associated with regions of fibrosis
(Figure 4C). u-PA~/~ mice also showed extensive areas
of fibrin(ogen) deposition in the lung interstitium which
were associated with areas of fibrosis (data not shown).
Additionally, t-PA~/~ mice also exhibited areas of fibrin-
(ogen) deposits, especially in the vasculature of the lung,
where fibrin thrombi could be observed (data not shown).
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Figure 5. Western blot showing MMP-12 expression in representative whole
lung extracts from WT (7 = 3/time point) and Pg~/~ (n = 3/time point)
mice 5 and 14 days after bleomycin treatment. Relative molecular weights are
shown on the left.

MMP-12 Synthesis and Activation in the Lungs
of Bleomycin-Treated Mice

Because Pm is a known activator of pro-MMPs®*33 the
expression, localization, and activation of MMPs in whole
lung extracts of saline- or bleomycin-treated mice were
analyzed. Of particular interest was MMP-12, also known
as macrophage metalloelastase.®* The pro-enzyme form
of MMP-12 (54 kd) was present in whole lung extracts
from both WT and Pg~/~ mice as early as 5 days after
treatment with bleomycin (Figure 5). However, the active,
22-kd form of the enzyme was observed only in WT
animals at this time point (Figure 5). Neither the proen-
zyme nor the active form was observed in either geno-
type by day 14 after bleomycin treatment (Figure 5).
Immunohistochemical studies using the same antibody to
localize MMP-12 showed that the enzyme is present in
the alveolar wall of WT mice associated with areas of
hemorrhage in these animals (Figure 6A). Specifically,
MMP-12 seemed to be localized in the capillary compo-
nent of the alveolar wall (Figure 6B). The specific MMP-
12-positive cell type in the capillary of the alveolar wall
remains to be determined. However, macrophages are
potential candidates, because they are the only cell type
known to produce this enzyme.®* In contrast, MMP-12
was not present in areas of fibrosis in the WT or Pg~/~
mice (data not shown).

Discussion

Pulmonary fibrosis, the end stage of acute lung injury, is
characterized by impaired fibrinolysis.*>~38 However, the
role of components of the fibrinolytic system in lung injury
and repair is not well understood.



184  Swaisgood et al
AJP July 2000, Vol. 157, No. 1

Figure 6. Photomicrographs of representative sections of lungs from bleo-
mycin-treated WT mice (7 = 3) 14 days after treatment immunostained with
an anti-MMP-12 antibody. A: Deposition of MMP-12 is observed in the
alveolar walls (arrows) associated with areas of extensive hemorrhage (h);
original magnification, X100. B: MMP-12 is concentrated in the capillaries
(arrows) in the wall of the alveoli (a); original magnification, X400.

Several animal models have been developed to study
the mechanisms of lung repair after acute and chronic
inflammatory injury. Cytotoxic drugs are the most widely
used to induce pulmonary fibrosis and among these the
antibiotic bleomycin has been the most extensively stud-
ied.3~*" Intratracheal administration of bleomycin in
mice and rats causes both the inflammatory and fibrotic
responses observed in patients with pulmonary fibro-
sis.*2 In this study, bleomycin was used to study the role
of the fibrinolytic system in lung repair after injury and the
development of pulmonary fibrosis.

The first phase of the lung response to injury is char-
acterized by severe inflammation. Initial recruitment of
inflammatory cells into the alveolar spaces is brought
about by chemoattractant agents derived from the in-
jured lung tissue. Injury causes increased permeability of
pulmonary epithelium and endothelium, resulting in ex-
travasation of plasma proteins and, ultimately, formation
of fibrin clots in the alveolar lumen.3® Pertinent to this
study, Pm-catalyzed fibrinolysis generates a series of
high molecular weight fibrin degradation products (FDPs)
that can serve as chemoattractants to leukocytes.?'22
Therefore, the inflammatory response could be aug-
mented with the recruitment of new inflammatory cells by
these potent FDPs. Peak levels of macrophages oc-

curred at day 5 for WT, u-PA~/~, and Pg~/~ mice, al-
though levels were significantly diminished in u-PA~/~
and Pg~/~ mice relative to WT mice. A delayed, but
significant, increase in macrophage levels was observed
in t-PA~/~ mice, whereas the delayed response in
u-PAR™/~ mice never reached the peak levels observed
in t-PA~/~ and WT mice. The low macrophage levels in
u-PAR™/~ mice during the early stages of repair may be
due to a necessity for an intact uPA/uPAR system for
macrophage motility.*®> On the other hand, low macro-
phage levels in u-PAR ™/~ mice could be related to a u-PA
independent function for this protein. It has been dem-
onstrated that a lack of u-PAR results in compromised
Bo-integrin activation, which has a deleterious effect on
leukocyte-endothelial cell adhesion and resultant trans-
endothelial migration.** Additionally, ICAM-1, a ligand for
Bo-integrins, has been identified in bleomycin-injured
lungs in rats,*® and, therefore, u-PAR/B,-integrin interac-
tions may play a significant role in inflammatory cell mi-
gration in response to bleomycin-induced lung injury. The
eventual increase in macrophage levels in u-PAR™/~
mice may be the result of activation of other adhesion
receptors independent of the u-PAR/B,-integrin system
during the later stages of the inflammatory response.
These observations implicate u-PA-mediated activation
of plasminogen in contributing to the enhanced influx of
macrophages into the lung after acute injury.

In the current studies, areas of alveolar hemorrhage
were observed in WT and t-PA~/~ mice but not in
u-PA~~, u-PAR™/~, and Pg~/~ mice. The hemorrhagic
areas were characterized by the presence of hemosider-
in-laden macrophages, indicative of chronic hemorrhage
in the lungs of these mice. Similar phenotypes have been
observed in studies of myocardial infarction with mice
deficient for components of the fibrinolytic system.’® In
these latter studies, Pg™/~ and u-PA~/~ mice did not
show the ventricular hemorrhage that was present in WT
counterparts, as well as in t-PA~/~ mice. Taken together,
these investigations support the involvement of the u-
PA/Pg system in mediating the hemorrhagic phenotype
observed in these two animal models (Figure 7). This is
underscored by the clinical observation that intra-alveolar
hemorrhage has been shown to occur during the alveolar
edema phase of patients with acute respiratory distress
syndrome.*®

Because macrophages are found to be associated
with areas of hemorrhage and are known to produce
matrix metalloproteases (MMP), an analysis of MMP ex-
pression and activation in bleomycin-injured lungs of WT
and Pg~/~ mice was made. Clinically, MMPs have been
shown to be present in the lungs of patients with diffuse
alveolar damage and idiopathic pulmonary fibrosis.*”
MMP-2 (gelatinase A) and MMP-12 (macrophage met-
alloelastase) have been shown to increase significantly
during the acute phase of bleomycin-induced pulmonary
fibrosis in mice and rats.*®4° Additionally, Pm has been
shown to participate in the first step in the activation of
matrix metalloproteases.?* Specifically, MMP-12 has
been shown to be activated by Pm."® MMP-12 is pro-
duced by activated macrophages in mice and is capable
of degrading elastin and collagen type IV, both compo-
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Figure 7. Proposed model for the role of the fibrinolytic system in acute lung injury.

nents of the basement membrane.®° The present studies
demonstrate that proMMP-12 is converted to its active
form in lung tissue from WT mice, and not in Pg~/~ mice.
This activation appears to occur early after bleomycin
treatment, during the peak time of macrophage levels in
the lungs of WT mice, and is associated only with areas of
hemorrhage. Other studies using MMP-12"/~ mice have
revealed that macrophages from these mice have a di-
minished capacity to degrade extracellular matrix pro-
tein, rendering them unable to penetrate basement mem-
branes.®° Previous studies using t-PA~/~, u-PA~/~, and
Pg~/~ mice in a myocardial infarction model revealed
that the activation of various MMPs, including MMP-12, in
macrophages was dependent on an intact u-PA/Pg sys-
tem."® It was proposed that hemorrhage was caused by
the activation of matrix metalloproteinases due to u-PA-
mediated activation of Pg in macrophages present at the
lesion site. Additionally, clinical studies have shown that
the secretion of MMP-12 by macrophages is associated
with damaged areas in the lungs.®' The current studies
demonstrate that mice with an intact u-PA/Pg system re-
spond to acute oxidative lung injury by increasing macro-
phage levels with resultant Pm-mediated activation of matrix

metalloproteases and eventual basement membrane denu-
dation and leaky capillary formation (Figure 7).

One of the prominent phenotypes in bleomycin-in-
duced pulmonary fibrosis is extensive abnormal collagen
deposition in the interstitium. It was previously shown that
overexpression of PAI-1 resulted in increased deposition
of collagen in the lungs of bleomycin treated mice,
whereas PAI-17/~ mice had levels comparable to those
of PBS-treated control mice.?® This suggests that Pm
activity plays a key role in the regulation of collagen
accumulation in the lungs after acute lung injury. Histo-
logically, this study demonstrated enhanced fibrotic le-
sion development in bleomycin-treated Pg~/~, Pg™/~,
t-PA~/~, and u-PA~'~ mice relative to WT and u-PAR™/~
mice. Additionally, hydroxyproline levels, a measure of
collagen content, in the lungs of these mice were all
enhanced at 14 days after drug treatment. Pg~/~ mice
demonstrated 1.7-fold levels of hydroxyproline over that
observed in WT mice. Plasminogen levels in the blood of
Pg*/~ mice have been shown to be approximately one-
half of that observed in WT mice (35 = 2 ug/mlvs. 84 +
8 ug/ml),"" and even at those levels a dramatic effect on
collagen deposition was observed in Pg*/~ mice which
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was similar to that observed for Pg~/~ mice. The levels of
hydroxyproline found in the u-PA~'~ mice were similar to
those observed in WT animals at 14 days, even though
the lungs appeared more fibrotic on histological exami-
nation. These findings contrast with those of Lardot and
others®? using a crystalline silica model of alveolitis that
progressed to fibrosis in u-PA~/~ mice. In that study an
increase in hydroxyproline levels in the u-PA™'~ mice was
found compared to their WT counterparts. This correlated
with the development of fibrotic lesions in these mice 30
days after treatment. However, it was also noted that the
fibrinolytic response varied depending on the agent used
to promote alveolitis. This differential response may be
related to selective tissue responses to different agents
and may explain the discrepancy observed in hy-
droxyproline levels in u-PA~/~ mice from these two stud-
ies. It is also well known that collagen deposition is a
balance between processes of synthesis and degrada-
tion that is regulated by a complex network of cytokines,
ie, transforming growth factor-g (TGF-B), interleukin-1«
(IL-1a), and tumor necrosis factor-a (TNF-a).%? In the
case of u-PA~’~ mice, the absence of u-PA could result
in altered expression of important mediators of collagen
synthesis independent of plasmin activity. For example,
studies have indicated that the release of IL-1 by macro-
phages is inhibited by PAI-I1.5% IL-1a, which is known to
increase fibroblast collagen synthesis, has been shown
to be increased in bleomycin-induced pulmonary fibro-
sis.®* Additionally, studies have shown that u-PA ampli-
fies TNF-a secretion of THP-1 mononuclear phagocytes
independent of plasmin activity.>® Therefore, u-PA could
potentially play diverse roles in the repair process after
acute lung injury.

Bleomycin-induced lung injury has been shown to re-
sult in the accumulation of fibrin in the alveolar and inter-
stitial spaces of the lung.®® These fibrin deposits colocal-
ized with the abnormal collagen deposited in the lung
interstitium, which was associated with fibroproliferative
lesions. Additionally, fibrin has been shown to serve as a
scaffolding molecule for the migration and proliferation of
fibroblasts.®”® Therefore, the inability of Pg- and Pg
activator-deficient mice to clear fibrin deposited into the
alveolar spaces and interstitium would potentially result in
the proliferation and migration of fibroblasts into the
space once occupied by the alveoli, leading to the de-
velopment of pulmonary fibrosis and end stage honey-
comb appearance of the lung (Figure 7).

In conclusion, the studies reported here have shown
that the repair process after acute oxidative lung injury
depends on the balance between deposition and break-
down of matrix molecules such as fibrin and collagen. As
a result, differences in the expression of components of
the fibrinolytic system alter this balance by locally affect-
ing fibrinolysis, the inflammatory response, and activation
of matrix metalloproteinases at the site of lung injury.
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