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Pathogenesis of a Murine Model of Asthma
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Rationale: Asthma is a syndrome whose common pathogenic expres-
sion is inflammation of the airways. Plasminogen plays an important
role in cell migration and is also implicated in tissue remodeling,
but its role in asthma has not been defined.

Objectives: To test whether plasminogen is a critical component in
the development of asthma.

Methods: We used a mouse model of ovalbumin-induced pulmonary
inflammation in Plg*”*, Plg*/-, and Plg~~ mice.

Measurements and Main Results: The host responses measured in-
cluded lung morphometry, and inflammatory mediators and cell
counts were assessed in bronchoalveolar lavage fluid. Bronchoal-
veolar lavage demonstrated a marked increase in eosinophils and
lymphocytes in ovalbumin-treated Plg*’* mice, which were reduced
to phosphate-buffered saline-treated control levelsin Plg*~ or Plg~/~
mice. Lung histology revealed peribronchial and perivascular leuko-
cytosis, mucus production, and increased collagen deposition in
ovalbumin-treated Plg*/* but not in Plg*~ or Plg~~ mice. IL-5, tumor
necrosis factor-a, and gelatinases, known mediators of asthma,
were detected in bronchoalveolar lavage fluid of ovalbumin-treated
Plg*’* mice, yet were reduced in Plg~~ mice. Administration of the
plasminogen inhibitor, tranexamic acid, reduced eosinophil and
lymphocyte numbers, mucus production, and collagen deposition
in the lungs of ovalbumin-treated Plg*/* mice.

Conclusions: The decreased inflammation in the lungs of Plg~/~ mice
and its blockade with a plasminogen inhibitor indicate that plasmin-
ogen plays an important role in orchestrating the asthmatic re-
sponse and suggests that plasminogen may be a therapeutic target
for the treatment of asthma.
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Asthma is a complex response in which the genetic background
and the immune system interact with environmental factors to
elicit the overt manifestations of the disease (1). Inflammatory
cells, mainly T lymphocytes, monocytes/macrophages, mast cells,
and eosinophils, are recruited into the lungs where they act as
the primary mediators in the acute- and late-phase asthmatic
responses (1). As a consequence of the chronic inflammation,
lung morphology may become altered even in milder forms of
the disease (2, 3). Reduction in inflammatory cell migration
could potentially ameliorate the severity of asthma.
Inflammatory cell migration depends on the activity of the
plasminogen system. Plasminogen is the precursor of the active
serine protease plasmin. This conversion is induced by the plas-
minogen activators urokinase (uPA) or tissue plasminogen acti-
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Asthma is a syndrome whose common pathogenic expres-
sion is inflammation of the airways. Plasminogen plays an
important role in cell migration and is also implicated in
tissue remodeling, but its role in asthma has not been defined.

What This Study Adds to the Field

The decreased inflammation in the lungs of Plg~'~ mice
and its blockade with a plasminogen inhibitor indicate that
plasminogen plays an important role in asthma and suggest
that plasminogen may be a therapeutic target for the treat-
ment of the disease.

vator (tPA), and plasmin activity is tightly regulated by multiple
inhibitors and modulators (reviewed in Reference 4). Plasmin
has broad substrate recognition. Its capacity to efficiently cleave
fibrin establishes its role as the primary fibrinolytic enzyme.
In addition, plasmin degrades a variety of extracellular matrix
(ECM) proteins (5, 6) and can activate a number of the matrix
metalloproteinases (MMPs) (7), which extends its capacity to turn-
over the ECM and thus facilitate inflammatory cell migration.

Studies conducted in plasminogen (Plg)-deficient mice have
demonstrated significant suppression of inflammatory cell re-
cruitment in response to a variety of experimental stimuli (8,
9). In another study, marked alteration in inflammatory cell
recruitment into the lungs of Plg~'~ mice suppressed the develop-
ment of tissue damage in a model of lung injury (10). Neverthe-
less, even though an organ-specific relationship of plasminogen
to lung pathology is emerging, the linkage of plasminogen to
bronchial asthma is almost nonexistent.

Several clinical studies have demonstrated activation of the
blood coagulation and plasminogen systems in patients with
asthma (11). Such associations can arise secondarily to primary
pathogenic events. Recent studies suggest more causal roles of
the plasminogen system in the pathogenesis of asthma. Eotaxin,
a potent eosinophil chemotactic factor, was more effective in
attracting eosinophils from subjects with asthma than from nor-
mal subjects; and this migration was plasminogen- and MMP-
dependent (12). This plasminogen-dependent mechanism may
contribute to the inflammatory response and early histological
changes in the airways of patients with asthma.

The goal of these studies was to test the hypothesis that
plasminogen plays a significant role in the pathogenesis of
asthma by influencing inflammatory cell recruitment and subse-
quent manifestations of asthma such as increased collagen and
mucus hypersecretion. We tested this hypothesis using an oval-
bumin (OVA) sensitization and challenge model of asthma (re-
viewed in Reference 13) in mice with reduced (Plg*'~) or absent
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(Plg~"") plasminogen and their wild-type (WT) littermates. In
addition, we manipulated the function of plasminogen in vivo
to determine if it may represent a therapeutic target for the
treatment of asthma. Some of the results of these studies have
been previously reported in the form of an abstract (14).

METHODS

Animals

Plg~'~ mice were developed and characterized previously (15). The
mice were in a 50/50 J129/C57BL/6 mixed background or bred for
seven generations into a C57BL/6 background. The mice used were
littermates, produced by mating of heterozygous (Plg*'~) mice. Immu-
nocompetent, nonirradiated female BALB/c mice, 6 to 8 weeks old,
from the Jackson Laboratory (Bar Harbor, ME) were used for airway
hyperresponsiveness (AHR) studies. Details can be found in the online
supplement. All in vivo manipulations were performed under protocols
approved by the Institutional Animal Care and Use Committee of the
Cleveland Clinic.

OVA Model

A murine model of lung eosinophilia was used as previously described
(16). Mice were sensitized with an intraperitoneal injection of OVA
(0.1 mg/400 wl phosphate-buffered saline [PBS]/mouse; Sigma, St.
Louis, MO) on Day 1 followed by exposure to aerosolized antigen (2%
OVA for 5 min on Day 8 and 1% OVA for 20 min on Days 15-21).
Control mice received PBS. To evaluate cellular recruitment over time,
animals were killed at 3 hours post-treatment on Days 15 and 18, and at
1, 3, and 6 hours post-treatment on Day 21.

Leukocyte Recruitment

Bronchoalveolar lavage (BAL) was performed as described (10) by
infusing 1 ml of PBS via a tracheal cannula. After centrifugation, the
BAL fluid was frozen for cytokine and MMP measurements. BAL
cells were cleared of erythrocytes and counted, and differentials were
performed using Wright stain (see details in the online supplement).

Histology

After BAL, the lungs were prepared for histological examination. Five-
micron paraffin sections were stained with hematoxylin and eosin. Col-
lagen deposition and mucin production were assessed from adjacent
tissue sections stained with Mason’s trichrome or periodic acid-Schiff
(PAS), respectively, by quantitative morphometric techniques (described
in the online supplement). A Sircol (Biocolor Ltd., Newtownabbey,
Northern Ireland) assay was used to quantify new collagen deposition
in lung homogenates.

Tranexamic Acid Treatment

Plg*'"* mice received the OVA treatment outlined above. From Days
18 to 21, the mice had free access to water containing tranexamic acid
(TXA) (trans-4-aminomethylcyclohexane carboxylic acid [AMCA,
50 mg/ml; Sigma, St. Louis, MO]). Animals were killed at 3 hours
post-treatment on Day 21, and leukocyte differentials and histology
were performed.

Cytokine mRNA Expression and Release

RNA protection assays on mRNA extracted from whole lungs were
performed using the Riboquant RNase protection assay mouse cytokine
kits (mCK-1 and mCK-5c; BD Biosciences, San Diego, CA) following
the manufacturer’s instructions. Type 1 and type 2 cytokines in the
BAL fluid were analyzed using the Mouse Th1/Th2 Cytokine Cytome-
tric Bead Array kit (BD Biosciences) according to the manufacturer’s
instructions. In a separate assay, transforming growth factor (TGF)-p1
was assayed using the immunoassay kit (MB100) from R&D Systems,
Inc. (Minneapolis, MN). For monocyte chemotactic protein 1 (JE/
MCP-1) and IL-13, ELISA kits from R&D Systems, Inc., were used.
Details are provided in the online supplement.

Zymographic and Western Blot Analysis of MMPs

MMP-2 and MMP-9 in BAL fluid were detected by gelatin zymography
and Western blot as detailed in the online supplement.

Measurement of AHR in Plg-deficient and WT Mice

C57BI/6 and J129/C57BL/6 Plg*'* and Plg™~ mice received the OVA
treatment outlined above. On Day 21, 3 hours after treatment, animals
were anesthetized by intraperitoneal injection with pentobarbital and
placed on a rodent ventilator inside a body plethysmography chamber.
After a stable baseline pressure was established, mice were given a
dose of methacholine, 411 pg/kg in a volume of 40-55 pl. Resistance and
compliance were determined using Buxco whole body plethysmography
and Biosystems XA software (Buxco Electronics, Wilmington, NC).

Measurement of AHR in TXA-treated BALB/c Mice

Standard induction of allergic airway disease was performed as pre-
viously described (17). In brief, BALB/c mice were immunized by
intraperitoneal injection with OVA (10 pg, precipitated in AI[OH];).
Two weeks later, a series of eight daily inhalations (40 min/d) were
started, with mice placed as a group in a chamber kept saturated with
nebulized OVA solution (1% wt/vol in sterile PBS). OV A-sensitized
mice were divided into two groups: one group (OVA/TXA) received
OVA plus TXA treatment as described above; the other group (OVA/
H,0) received OVA and no TXA. On Day 22, AHR was measured
as described above on both groups and naive (untreated) mice were
used as controls.

Statistical Analysis

Values were expressed as means * SEM. Comparisons were made
using the Student ¢ test and analysis of variance when more than two
values were compared. The Mann-Whitney test (unpaired, nonparamet-
ric, two-tailed) was used for AHR comparisons. p values less than 0.05
were considered significant.

RESULTS

Plasminogen Deficiency Reduces Leukocyte Recruitment
into the Lungs

The OVA sensitization/aerosol challenge model of asthma was
usedin Plg~'~ and Plg*'"~ mice and their WT (Plg*'*) littermates.
BAL was performed to identify and quantify the different cell
types present. Compared with the PBS-treated mice, OVA
caused an increase in total leukocytes in the airways of Plg*'" mice
on Days 18 and 21 but not on Day 15 (Figure 1). On Day 21,
the increase in recruited cells in the OV A-treated animals was
approximately fivefold greater than in the PBS-treated mice. In
contrast, no increase was observed in the OV A-treated com-
pared with the PBS-treated Plg~'~ mice (Figure 1). Of note, the
number of leukocytes in the PBS-treated Plg*'* and Plg~'~ mice
was similar. Although total leukocytes from OV A-treated Plg*/~
mice increased significantly over PBS-treated and Plg~'~ mice
(2803 = 26.7 X 10° cells [n = 16] vs. 137.5 = 12.5 X 10° cells
[n = 4], p =0.02; and 1314 = 212 X 10°cells [n = 9], p =
0.0009, in PBS-treated and Plg~'~ mice, respectively], they were
reduced fourfold compared with their WT counterparts (797.5 =
85.7 X 10° cells [n = 8], p = 0.0001) 3 hours after treatment on
Day 21. These latter results suggest that even a partial reduction
of systemic plasminogen levels, as in the Plg™’~ mice (15) has a
profound effect on leukocyte recruitment to the lungs in this
model.

To determine which leukocyte populations were affected by
plasminogen deficiency, differentials were performed on BAL
cells. Eosinophils increased in the OVA-treated Plg*'* mice
more than 500-fold over their PBS-treated counterparts (Figure
2). In sharp contrast, mice with partial (Plg™'~) or complete
absence (Plg~'") of plasminogen failed to show any increase in
eosinophils (Table 1; Figure 2). This effect was not restricted
only to eosinophils; lymphocyte and neutrophil recruitment was
significantly suppressed in both Plg*'~ and Plg~'~ mice compared
with the Plg*'* mice at Day 21, 3 hours post-OVA challenge.
In contrast, there was no significant increase in the total number
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Figure 1. Timeline of total leukocyte counts
in bronchoalveolar lavage fluid of Plg*/*
(left) and Plg~/~ (right) mice 3 hours after
phosphate-buffered saline (PBS) or oval-
bumin (OVA) treatment on Days 15 (open
bars), 18 (striped bars), and 21 (solid bars) .
Values are expressed as mean = SEM; n =
3-9 mice/group. OVA induced an increase
in leukocyte counts in Plg*/* ((p = 0.0001
vs. PBS), but not in Plg~/~ mice (p = 0.8 vs.
PBS).

OVA

P!g '+

of macrophages in the airways of OV A-treated Plg"'* or Plg~"~
mice on Day 21 at 3 hours after treatment compared with their
PBS-treated counterparts (Figure 2). Importantly, reduction of
pulmonary inflammation due to lack of plasminogen is not re-
stricted by strain background (see the online supplement).

To determine if the lack of increase in eosinophils and lym-
phocytes in the Plg*'~ and Plg”'~ mice was due to delayed
kinetics, we also studied leukocyte recruitment at Day 21, 6
hours after treatment. At this time point, eosinophils and lym-
phocytes had begun to decrease in Plg*'* mice (Table 1). However,
eosinophil and lymphocyte recruitment remained suppressed in
the Plg*'~ and Plg~'~ mice (Table 1), showing that the recruitment
of these cells was not simply delayed.

The extent and anatomic location of leukocyte infiltrates were
determined in hematoxylin-and-eosin—stained sections of lungs
taken at Day 21, 3 hours after OVA or PBS challenge. The
airways from Plg™* and Plg~'~ mice exposed to PBS showed
similar and normal lung histology (Figures 3A and 3C). OVA
induced widespread peribronchiolar and perivascular inflamma-
tion, which was primarily eosinophilic (Figure 3B, inser) in Plg*'*
mice compared with their PBS-treated counterparts (Figures 3A
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and 3B). In contrast to Plg*'* mice, a substantial reduction in
the number of leukocytes was observed in the same areas of
lungs from Plg*'~ (data not shown) and Plg~'~ (Figure 3D and
inset) mice. Instead, the lungs of these mice appeared to be
similar to their PBS-treated controls (Figure 3C).

Reduced Collagen and Mucus Production in Plasminogen
Knockout Mice

Changes in collagen levels, both measured and by histopathol-
ogy, goblet cell hyperplasia, and mucus production are noted
early during the acute phase of OVA antigen exposure (18-20).
To compare the early histological changes induced by OVA
challenge, lung sections from Plg™* and Plg~'~ mice were
stained with Masson trichrome (for collagen deposition) and
PAS (for goblet cell hyperplasia and increased mucus produc-
tion). In lung tissue from PBS-treated mice of both genotypes,
collagen deposition (stained blue) was detected around blood
vessels but not in the airways as expected (see Figure 4A for
Plg*'™*). However, the lungs from OV A-treated Plg™'* mice dis-
played dense deposition of collagen in large portions of the
peribronchial area (Figure 4B and inser). This was not observed

Figure 2. Differential cell
counts in bronchoalveolar
lavage fluid from Plg*'*,
Plg*/= and Plg~/~ mice
3 hours after ovalbumin
(OVA) challenge on Day 21.
Values are expressed as
mean *= SEM; n = 8-16
mice/group. OVA induced
an increase in neutrophils
(open bars), lymphocytes
(dotted bars), and eosino-
phils (solid bars) in Plg*’*
but not in Plg*/~ or Plg~/~
mice (p < 0.001 by analysis
of variance). There was no

PBS OVA PBS OVA

-

difference in the macro-
PBS OVA phage (striped bars) counts

Plg ++ Plg 4/

Pig™” between the genotypes.
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TABLE 1. KINETICS OF LEUKOCYTE RECRUITMENT TO THE AIRWAYS AFTER OVALBUMIN

TREATMENT ON DAY 21

Th 3h 6 h
Lymph (X 10%) Eos (X 10°) Lymph (X 10%) Eos (X 10°) Lymph (X 10%) Eos (X 10°)
Plg*"* 41.8 = 24 86.7 = 40.9 47.2 = 11.7 571.9 £ 78.5 22.7 +16.7 78.9 = 76.2
Plg*/= N/D N/D 6.6 = 4.2 17.2 9.9 1.4+1.4 0
Plg="~ 09 +04 0 1.5+ 0.6 12.3 9.2 3.5+ 1.1 58 52

Definition of abbreviations: Eos = eosinophils; Lymph = lymphocytes; N/D = not determined.

n = 8-16 mice/group.

in Plg~'~ mice, which showed limited collagen deposition (Figure
4C and inset). Quantification of the intensity of the Masson
trichrome staining in lung sections indicated a 33% increase in
collagen deposition in the OVA-treated Plg*’* lungs compared
with those treated only with PBS. In contrast, OV A-treated
Plg~'~ lungs showed no increase in staining intensity compared
with their PBS-treated counterparts, and a 34% reduction in
staining intensity compared with the OV A-treated Plg*'* lungs
(Figure 4G). Deposition of new collagen, assessed by Sircol
assay, was also significantly increased in OV A-treated Plg*'*
lungs over those treated only with PBS, whereas OV A-treated
Plg~"~ lungs showed no increase over their PBS-treated counter-
parts (Figure 4H). As assessed by PAS staining, OVA treatment
caused an increase in goblet cells and mucus production in the
bronchial epithelium of Plg*'* (Figure 4E and inset) but not in
Plg™"~ mice (Figure 4F and inset). PAS staining of the lung of
OV A-treated Plg~'~ mice resembled the PAS staining of lungs
of PBS-treated mice (Figure 4D). Quantification of PAS staining
verified a significant increase in mucus production in OVA-
treated Plg*'* lungs compared with their PBS-treated counter-
parts and OV A-treated Plg~'~ lungs (Figure 41). Therefore,
plasminogen deficiency inhibits the early increase in collagen
deposition, goblet cell hyperplasia, and mucus production, hall-
marks of asthmatic lungs.

TXA, a Plasminogen Inhibitor, Reduces Pulmonary
Inflammation in Plg*’* Mice

Given the dramatic reduction in inflammation in Plg~'~ mice,
we next asked if suppression of plasminogen in WT mice could
alter cellular recruitment and histological changes caused by
OVA treatment. C57/BL/6 mice, subjected to the same regimen
of OV A sensitization and challenge as above, were administered
TXA in their drinking water from Days 18 to 21. The amount
of TXA used in the water is well tolerated and leads to blood
levels of greater than 200 wM, which are sufficient to inhibit
functions mediated by the lysine binding sites of plasminogen
(21). WT mice treated with OVA/TXA had a reduced total
leukocyte recruitment compared with those that received only
OVA (Figure 5A). The inhibition was to the level of cells present
in the BAL of PBS-treated control animals. Examination of the
individual cell types showed that TXA treatment significantly
reduced lymphocyte and eosinophil recruitment (Figure 5B),
whereas the number of macrophages remained the same. As an
important control, TXA caused no additional reduction in the
total number of leukocytes in Plg~'~ mice (Figure SA), establishing
specificity to the effect of TXA. Histological examination of lungs
from OVA/TXA-treated WT mice showed reduced leukocytosis
in the perivascular and peribronchial areas (Figure 6C) compared

Figure 3. Effects of phosphate-buffered
saline (PBS) and ovalbumin (OVA) 3 hours
after challenge on Day 21in the lungs of
Plg*'* and Plg~'~ mice. Representative
photomicrographs of hematoxylin-and-
eosin-stained lung sections are shown;
n = 3-9 mice/group. PBS treatment had
no effect on the lungs of either Plg*/*
(A) or Plg~'~ (C) mice. However, OVA
induced peribronchial and perivascular
leukocytosis in Plg*/* mice (B), but not
in Plg~'= (D) mice. Original magpnifica-
tions for A-D are X100. Higher magpnifi-
cation (X400) insets in B and D highlight
the differences in leukocytosis in the peri-
bronchial areas between the genotypes
and the eosinophilic nature of the infil-
trate in OVA-treated Plg*/* mice. Bars =
137 pm.
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with WT mice that received only OVA (Figure 6A). Because
TXA does not affect circulating blood cell numbers (unpublished
data), its effect is exerted at the level of cell recruitment and/
or migration into the lungs. In addition, TXA reduced the
amount of collagen deposited in the subepithelial areas (Figure
6D) compared with treatment with OVA alone (Figure 6B).
These data show that reduction of functional plasminogen is
effective in reducing the pulmonary inflammation in this model
of asthma.

Reduced Gelatinase Protein and Activity in OVA-treated
Plg Knockout Mice

Recent studies have shown that WT mice increase their MMP-9
activity after OVA treatment and that cellular infiltration into
the lungs after OVA is reduced in MMP-9 knockout mice (22,
23). Because plasminogen is a known activator of MMP-9 (7),
we determined whether the absence of plasminogen had an
effect on the expression and activation of MMP-9 and another
gelatinase MMP-2, in this model. BAL fluid from Plg*™'" and
Plg™"~ mice collected 3 hours after OVA or PBS treatment on
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Figure 4. Effects of phosphate-buffered saline
(PBS) and ovalbumin (OVA) 3 hours after chal-
lenge on Day 21 in the lungs of Plg*/* and Plg~/~
mice. Representative photomicrographs of Mas-
son trichrome (A-C)- and periodic acid-Schiff
(PAS) (D-F)-stained lung sections are shown;
n = 3-9 mice/group. PBS treatment had no ef-
fect on the lungs of Plg*’* mice (A and D). OVA
treatment resulted in increased deposition of col-
lagen (blue) in large portions of the peribronchial
area (B) as well as increased goblet cells and
mucus production (magenta) in the bronchial
epithelium (E) of Plg™/* mice. These changes
were not observed in the lungs of OVA-treated
Plg~'~ mice (Cand F, respectively). Original mag-
nifications for A-F are X100. Higher magnifica-
tion (X400) insets in B versus C and E versus F
highlight the difference in collagen deposition
and goblet cells and mucus production, respec-
tively, between the genotypes. Bars = 137 pm.
(G) Quantification of Masson trichrome-stained
lung sections revealed a statistically significant
increase (p = 0.009) in collagen deposition in
OVA-treated Plg*/* mice (n = 20) over their PBS
counterparts (n 11) and the PBS- (n 9,
p = 0.01) or OVA-treated Plg~/~ mice (n = 10,
p = 0.05). (H) Sircol assay using lung homoge-
nates also showed a significant increase of new
collagen in OVA-treated Plg*™/* mice (n = 4) over
their PBS counterparts (n = 3, p = 0.05) and
the PBS- (n = 3, p = 0.04) or OVA-treated Plg~/
mice (n = 3, p = 0.01). (/) Quantification of
PAS-stained lungs sections revealed a significant
increase of mucus production in OVA-treated
Plg** mice (n = 29) over their PBS counterparts
(n =16, p = 0.0001) and OVA-treated Plg/~
mice (n = 16, p = 0.001). SAL = PBS-treated;
WT = wild-type.

ovA
WT

OVA
KO

Days 15 and 18, and 1 and 3 hours after treatment on Day 21,
was analyzed by zymography and Western blot. MMP-2 and
MMP-9 proenzymes showed low basal levels at all times studied
in PBS-treated Plg"™'* and Plg~'~ mice (see Figures 7A and 7B for
Day 21, 3 hours). OVA treatment increased MMP-2 protein and
activity at 1 hour post-treatment on Day 21 in Plg*"* mice, with
maximal activity observed at 3 hours on this day (Figures 7A and
B). This was not the case in Plg~'~ mice; levels of MMP-2 protein
were the same as in PBS-treated mice (Figure 7B), and enzyme
activity did not increase as much as in the Plg*'* mice (Figure
7A). The results were corroborated by ELISA, which measured
total MMP-2 in BAL. OVA increased MMP-9 in both genotypes
by Day 21 at 3 hours, but higher levels were observed in WT mice
(Figure 7A). These data indicate that absence of plasminogen
reduces the levels and activities of these gelatinases in response
to OVA challenge, which could contribute to the reduced leuko-
cyte levels and histological changes observed in these mice.

Reduced Cytokines in Plg-deficient Mice after OVA Treatment

Because leukocyte recruitment and histological changes ob-
served in lungs after OVA treatment have been shown to be
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cytokine dependent (reviewed in Reference 24), we studied a
variety of Thl and Th2 cytokines to understand whether Plg
deficiency altered their expression. RNA protection assays on
RNA extracted from whole lungs of both genotypes were per-
formed using a mouse cytokine kit, and no difference in the
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Figure 5. Effect of tranexamic acid (TXA) treatment on leu-
kocyte recruitment to the lungs of C57BL/6 Plg™/* and
Plg~'~ mice. (A) Total leukocyte counts in the bronchoal-
veolar lavage fluid of Plg*/* (open bars) and Plg~'~ (solid bar)
mice after phosphate-buffered saline (PBS) or ovalbumin
(OVA) treatment. Wild-type mice treated with OVA/TXA
had reduced total leukocyte recruitment compared with
those that received only OVA. The inhibition was to the
level of cells present in the BAL of PBS-treated controls.
TXA caused no additional reduction in leukocytes in Plg~/~
mice. (B) Differential cell counts in BAL fluid showed that
TXA (Solid bars) treatment significantly reduced lympho-
cyte and eosinophil recruitment while the number of mac-
rophages remained the same as in mice treated only with
OVA (open bars). Values are expressed as mean * SEM;
n = 3-9 mice/group.

mRNA expression levels of a variety of cytokines were found,
including RANTES (regulated upon activation, T-cell expressed
and secreted), macrophage inflammatory protein (MIP)-1a,
MIP-1B, MIP-2, interferon inducible protein (IP)-10, MCP-1,
T-cell activation gene (TCA)-3, eotaxin, IL-2, IL-4, IL-5, IL-6,

Figure 6. Effects of tranexamic acid (TXA)
treatment on lung histology in ovalbumin
(OVA)-treated Plg*’* C57BL/6 mice
3 hours after challenge on Day 21. Repre-
sentative photomicrographs of hema-
toxylin-and-eosin (A and C)- and Mas-
son trichrome (B and D)-stained lung
sections are shown (original magnifica-
tion, X100); n = 3-9 mice/group. TXA
treatment reduced leukocytosis in the
perivascular and peribronchial areas (C)
compared with wild-type mice that re-
ceived only OVA (A). TXA also reduced
collagen deposition in the subepithelial
areas (D) compared with treatment with
OVA alone (B). Bars = 137 pm.
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1L-9, IL-10, IL-13, and IL-15, as well as IFN-y between OV A-
treated Plg™'* and Plg~'~ mice. In addition, a mouse cytometric
bead array was used to quantify cytokine protein expression in
the BAL at the same time points as MMPs were measured (see
above). Levels for IFN-y, IL-2, IL-4, and IL-13 were similar
among the genotypes at the time points studied. OVA caused
a significant increase in IL-5 levels in Plg*'* mice over those
observed in the PBS-treated counterparts at all time points stud-
ied (Table 2). IL-5 levels were higher in OV A-treated Plg™'*
compared with Plg~'~ mice (Table 2). At all time points studied,
OVA treatment significantly increased the levels of tumor necro-
sis factor (TNF)-a in WT mice over those found in their PBS-
treated counterparts or the PBS- or OV A-treated Plg™~ mice
(Table 2). These data indicate that OVA induced expression of
multiple cytokines, including TNF-a and IL-5, in WT mice, but
not in mice with Plg deficiency.

TABLE 2. TIME COURSE OF CYTOKINE EXPRESSION IN
BRONCHOALVEOLAR LAVAGE FLUID

Genotype/Days of and

Hours after Treatment TNF-a (pg/ml) IL-5 (pg/ml)
Day 15/3 h
Plg*'*-PBS 4.6 + 0.7 0
Plg*/*-OVA 262+ 6 12+79
Plg~/~-OVA 11.4+8 1.5+0.8
Day 18/3 h
Plg*/*-PBS 142 + 23 0
Plg*'*-OVA 356 = 9.9 14 +6.3
Plg~'~-OVA 16.9 = 10.1 22 +17
Day 21/1 h
Plg*'*-PBS 11.3+11.3 0
Plg*/*-OVA 57.1 =20 0
Plg~'~-OVA 6.7 =27 0
Day 21/3 h
Plg*/*-PBS 0.7 £ 0.7 0
Plg*'*-OVA 85.1 = 13.3 39.9 =233
Plg~'~-OVA 26.6 = 10 1.6 + 0.5

Definition of abbreviations: OVA = ovalbumin; PBS = phosphate-buffered saline;
TNF-a = tumor necrosis factor a.
n = 3-6 mice/group.

OVA +
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Figure 7. Matrix metalloproteinase (MMP)-2
and MMP-9 expression in bronchoalveolar
lavage (BAL) fluid from Plg*'* and Plg~/~ mice
collected 3 hours after ovalbumin (OVA) or
phosphate-buffered saline (PBS) treatment on
Day 21. BAL fluid was analyzed by gelatin zy-
mography (A) and Western blot (B). MMP-2 and
MMP-9 proenzymes showed low basal expres-
sion in PBS-treated Plg™/* (lanes 1-2) and Plg~/~
(lane 3 in A, lanes 5 and 6 in B) mice. OVA
treatment increased MMP-2 pro- and active
enzymes in Plg*'* (lane 2 in A and lanes 3 and
4 in B) but not in Plg~/~ mice, in which levels
of MMP-2 were the same as in PBS-treated mice
(lane4in Aand lanes 7 and 8in B). OVAincreased
pro-MMP-9 in both genotypes, but higher levels
were observed in wild-type mice (lane 2in Aand
lanes 3 and 4 in B). In addition, the active form
of MMP-9 was observed only in wild-type mice.

In separate assays, we measured the levels of MCP-1, the
mouse counterpart of MCP-1, in the BAL of PBS- and OVA-
challenged mice because reduced levels of this chemotactic factor
are observed in association with a blunted inflammatory re-
sponse to biomaterial implants in Plg™'~ mice compared with
WT littermates (21). Levels of JE, measured by immunoassay,
were undetectable (sensitivity of the assay was ~ 15 pg/ml) or
very low (< 20 pg/ml) in BAL from Day 15, at 1 or 3 hours, or
Day 21, at 1 or 3 hours, and were not different in the two
genotypes. Plasmin is an activator of latent TGF-B1 (25, 26).
TGF-B1 levels change during OVA challenge and the growth
factor may influence the response (27). We measured the levels
of both total and active TGF-B1 in the BAL from Day 15, at 1
or 3 hours, or Day 21, at 1 or 3 hours, and lung extracts from
Day 21, at 3 hours Active TGF-B1 was undetectable in lung
homogenates at this time point. The BAL levels of TGF-B1
showed great variability among the mice of the same genotype,
consistent with the report of Kumar and colleagues (27), and
differences between the two genotypes were not significant
(p > 0.1). Within the BAL of an individual mouse, 5 to 10%
of the total TGF-B1 was active, and this level of activation
was observed in both genotypes.

TXA Reduces AHR in OVA-treated BALB/c Mice

To determine if Plg deficiency also affected AHR, PBS-or OVA-
treated Plg*/* and Plg™~ mice were subjected to methacholine
in a body plethysmography chamber. Lung resistance in the
OVA-treated C57B1/6 Plg*’* mice did not increase over that of
their PBS-treated counterparts (2.895 * 0.53 vs. 2.483 = 0.41 cm
H,O/ml/s) to the levels expected for that dose of methacholine in
other WT mice (see Reference 17). Likewise, lung resistance in
OV A-treated C57Bl/6 Plg”~ mice was not higher than that of
their PBS-treated counterparts (2.061 = 0.07 vs. 2.5 + 0.43 cm
H,0O/ml/s). Measurements of lung resistance in Plg*’* and Plg™”~
mice of the 50/50 J129/C57BL/6 background resulted in similar
findings (not shown).

BALB/c mice are frequently used for evaluation of AHR.
Therefore, OV A-sensitized BALB/c mice were treated with the
plasminogen inhibitor TXA to determine its effect in AHR.
Lung resistance in mice treated with OVA alone (OVA/H,0)
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increased significantly over that observed in naive mice in re-
sponse to methacholine (Figure 8). TXA treatment significantly
reduced lung resistance in OVA-treated mice (OVA/TXA) to
levels observed in the naive mice (Figure 8).

DISCUSSION

Asthma is an inflammatory disorder of the airways. T cells are
key to the initiation of the response (reviewed in Reference 1);
and eosinophils induce many of the pathological changes in
the lungs (18) and correlate with disease severity (28). Because
plasminogen plays a key role in inflammatory cell migration (8,
9,29), we compared the response of Plg*'* and Plg™'~ mice in a
widely used OV A challenge model to induce allergic pulmonary
inflammation. Our major findings are as follows:

1. Plasminogen is key for leukocyte recruitment into the peri-
bronchial and perivascular areas and airways of the lungs.

2. Plasminogen is centrally involved in early histological
changes observed in asthma, including collagen deposition
in the peribronchial areas and mucus metaplasia.

3. A mechanism for involvement of plasminogen in the
pathogenesis of asthma may involve its regulation of spe-
cific MMPs and cytokines.

4. Inhibition of plasminogen function decreases pulmonary
inflammation.

OVA sensitization and challenge induced the characteristic
increase in total leukocytes in the airways of Plg*'* mice com-
pared with PBS-treated animals, peaking at Day 21, at 3 hours
after treatment. This response was greatly diminished in Plg*'~
mice and was absent in Plg~'~ mice. Plg*'~ mice contain half
the amount of blood plasminogen compared with WT mice (15),
but recruitment of most cell types to OVA was decreased by
more than 75%. This dramatic effect of partial plasminogen
reduction is more pronounced than in other models (8, 15, 30)
and bodes well if plasminogen were to be a therapeutic target
in asthma. The specific cell types most affected by plasminogen
deficiency were lymphocytes and eosinophils. This effect was
not simply a delay in inflammatory cell response because both
Plg*'~ and Plg~'~ mice failed to show any increase in these cell
types between Day 21, at 3 hours, and Day 21, at 6 hours after
treatment, times at which their recruitment is maximal (16). The
suppression of eosinophil recruitment is particularly noteworthy
because of the causative role of these cells in the pathology of
asthma (28, 31, 32). Not only were leukocytes diminished in the
airways but also in the peribronchial and perivascular areas of
the lungs of Plg*'~ and Plg~'~ mice. These areas are known to

Figure 8. Effects of tranexamic acid (TXA) treatment
on airway hyperreactivity in ovalbumin (OVA)-treated
BALB/c mice. Mean * SEM lung resistance values after
methacholine injection. The means were derived from
eight individual mice, in two separate experiments, for
each data point. Mice treated with OVA/TXA had
reduced lung resistance compared with those that re-
ceived only OVA. The inhibition was to the level
observed in the naive mice.

OVA/TXA

be important in the inflammatory reaction associated with lung
injury (33).

Although, to our knowledge, our study is the first to directly
implicate plasminogen in the pathogenesis of asthma, multiple
studies suggest a relationship between the plasminogen system
and the disease. For example, the urokinase plasminogen activa-
tor (uPA)/plasminogen have been implicated in the extravasa-
tion of T cells and the uPA receptor was identified as a T-
lymphocyte activation antigen (34). A variety of agonists (35-37)
induce uPA-dependent plasminogen activation of eosinophils.
Also, inhibition of uPA, MMPs, or Plg/plasmin decreases in
vitro eosinophil adhesion (38) or transmigration (12, 37). More
recently, associations between allelic variants of uPA and asthma
phenotypes, including AHR, were observed in three indepen-
dent Canadian population samples (39). Together, these previ-
ous findings consistently show a key role for the plasminogen
system in asthma.

OV A-treated Plg™'* mice contained increased collagen in the
peribronchial areas, an early histological change in the lungs of
mice during the acute phase in several OVA models (18-20)
and of patients with newly diagnosed or mild asthma (2, 3).
Collagen hyperplasia has been reported in patients that die of
asthma (40), and a direct correlation has been found between
the severity of asthma and the amount of subepithelial collagen
(41,42). Inthe Plg*™'~ and Plg~'~ mice, increased collagen deposi-
tion was absent. Also absent in these mice were goblet cell
hyperplasia and mucus production, two other features in lungs
of OV A-treated mice. Given the dramatic decrease in the early
histological changes in mice with reduced plasminogen, the role
that plasminogen plays in airway remodeling in chronic antigen
exposure models will be explored in future studies.

The histological differences observed between Plg™'* and
Plg~'~ mice may be a consequence of diminished inflammatory
cell recruitment. In human subjects with asthma and murine
models of asthma, inflammatory cell levels correlate with colla-
gen levels (41, 43, 44). However, plasminogen activator inhibitor
1 (PAI-1)—deficient mice showed no difference in leukocyte re-
cruitment into the lungs in response to OVA challenge, but
their collagen content was still decreased (45), consistent with
a significant role of the plasminogen system in policing ECM
turnover.

Our results show that OVA treatment induced a significant
increase in gelatinase levels and activities in OV A-sensitized
WT but not in Plg~'~ mice. This difference may be central to
the suppression of the asthmatic response in Plg~'~ mice because
MMP inhibitors reduced lymphocyte and eosinophil infiltration
into the lungs of OV A-challenged mice (46). MMP-9 is believed
to play a key role in cell trafficking and inflammation through

+1+
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the degradation of basement membrane type IV collagen (re-
viewed in Reference 47). MMP-9 is overexpressed by eosinophils
in bronchial tissues of individuals with asthma (48, 49) and the
number of eosinophils correlates with mucosal expression of
MMP-9 (50, 51). Thus, decreased MMP-9 activity may underlie
many of the differences between Plg™'~ and Plg*'* mice in the
OVA challenge model. However, airway wall thickness was not
different between WT and MMP-97'~ mice (22), whereas it was
dramatically reduced in Plg~'~ mice. Moreover, the pattern of
recruitment of specific cell types in the OVA challenge model
in MMP-97'~ mice differs from that we observed in the Plg~'~
mice (22, 52). Clearly, the contributions of plasminogen to lung
pathology extend beyond its regulation of MMP-9. Differences
in the effect of MMP-9 and plasminogen deficiency might be
due to reduction of MMP-2 in Plg™’~ mice. Soluble MMP-2 and
its activator, membrane type 1 matrix metallo protease (MMT1)-
MMP, are increased in the sputum and BAL fluid of patients
with asthma (53) and are coexpressed in various cells in the lung
(54).

Reduction in cytokine expression also may contribute to the
differential response of Plg*'* and Plg™'~ mice to OVA chal-
lenge. TNF-a levels were reduced in Plg~'~ mice, and this cyto-
kine plays an important role in lung fibrosis (reviewed in Refer-
ences 55 and 56). Chemokine induction of MMP-9 promotes
cellular influx to the airways of OV A-treated mice (57), and
TNF-a regulates MMP-9 expression in monocytes (58) and eo-
sinophils (59). Thus, TNF-a could be involved in both cellular
recruitment and tissue destruction by increasing MMP activity.
This interrelationship may be reciprocal because several MMPs
regulate TNF-a activity (reviewed in Reference 55). In addition
to TNF-q, differential levels of IL-5 were found between Plg*'*
and Plg~'~ mice. IL-5 is a key regulatory cytokine for eosinophil
responses (reviewed in Reference 24). Treatment of OV A-sensi-
tized mice with inactive IL-5 showed no lung eosinophilia and
very little inflammation and lung damage (60). With the very
profound effect of plasminogen deficiency on the OV A response,
a combination of these mechanisms may come into play. Al-
though IL-13 has been shown to be important in mucus cell
metaplasia in allergic airway disease (61), we did not find differ-
ence in the mRNA or protein levels of this cytokine in the BAL
fluid of OV A-challenged Plg*'* and Plg~'~ mice. We also found
no relationship between BAL levels of JE and TGF-B1, either
in an active or latent form. Thus, whereas these mediators are
candidates to influence cellular recruitment in a plasminogen-
dependent fashion (21, 62), there was no evidence for their
differential expression in OV A-treated Plg~'~ and Plg™'* mice.

Although the above discussion emphasizes the role of plas-
minogen in regulating MMP and cytokine production as poten-
tial mechanisms underlying its participation in pulmonary in-
flammation, other mechanisms cannot be excluded. For example,
the absence of plasminogen may limit the capacity of inflamma-
tory cells to migrate through the ECM and reach the lungs.
Thus, some of the changes in MMP and cytokine levels may be
secondary to the reduction in cellular recruitment in Plg~'~ mice.

WT mice given TXA after sensitization but during challenge
with OVA showed reduced cellular recruitment and pulmonary
changes. This effect was not observed in Plg~'~ mice, demonstra-
ting specificity. Interestingly, even late after challenge (Days
18-21), TXA blocked the inflammatory response and tissue
changes induced by OVA. These experiments were performed
in C57BL/6 mice as well as in the 50/50 J129/C57BL/6 mice (not
shown). Our efforts to measure AHR in these backgrounds
were unsuccessful, possibly due to the presence of the C57BL/
6 background. C57BL/6 mice are resistant to AHR and require
a particular regimen of OVA treatment to induce this response
(60). BALB/c mice, in which the response to OVA is more
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TH2 driven, are more sensitive to AHR. When OV A-sensitized
BALB/c mice were treated with TXA, lung resistance was sig-
nificantly reduced. Further studies of the effects of TXA on the
AHR in this background at varying methacholine doses and on
different induction regimens will be needed to more fully under-
stand the role of plasminogen and its inhibition on physiology.

In summary, we have shown that plasminogen is important
in the recruitment of inflammatory cells into the lung and related
early pulmonary changes in a mouse model of OVA-induced
pulmonary inflammation. This profound effect of plasminogen
on the pathogenesis of asthma may depend on its capacity to
regulate multiple events, which contribute to the response, in-
cluding the generation of TNF-a, IL-5, and certain MMPs. In
addition, a plasminogen inhibitor suppresses the inflammation,
early histological changes, and AHR in this murine model of
asthma, suggesting that plasminogen may be an effective thera-
peutic target in the treatment of the disease.
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