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Abstract

Local derangements of fibrin turnover and plasminogen activator
inhibitor (PAI)-1 have been implicated in the pathogenesis of pleural
injury. However, their role in the control of pleural organization has

pleural mesothelial cells. In PAI-1~/~ mice, D-dimer and
thrombin-antithrombin complex concentrations were increased in
pleural lavage fluids. The results demonstrate that PAI-1 regulates
CBB-induced pleural injury severity via unrestricted fibrinolysis and
cross-talk with coagulation proteases. Whereas overexpression of

been unclear. We found that a C57Bl/6j mouse model of carbon
black/bleomycin (CBB) injury demonstrates pleural organization
resulting in pleural rind formation (14 d). In transgenic mice
overexpressing human PAI-1, intrapleural fibrin deposition was
increased, but visceral pleural thickness, lung volumes, and
compliance were comparable to wild type. CBB injury in PAI-17/~
mice significantly increased visceral pleural thickness (P < 0.001),
elastance (P < 0.05), and total lung resistance (P < 0.05), while
decreasing lung compliance (P < 0.01) and lung volumes (P < 0.05).
Collagen, a-smooth muscle actin, and tissue factor were increased in
the thickened visceral pleura of PAI-1~/~ mice. Colocalization of
a-smooth muscle actin and calretinin within pleural mesothelial cells
was increased in CBB-injured PAI-1~'~ mice. Thrombin, factor Xa,
plasmin, and urokinase induced mesothelial-mesenchymal
transition, tissue factor expression, and activity in primary human

PAI-1 augments intrapleural fibrin deposition, PAI-1 deficiency
promotes profibrogenic alterations of the mesothelium that
exacerbate pleural organization and lung restriction.
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Clinical Relevance

Plasminogen activator inhibitor (PAI) deficiency contributes to
the progression of pleural injury. The lack of PAI-1 augments
fibrinolytic and coagulation protease activity and paradoxically
exacerbates injury.

increased mortality in patients with
parapneumonic effusions/empyema and
comorbidities (2). About 80,000 United
States and United Kingdom patients with
empyema or complicated parapneumonic

Pleural fibrosis can result in restrictive lung
disease and clinically significant dyspnea
associated with fibrothorax. Common
causes of fibrothorax are empyema or
pneumonia with undrained complicated

parapneumonic effusion, tuberculosis,
collagen vascular diseases, trauma and
hemothorax, post-coronary artery bypass
surgery, and asbestos-related pleural disease
(1). Fibrothorax contributes to the
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pleural effusions annually require pleural
drainage in an effort to treat pleural sepsis
and prevent lung restriction due to
fibrothorax (3). Many more develop pleural
loculation and fibrosis in association with
malignancy (3). Although plasminogen
activator inhibitor (PAI)-1 has been
implicated in the pathogenesis of pleural
organization and poor outcomes of pleural
injury, its role at present has been strictly
ascribed to suppression of intrapleural
fibrinolysis (4).

Disordered fibrin turnover has likewise
long been associated with acute lung injury
and interstitial lung diseases, including
idiopathic pulmonary fibrosis. In these
diseases, decreased fibrinolytic activity of
lung lavage fluids is characteristic, and is
attributable to an increase of PAI-1 (5).
Prior studies have shown that PAI-1
deficiency was protective against
bleomycin-induced pulmonary fibrosis
(6, 7), whereas lung fibrosis was exacerbated
in plasminogen and plasminogen
activator—deficient mice (8). Increased PAI-1
has previously been shown to increase
pleural loculation in relatively acute pleural
injury (over 4-5 d) (9), but its effect on
pathophysiologic lung restriction and
fibrothorax has not, to our knowledge, been
previously studied.

Pleural injury is characterized by the
proliferation of a-smooth muscle actin
(o-SMA)-expressing myofibroblasts (10,
11). These cells promote the accumulation
of extracellular matrix (ECM) proteins,
including collagen (Col)-1 (12). However,
the source of myofibroblasts in evolving
fibrothorax remains unclear. Pleural
mesothelial cells (PMCs) have recently been
shown to undergo a process called
mesothelial-mesenchymal transition
(MesoMT) (1, 13), which is similar to
epithelial-mesenchymal transition (EMT).
Although transforming growth factor
(TGF)-B1 potently induces EMT, recent
studies have shown that procoagulant
proteases, such as factor Xa (FXa) and
thrombin (THB), can also induce markers
of EMT in lung epithelial cells (14, 15).
These findings, and the abundance of
procoagulants in exudative pleural effusions
(15-17), suggest that these proteases have
the potential to drive MesoMT in fibrosing
pleural injury in vivo.

In this study, we introduce and
characterize a model system of carbon
black/bleomycin (CBB)-induced pleural
fibrosis in C57Bl/6j mice, new techniques to
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harvest pleural lavage and culture primary
PMCs, and new applications of computed
tomography (CT) imaging and physiologic
assessments to assess the role of PAI-1 in
evolving fibrothorax. We now show that
PAI-1 deficiency exacerbates CBB-induced
pleural injury in mice, that the process
involves cross-talk between PAI-1 and
procoagulant responses in pleural fluids and
tissues, and that coagulation proteases, two-
chain urokinase plasminogen activator
(uPA) and plasmin (PLN) can promote
MesoMT that may contribute to
pathophysiologic derangements of
pulmonary function indicative of lung
restriction in evolving fibrothorax.

Materials and Methods

Additional methods are described in the
online supplement.

CBB Mouse Model

All experiments involving animals were
approved by the Institutional Animal Care
and Use Committee at the University of
Texas Health Science Center at Tyler. Wild-
type (WT) C57Bl/6j mice and PAI-1/~
mice and PAI-1 transgenic (PAI-1"%) mice
on a C57Bl/6j background were purchased
from Jackson Laboratory (Bar Harbor,
Maine). The CBB mouse model of pleural
fibrosis was established as previously
described in CD1 mice (10), with some
modifications. Isofluorane-anesthetized
C57BL/6j mice were intrapleurally injected
with 100 pl of a CBB mixture (0.1 mg
carbon black [Degussa AG, Frankfurt,
Germany]/0.07 U bleomycin [Teva
Parenteral Medicines, Irvine, CA])
prepared in 0.9% saline. Control animals
were intrapleurally injected with 100 pl of
0.9% saline. Pleural injury was then allowed
to progress for 7, 14, or 21 days, at which
point the mice were killed.

Measurement of Pulmonary

Function Tests

Pulmonary function tests were performed
immediately before CT imaging and before
mice were killed, as previously described
(18). Briefly, mice were anesthetized with
a ketamine/xylazine mixture. Anesthetized
mice were next intubated by inserting

a sterile, 20-gauge intravenous canula
through the vocal cords into the trachea.
Elastance, compliance, and total lung
resistance measurements were then

collected using the flexiVent system
(SCIREQ, Tempe, AZ). The “snapshot
perturbation method” was used to study
lung function in the CBB injury model.
This method measures total lung resistance,
compliance, and elastance of the entire
respiratory system. Increased total lung
resistance in the CBB model may reflect
lung contraction associated with pleural
rind formation with concurrent distortion
of the airways. The flexiVent was set to

a tidal volume of 30 ml/kg at a frequency
of 150 breaths/min against 2-3 cm H,O
positive end-expiratory pressure, according
to manufacturer’s specifications. The mice
were maintained under anesthesia using
isofluorane throughout the pulmonary
function testing.

CT Scans and Measurements

of Lung Volume

After ketamine/xylazine injection, mice
were anesthetized further using an
isoflurane/O, mixture to ensure that mice
remained deeply anesthetized and to
minimize spontaneous breaths. The
Explore Locus Micro-CT Scanner (General
Electric, GE Healthcare, Wauwatosa, WI)
was used for CT imaging. CT scans were
performed during full inspiration and at

a resolution of 93 wm. Lung volumes were
calculated from lung renditions collected at
full inspiration. Microview software was
used to analyze lung volumes and render
three-dimensional images.

Phase Contrast Microscopy

Phase contrast microscopy was used to
document phenotypic changes in PMCs
exposed to selected agonists.

Flow Cytometry

PMCs were first isolated from saline- and
CBB-treated WT mice by tryptic wash.
Isolated cells were then washed, fixed with
2% buffered formalin, and permeabilized
with 0.1% saponnin. Cells were then labeled
for o-SMA (Alexafluor 488; R&D Systems,
Minneapolis, MN) and calretinin (DyLight
649; Sigma-Aldrich, St. Louis, MO), and
analyzed on a Guava easyCyte flow
cytometer (Millipore, Billerica MA).

Statistical Analyisis

All statistics were performed using the
Mann-Whitney ¢ test. A P value of less than
0.05 was considered significant.
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Results

a-SMA Expression Localizes to the
Mesothelium and Is Increased in
Pleural Tissue from Patients with
Pleuritis versus Patients with
Morphologically Normal Pleura

We first sought to determine if
myofibroblasts were detectable in human
lung sections from patients diagnosed as
having nonspecific pleuritis. Lung sections
from histologically normal subjects

and those with pleuritis were
immunofluorescently labeled and pleural
linings compared. Calretinin is a mesothelial
cell-specific marker in the lung, and was
used to detect PMCs in lung tissue sections
(13, 19). Calretinin was found in the
mesothelium of both normal and pleuritis
lung tissues. a-SMA, however, was only
detected in the mesothelium and
submesothelium of pleuritis tissues

(Figure 1A). Furthermore, a-SMA and
calretinin colocalized in human pleuritis
tissues. These findings show that
nonspecific human lung pleuritis is
characterized by the presence of
myofibroblasts, which are absent in normal
human pleural tissues, and that PMCs
may contribute to the myofibroblast
population. We next compared tissue
sections from the same patients for the
presence of ECM proteins, including fibrin
and collagen. As expected, pleuritis tissues
consistently exhibited robust fibrin and
collagen deposition at the level of the
mesothelium and within the subpleural
tissues (Figure 1B).

CBB Injury Induces Pleural Fibrosis

in Mice

Because intrapleural administration of

a CBB mixture has previously been shown to
cause pleural fibrosis in CD1 mice (10), we
next sought to establish a model of pleural
fibrosis in C57Bl/6j mice. The left
hemithoraces of C57Bl/6j mice were
intrapleurally injected with saline or a CBB
mixture in saline. Treated animals were
then analyzed 7, 14, and 21 days after
injection. Animals were anesthetized and
CT scan analyses were performed on saline-
and CBB-treated mice. Three-dimensional
lung renditions were then constructed from
the CT scans and lung volumes were
calculated, which showed that CBB-
mediated lung injury preferentially localizes
to the left hemithorax, but that both
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Figure 1. Tissue colocalization of a-smooth muscle actin (a-SMA) and calretinin in human pleuritis
lung. Tissue sections were prepared from the lungs of normal subjects and patients with nonspecific
pleuritis (n = 3/group). (A) The sections were then probed for the expression of a-SMA (red) and
calretinin (green) by the pleural mesothelium lining using immunofluorescence. The sectioned pleural
mesothelium in its entirety was analyzed for a-SMA and calretinin expression. All images were taken
at 40X magnification on a confocal microscope. (B) Tissue sections from normal subjects and
patients with nonspecific pleuritis were probed for fibrin via immunohistochemistry and collagen via
Trichrome stain. The sectioned pleural mesothelium in its entirety was analyzed for fibrin deposition
(red stain). Tissue sections from normal subjects and patients with pleuritis were analyzed for collagen
deposition (blue). All images were taken at 20X magnification on a Nikon Eclipse Ti inverted
microscope (Nikon, Dallas, TX). lllustrated findings are representative of three sections per group.

hemithoraces were affected (Figure 2A).
These data indicate that CBB induces
pleural injury that is readily detected by CT
scanning, and restricts lung volumes within
14 days in C57Bl/6j mice.

a-SMA-Expressing Cells Are
Associated with and Enriched in CBB-
Mediated Pleural Thickening

Because previous reports have shown that
myofibroblasts are represented in the
thickened pleura of CBB-injured CD1 mice
(10), we next tested lung sections from
saline- and CBB-treated mice for a-SMA
by immunohistochemistry (IHC). We
found that a-SMA expression appeared in
the injured lung pleura as early as 7 days in

this model, and increased within the pleural
rind over 21 days (Figure 2B). These
findings support the concept that
myofibroblasts contribute to morphologic
and pathophysiologic derangements
associated with CBB-induced pleural injury.

CBB-Induced Pleural Injury Is
Associated with Extravascular Fibrin
and Collagen Deposition

Because the pleural cavities from CBB-
treated mice appeared to be encased in

a transitional neomatrix, tissue sections
were assayed for fibrin(ogen) by IHC.
Fibrin-related staining was confirmed at 7-,
14-, and 21-day time points; however, fibrin
antigen was highest at 7 days after CBB
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Figure 2. Computed tomography (CT) scan analysis of carbon black/bleomycin (CBB)-injured pleural
cavities in mice. Saline- and CBB-injured mice were analyzed by CT scan 7, 14, and 21 days after
CBB or saline injection. (A) Three dimensional (3D) reconstructions from CT scans illustrate altered
lung morphology after induction of CBB pleural injury. The 3D renderings are representative of the
findings of all animals in each group consisting of four to six animals per group. (B) Lung sections from
7-, 14-, and 21-day CBB-injured and saline-challenged mice were stained for a-SMA by
immunohistochemistry. a-SMA expression increased throughout the 21-day time course in the
visceral lung pleura in CBB-injured mice. Solid arrows indicate areas of a-SMA positivity. a-SMA
expression of the mesothelium was absent in the 21-day saline-treated samples. (C) Lung tissue
sections from saline- and CBB-injured mice were immunohistochemically stained for fibrin(ogen).
Fibrin(ogen) staining (red) is most prominent at the pleural surface by 7 days, and attenuates over the
21-day time course. Solid arrows indicate areas of fibrin deposition. Dashed arrows indicate the
presence of cells within the fibrin matrix (30 fields/section for each of 3 mice/group) were analyzed to
determine fibrin deposition. (D) Lung tissue sections were Trichrome stained to detect collagen
deposition (blue) over the 21-day time course after intrapleural saline or CBB administration. Collagen
deposition became prominent by 14 days and remained so through 21 days (30 fields/section for
each of 3 mice/group) were analyzed to determine collagen deposition. Trichrome-stained sections
were also used to analyze pleural thickness. Mesothelial and subpleural thickening was apparent by
7 days, and progressively worsened over the 14- and 21-day period (30 fields/section for each of
3 mice/group).

administration (Figure 2C). No fibrin
was detected in saline controls. PMCs
appeared to be trapped in the fibrin mesh,
which encapsulated the injured lungs
(Figure 2C).

Collagen deposition was next assayed
by Trichrome and picrosirius staining. The
saline controls displayed little-to-no

collagen at the level of the pleural
mesothelium throughout the time course.
CBB-injured lungs exhibited increased
Trichrome staining in the lung pleura by
7 days, which progressively increased over
the 21 days (Figure 2D). CBB-induced
collagen expression in the submesothelial
tissue was greatest at 21 days, and was
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limited to the pleural and subpleural layers.
Collagen detection by Trichrome staining
was confirmed by picrosirius staining,
which showed a progressive increase in
collagen deposition in the pleural
mesothelium from 7 through 21 days (data
not shown). These findings suggest that the
neomatrix associated with CBB-mediated
injury incorporates detectable fibrin
deposition by 2 days, which is gradually
infiltrated by collagen over 21 days.
Histologic assessment of Trichrome-stained
lung sections showed that CBB injury
increased visceral pleural thickening,
which was progressive over 21 days
(Figure 2D). The parietal pleural surfaces
exhibited mild pleural thickening (data not
shown). These findings indicate that CBB
injury elicits progressive fibroproliferation
over 21 days.

PMCs Contribute to the Pleural
Myofibroblast Population in CBB
Pleural Injury

Because the myofibroblasts associated with
CBB injury appeared to localize to the
pleural and subpleural mesothelium, as
detected by IHC, we next sought to
confirm the findings using confocal
microscopy to detect colocalization of
calretinin and a-SMA in CBB-induced
pleural injury. Saline-treated mouse lung
tissues were positive for calretinin (green)
at the surface of the pleural mesothelium,
but were negative for a-SMA (red)
(Figure 3A). Conversely, CBB-treated lung
sections were positive for both calretinin
and a-SMA at the level of the mesothelial
and submesothelial layer with
colocalization of the markers, indicated
by an orange-yellow color on merged
images.

In a complimentary approach, cells
isolated by tryptic pleural lavage of 14
days saline- and CBB-injured WT mice
were labeled for calretinin and a-SMA
and analyzed by flow cytometry
(Figure 3B). Flow analyses showed that
greater than 80% of the cells isolated
from pleural cavity were positive for
calretinin, indicating that they are
mesothelial in origin. Although 18% of
the assayed cells were positive for
a-SMA, the vast majority (>95%) of the
a-SMA™ cells were also positive for
calretinin. These findings buttress the
concept that PMCs contribute to the
population of visceral pleural
myofibroblasts in CBB injury.
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Figure 3. «-SMA and calretinin expression are colocalized in CBB-injured lung mesothelium. (A)
Tissue sections were prepared from the lungs of saline- and CBB-injured mice at 14 days. The
sections were then probed for the expression of a-SMA (red) and calretinin (green) by the pleural
mesothelium lining using immunofluorescence. The sectioned pleural mesothelium in its entirety was
analyzed for colocalization of a-SMA and calretinin expression. All images were taken at 40X
magnification on a confocal microscope (n = 3 mice/group analyzed). (B) Cells isolated from the
pleural cavity of 14-day saline- and CBB-treated mice were immunofluorescently colabeled for the
myofibroblast marker, a-SMA (Alexafluor 488), and the mesothelial cell marker, calretinin (DyLight
649), and plotted to show cosegregation of a double-positive cell population. Representative findings

from three mice per group are illustrated.

PAI-1 Deficiency Contributes to

More Severe Lung Restriction in
CBB-Induced Pleural Injury

The contribution of PAI-1 to the
pathogenesis of visceral pleural thickening
and lung restriction was next investigated.
WT, PAI-17'", and PAI-1"® mice were
injected with CBB or saline and monitored
over 14 days. CT analyses showed that
CBB-mediated injury significantly reduced
lung volumes in WT and PAI-1~'" mice
compared with the saline control animals
(P < 0.05 and P < 0.01, respectively;
Figure 4A). Although there was a trend
toward significance, CBB-treated PAI-1"8
mice did not demonstrate significantly
lower lung volumes than saline control
animals at 14 days. Conversely, CBB injury
significantly reduced lung volumes in PAI-
17'" mice when compared with CBB-
treated WT and PAI-1"8 mice (P < 0.05
and < 0.01, respectively). Pulmonary
function testing showed that lung resistance
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was significantly increased by CBB-
mediated injury in WT, PAI-1~/", and
PAI-1"8 mice (P < 0.01, P = 0.01;

Figure 4B), which may, at least in part, be
attributable to airway distortion associated
with development of pleural rind formation
and lung contraction. Furthermore, CBB-
injured PAI-1-deficient animals exhibited
significantly higher resistance than CBB-
injured WT and PAI-1"8 mice (P = 0.02).
CBB injury significantly increased elastance
in WT, PAI-1~'~, and PAI-1"® (P < 0.01;
Figure 4C) and decreased compliance (P <
0.01 in WT, PAI-1"'", and PAI-1"® mice;
Figure 4D). CBB-treated PAI-1~/~ mice
demonstrated significantly higher elastance
(P < 0.01) and significantly lower compliance
compared with similarly treated WT and
PAI-1"8 mice at 14 days (P = 0.02 and 0.04,
respectively; Figure 4D). These data indicate
that PAI-1 deficiency contributes to more
severe restriction in CBB-injured versus WT
or control mice at 14 days.

PAI-1-Deficient Mice Exhibit
Increased Pleural Organization
Compared with WT Mice

To relate histological derangements
associated with CBB-induced injury to the
pathophysiologic findings, we next
performed Trichrome staining on lung
sections from WT, PAI-17'", and PAI-1"¢
mice. PAI-17'" mice also elaborated more
submesothelial collagen versus WT and
PAI-1"8 mice (Figure 4E). All groups
exhibited significant pleural thickening
after CBB injury compared with the saline
control animals (P < 0.01; Figure 4E).
PAI-17'" mice exhibited significantly
increased pleural thickening versus WT and
PAI-1"® mice after CBB treatment at 14
days (P < 0.01). Gross analysis of CBB
injury at 14 days showed clearly worse
injury in PAI-1~/~ mice. CBB-injured PAI-
1"8 animals exclusively demonstrated
fibrinous strands in the pleural cavity (data
not shown). Tissue sections from 14-day
CBB-injured WT, PAI-1~/", and PAI-1'®
mice were next stained for fibrin(ogen) by
IHC. Although WT, PAI-1~/", and PAI-
1"® mice were positive for pleural fibrin
(ogen) antigen after CBB injury at 14 days
(Figure 4F), PAI-1"® mice exhibited
significantly thicker fibrin(ogen) containing
pleural rinds than WT or PAI-1~/~ mice
(Figure 4G). Although previous reports
showed that PAI-1 deficiency contributes to
increased activation of TGF-B (20, 21),
total and active pleural lavage TGF-( levels
were not significantly different between
WT and PAI-1"/"~ mice with or without
CBB-induced pleural injury (range of total
TGF-B, 1.5 = 0.7 ng/ml; range of active
TGEF-B, 67 * 22 pg/ml) at 14 days (n = 4-6
mice/group, data not shown), nor were
any different trends apparent at 2, 7, or 21
days (n = 3 mice/group). These data suggest
that PAI-1 deficiency in the aggregate
contributes to worse visceral pleural
organization after CBB-induced injury,
and suggests that the effects are not
attributable to detectable robust upstream
increments in TGF-3 activity.

CBB-Injured PAI-1-Deficient Mice
Exhibit Increased Pleural Lavage
Active PLN, D-Dimer Concentrations,
and THB-Antithrombin Complexes

To determine PAI-1 levels in saline- and
CBB-injured mice, pleural lavages from WT,
PAI-17'7, and PAI-1"# mice were assayed
for PAI-1 by ELISA. CBB injury
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significantly increased PAI-1 levels in WT
mice. As expected, PAI-1 levels were
undetectable in PAI-1-deficient animals,
whereas PAI-1"8 mice expressed
significantly more basal PAI-1 than WT
animals (see Figure El in the online
supplement). Because PAI-1 was elevated in
pleural lavage of CBB-injured WT mice, we
next assessed changes in active PLN
(Figure 5A). CBB injury significantly
decreased active PLN in pleural lavage of
WT mice. Conversely, active PLN was
significantly increased in CBB-injured PAI-
17/~ compared with WT mice. Increased
active PLN levels in saline-treated PAI-
17/~ versus WT mice were not significantly
different, but were consistent with
previously published studies (22, 23).
Consistent with these findings, pleural
lavage D-dimers (Figure 5B) were
significantly increased in CBB-injured PAI-
17/~ and PAI-1"® mice, and were
significantly increased in the PAI-
1-deficient animals versus the WT CBB-
injured mice (P = 0.03). Analyses of pleural
lavages over a 21-day time course showed
that D-dimers were consistently higher in
CBB-injured PAI-17/~ mice. D-dimer
levels were highest at 2 days, and steadily
decreased throughout the time course (n = 3
mice/group at each interval; Figure E2A).
Because FXa activity in pleural lavages from
saline- and CBB-treated mice was generally
below the detectable range by amidolytic
analyses, a THB-antithrombin (TAT)
ELISA was performed. CBB-injured mice
demonstrated increased TAT complexes
compared with saline control animals
(Figure 5C), but the levels were not
significantly different. Furthermore, CBB-
injured PAI-1~’~ mice demonstrated
significantly higher levels of pleural lavage
TAT complexes than CBB-treated WT and
PAI-1"8 mice at the 14-day interval (P =
0.05 and 0.01, respectively). In a 21-day
time course, TAT complexes were
consistently higher in CBB-injured PAI-
17/~ mice than in other groups (1 = 3 mice/
group at each interval; Figure E2B). These
data clearly indicate that pleural lavage
procoagulant activity was most increased in
CBB-injured PAI-1~/~ mice. Because TAT
concentrations were elevated in CBB-
injured mice, tissue factor (TF) expression
was assayed by IHC. CBB-injured mice
demonstrated elevated TF antigen at the
mesothelial surface. PAI-17/~ mice
expressed significantly more TF antigen
than similarly treated WT mice

321



ORIGINAL RESEARCH

(Figure 5D). These findings suggest that
increased TF expression and activity in vivo
maintains WT levels of pleural fibrin in
PAI-17'" mice (Figure 4G) despite increased
intrapleural fibrinolytic activity (Figure 5B).

Increased Appearance of
a-SMA-Expressing PMCs in
PAI-1-Deficient Mice
Immunofluorescence colocalization assays
were next performed, and showed
colocalization of calretinin (green) and
a-SMA (red) in the mesothelium and
submesothelial tissues of WT animals, and
was increased in PAI-17/" mice (Figure 6).

Coagulation Cascade and Fibrinolytic
Pathway Proteases Drive MesoMT

In Vitro

Because pleural mesenchymal markers,
fibrin(ogen) deposition, pleural lavage TAT
complexes, and D-dimer levels were
increased in PAI-1-deficient mice, we next
interrogated the role of the coagulation
cascade proteases, uPA and PLN, on
MesoMT in vitro. Serum-starved human
PMCs (HPMCs) were treated with TGF-8
(positive control), FXa, THB, uPA, and
PLN for 48 hours and assayed for markers
of MesoMT and TF. TGF-B induced
a-SMA, Col-1, and PAI-1 expression in
HPMC:s (Figure 7A). FXa, THB, PLN, and
uPA induced a-SMA expression in
HPMCs. Furthermore, TF expression was
induced by FXa, THB, PLN, and uPA in
HPMCs. Col-1, which is detected as two
bands with molecular weights around 130
and 140 kD, representing the al and o2

isoforms, was induced by FXa, PLN, and
uPA. Similar results were found in murine
PMCs treated with TGF-f3, FXa, THB,
PLN, and uPA (data not shown). Because
phosphoinositide 3-kinase/Akt signaling
has been implicated in the mesenchymal
transition of peritoneal mesothelial cells
(24), Akt phosphorylation was also evaluated.
TGF-B, FXa, THB, PLN, and uPA induced
Akt phosphorylation in PMCs.

The increased expression of Col-1,
a-SMA, and TF in HPMCs was confirmed
by PCR analyses (Figure 7B; primer
sequences for PCR analyses are found in
(Table 1). TGF-B significantly increased
Col-1 mRNA, whereas FXa, THB, PLN, and
uPA showed increasing trends that were
not significant (Figure 7B1). a-SMA mRNA
was significantly increased by TGF-B, FXa,
and THB. The same incremental trends of
a-SMA mRNA were observed with PLN
and uPA treatment, but did not reach
significant levels. All treatments, including
uPA and PLN, induced a-SMA protein
(Figure 7A). TF expression was significantly
induced by these same stimuli, with the
exception of TGF-B and PLN (Figure 7B)
(2). Although PLN treatment increased TF
mRNA levels, the changes were not
statistically significant. Phenotypic changes
indicative of mesenchymal change (cellular
elongation) were also observed within 48
hours of treatment with TGF-8, FXa, THB,
PLN, and uPA of HPMCs (Figure 7C). In
additional dose-ranging studies, HPMCS
were treated with THB (13-0.7 nM;
Figure 7D) and PLN (6-0.3 nM; Figure 7E)
for 48 hours and then tested for markers of

Figure 4. (Continued). Intrapleural administration of CBB alters pulmonary function and lung architecture.
Pulmonary function tests and CT scans were performed on wild-type (WT), plasminogen activator inhibitor
(PA)-17~, and PAI-1 transgenic (PAI-1"9) mice 14 days after intrapleural injection with saline or CBB.
Pulmonary function measurements were taken using the flexiVent system. Lung volumes were calcu-
lated from CT scan renditions. (A) CBB-injured mice demonstrated significantly lower lung volumes than
similarly treated WT and PAI-1~/~ mice. There was no significant difference in lung volumes between
saline- and CBB-injured PAI-179 mice. PAI-1~/~ mice with CBB-induced pleural injury had significantly
lower lung volumes compared with similarly treated WT and PAI-1T9 mice. PAI-1™/~ mice exhibited
significantly increased resistance (B) and elastance (C) compared with similarly treated CBB-injured WT
and PAI-179 mice. (D) CBB-injured PAI-1~/~ mice had significantly lower dynamic lung compliance than
WT and PAI-179 mice. (F) Tissue sections from saline- and CBB-treated WT, PAI-1~/~, and PAI-1T9
mice were Trichrome stained to detect collagen deposition (blue). CBB-injured PAI-1 ~/~ mice exhibited
increased collagen deposition in the subpleural mesothelium when compared with similarly treated WT
and PAI-179 mice. Pleural thicknesses from stained lung sections were measured and collected from
30 fields per slide (0 = 3 representative sections per group). CBB-injured PAI-1~/~ mice exhibited
significantly thicker pleura than WT and PAI-1T9 mice 14 days after CBB administration (*P < 0.05).
(F) The sections were probed for fibrin(ogen) deposition by immunohistochemistry at the level of the
pleural and subpleural mesothelium by light microscopy. (G) Fibrin(ogen) deposition was the most
abundant in the PAI-179 animals, and was significantly increased compared with WT and PAI-1~/~ mice
14 days after CBB injury. Fibrin thickness from stained lung sections were measured and collected from
30 fields per slide (n = 3 representative sections per group). Data shown are means + SEM (*P < 0.05).
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MesoMT. THB induced a-SMA, Akt
phosphorylation, and PAI-1 expression
over the full range of doses. With the
exception of the highest-dose THB (13 nM,
which presumably cleaved the product),
THB (7-0.7 nM) induced Col-1 protein.
Exposure to THB or PLN at all doses
increased TF expression in HPMCs. PLN
induced markers of MesoMT (Col-1,
PAI-1, and a-SMA) at all concentrations
except at the lowest dose (0.3 nM).
Furthermore, decreasing doses of PLN
induced TF expression in HPMCs, with the
lowest dose of PLN (0.3 nM) inducing TF
protein to the greatest extent.

Because TF protein and mRNA were
increased by FXa, THB, PLN, and uPA, TF
surface activity was assayed in HPMCs using
an FX activation assay. Surface TF activity
was found to be increased in FXa-, THB-,
PLN-, and uPA-treated HPMCs compared
with PBS controls (Figure 7F). Conversely,
TGF-B-treated cells showed no change in
surface TF activity in this analysis. These
findings demonstrate that the coagulation
proteases, FXa and THB, as well as uPA
and PLN, are capable of inducing TF
activity in PMCs, suggesting that unrestricted
uPA or PLN, and feed-forward stimulation
by FXa or THB could potentiate the
mesothelial procoagulant response associated
with CBB-induced pleural injury in
PAI-1-deficient mice.

Discussion

This study addresses two objectives. The
first is the adaptation of the CBB model,
which closely recapitulates the morphologic
and pathophysiologic derangements
observed in human fibrothoraces, to the
C57BL/6j mouse. The CBB pleural injury
model in CD1 mice was originally reported
by DeCologne and colleagues (10), and
extension to C57BL/6j mice enabled the use
of genetically manipulated mice developed
in this line. The second is elucidation of the
role of PAI-1 and disordered fibrin
turnover in the progression of morphologic
and physiologic derangements associated
with CBB-induced pleural injury. Although
the use of fibrinolytic agents, such as tissue
type PA or uPA, are currently accepted
treatments for organizing pleural injury, the
role of their primary inhibitor, PAI-1, in the
pathogenesis of pleuritis-associated lung
restriction has been poorly understood (25).
This study shows that PAI-1 is essential for
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Figure 5. Active plasmin (PLN), D-dimers, and thrombin-antithrombin (TAT) complexes are increased in pleural lavage of CBB-injured PAI-17/~ mice.
Pleural lavages were collected from WT, PAI-1~/~, and PAI-179 mice 14 days after intrapleural administration of saline or CBB. Pleural lavages were
assayed for active PLN (4), D-dimers (B), and TAT complexes (C) by ELISA. (A) Active PLN was elevated in CBB-injured PAI-1~/~, while being significantly
reduced in similarly treated WT mice compared with saline control animals. CBB-injured PAI-1~/~ mice exhibited significantly higher active PLN levels than
similarly treated WT mice (n = 4-6 mice/group; *P < 0.05). (B) D-dimers were elevated in CBB-injured mice from each group. CBB-injured PAI-1~/~ mice
exhibited significantly higher D-dimer levels than similarly treated WT mice. (C) TAT complexes were elevated in the pleural lavages of CBB-injured mice
from each group. CBB-injured PAI-1™/~ mice exhibited significantly higher TAT complex levels than similarly treated WT and PAI-17 mice (n = 4-6 mice/
group). (D) Tissue factor (TF) expression was significantly greater in CBB-injured PAI-1~/~ mice when compared with similarly treated WT animals (n = 4/
group). TF levels were determined on the basis of relative intensity of TF staining (red stain) and evaluated using a 5-point scale (30 fields/section for each
of 4 mice/group were visualized to determine TF antigen levels). Data shown are means = SEM.

appropriate resolution of pleural injury, within exudative pleural fluids and here that the combination of carbon black
and that its deficiency paradoxically unrestricted uPA and PLN activity that  nanoparticles and bleomycin, CBB, potently
exacerbates CBB-induced pleural fibrosis  collectively promote mesenchymal transition  induces pleural fibrosis in C57Bl/6j mice. In
with restrictive pathophysiologic of PMCs lining the visceral pleura. a follow-up time course analysis, CBB injury
consequences. These changes are Although bleomycin has long been negatively impacted lung function (total

fostered by cross-talk with procoagulants used to induce fibrosis in mice, we report  lung resistance, elastance, and compliance)
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and lung volume as early as 2 days after
injury, and trends of worsened lung function
were apparent over the subsequent 21 days.
Although CBB-injury was characterized
by early fibrin deposition (2 d), collagen
became the dominant ECM protein in the
thickened pleural rind as the injury progressed
(7-21 d). The presence of increasing collagen,
pleural thickening, and visceral fibrin
deposition observed in the CBB model closely
recapitulates features we discovered to be
associated with human pleuritis.

In confocal microscopy studies, the
colocalization of calretinin, a mesothelial
cell marker, with a-SMA, a myofibroblast
marker, show that MesoMT contributes to
the pool of myofibroblasts associated with
pleural thickening associated with CBB
injury. Parenchymal migration of
myofibroblasts (best seen in Figure 6) was
observed in the CBB model, consistent with
that observed in TGF-B-induced pleural
remodeling (11). Our data show that
MesoMT likewise contributes to pleural
thickening associated with human pleuritis
and CBB-mediated pleural injury. Other

PAI-/-
Saline WT CBB  WT Saline

PAI-/-
CBB

a-SMA

Calretinin

sources of myofibroblasts, including lung
epithelial cells, fibroblasts, or fibrocytes
within the lung parenchyma, may also be
represented. A limitation of this study is
the lack of a fate-mapping approach in
which the progression of MesoMT can be
followed in labeled mesothelial cells, but
flow cytometry clearly showed that the
vast majority of a-SMA-expressing cells
isolated from pleural lavage of the injured
pleural space were of mesothelial origin
in the CBB mouse model. These findings
strongly support our hypothesis that
resident PMCs are a major source of
myofibroblasts seen in the visceral pleura
in the CBB pleural injury model.

Our data show that resident
mesothelial cells can undergo MesoMT, and
that these cells appear to contribute to the
pool of pleural myofibroblasts associated
with CBB injury. Furthermore, a correlation
between higher numbers of
a-SMA-expressing myofibroblasts in PAI-
17/~ mice and restrictive lung disease was
observed in these studies. However, tissue
remodeling in CBB-induced pleural injury

Merge

Figure 6. PAI-1 deficiency contributes to increased a-SMA expression and colocalization with
calretinin by the pleural and subpleural mesothelium in CBB-induced pleural injury. Tissue sections
were prepared from the lungs of saline- and CBB-treated WT and PAI-1 ~/~ mice 14 days after
intrapleural injection (n = 3/group). The sections were then probed for the expression of «a-SMA and
calretinin at the level of pleural and subpleural mesothelium by confocal microscopy. The pleural and
subpleural mesothelium in its entirety was analyzed for a-SMA (red) and calretinin (green) expression
and colocalization. Increased a-SMA and calretinin colocalization was observed in CBB-treated PAI-
17/~ mice compared with similarly treated WT mice. All images were taken at 40X magnification on
a confocal microscope (30 fields/section for each of 3 mice/group were visualized to determine
a-SMA and calretinin expression; images illustrate representative findings from these analyses).
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involves other processes that may
contribute to pleural organization and lung
restriction. Active TGF- is detectable in
pleural lavage of mice with CBB-induced
lung injury, but significant increments or
incremental trends were not found in
pleural lavage at the intervals we studied
after induction of pleural injury by CBB.
CBB injury is also characterized by excess
fibrin and collagen deposition in the pleural
space at the visceral pleural surface, which
is increased in PAI-1-deficient mice.
Although the relative contributions of these
processes to pathophysiologic changes in
lung function are currently unknown, all
appear to contribute to the restrictive
changes associated with CBB-induced
pleural injury.

To assess the role of PAI-1 and
protracted aberrant fibrinolysis in the
progression of CBB-induced pleural injury,
we compared injury outcomes by gross
examination, CT imaging, morphometry,
and pulmonary function testing in WT,
PAI-1-deficient, and PAI-1-overexpressing
mice. Although CBB caused significant
injury in each group, the PAI-1~'"~ mice
consistently demonstrated significantly
worse pleural injury and greater restrictive
pathophysiologic changes than WT and
PAI-1"8 mice 14 days after injury.
Furthermore, CBB-injured PAI-1~/~ mice
exhibited notable respiratory distress by
14 days, and became moribund by 21 days,
whereas CBB-injured WT mouse behavior
was similar to that of the saline control
animals. PAI-1"8 mice displayed increased
pleural fibrin(ogen) deposition in the
visceral pleural tissues, and fibrin strands
were found in the pleural space. Although
CBB-injured PAI-1"® mice exhibited
significant differences in resistance,
elastance, and compliance, lung volumes
were not significantly decreased compared
with WT mice. Visceral pleural thickening
was apparent in CBB-injured PAI-17¢
mice, but pleural collagen deposition was
not as robust compared with similarly
treated PAI-1~'" mice. These findings
indicate that fibroproliferation and collagen
deposition characterize and promote CBB-
induced restrictive lung disease.
Furthermore, we present the novel use of
pulmonary function testing and lung
volume determinations as reliable indices of
pleural organization and thickening in this
model.

The fibrin strands found in the CBB-
injured PAI-1"® mice were modest compared
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Figure 7. Coagulation cascade proteases and fibrinolytic pathway components induce mesothelial-mesenchymal transition (MesoMT) in pleural mesothelial cells
(PMCs). Serum-starved human PMCs (HPMCs) (A-C) were treated with PBS, transforming growth factor (TGF)-B (5 ng/ml), factor Xa (FXa; 20 nm), thrombin
(THB; 13 nM), PLN (6 nM), and two-chain urokinase plasminogen activator (tc-uPA; 20 nM). (A) HPMC cell lysates (5 .g) and conditioned medias (40 wl) were
resolved by SDS-PAGE and analyzed via Western blot for markers of MesoMT: collagen (Col)-1, PAI-1, «a-SMA, and p-Akt. HPMC lysates were also probed for TF.
B-actin was used as a loading control. (B) RNA from treated HPMCs was transcribed into cDNA. Panel 1: Col-1 and a-SMA mRNA expression in HPMCs were also
analyzed by PCR. Densitometry was performed on the resolved bands and standardized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Panel 2:

TF expression was analyzed by quantitative PCR with GAPDH expression used as a normalization control (‘P < 0.05). (C) HPMCs were treated with PBS, TGF-,
FXa, THB, PLN, and uPA for 48 hours. Cells were then imaged using phase contract microscopy. Images are representative of three independent experiments.
(D) HPMCs were treated with PBS, TGF-B (positive control), and a decreasing range of THB (13-0.7 nM). Lysates (5 ng) and conditioned media (40 wl) were
resolved by SDS-PAGE and probed for Col-1, PAI-1, p-Akt, TF, and a-SMA. (E) HPMCs were treated with PBS, TGF-, and a decreasing range of PLN (6-0.3 nM).
Lysates (6 png) and conditioned media (40 wl) were resolved by SDS-PAGE and probed for Col-1, PAI-1, p-Akt, TF, and «-SMA. B-actin was used as a loading
control. (F) HPMCs were treated with PBS, TGF-8, FXa, THB, PLN, and uPA, and assayed for surface TF activity using an FX conversion assay. FXa, THB, uPA, and
PLN increased surface TF activity in HPMCs (n = 3/group). Data shown are means = SEM. CM, conditioned media.
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Table 1: Forward and Reverse Primer Sequences and Origins

Target

Human Col-1 Fw
Human Col-1 Rev
Human o-SMA Fw
Human «-SMA Rev
Human TF Fw
Human TF Rev
Human GAPDH Fw
Human GAPDH Rev

Sequence

GAACGCGTGTCATCCCTTGT
GAACGAGGTAGTCTTTCAGCAACA
CGTTACTACTGCTGAGCGTGA
AACGTTCATTTCCGATGGTG
ACGCTCCTGCTCGGCTGGGT
CGTCTGCTTCACATCCTTCA
ACCACAGTCCATGCCATCAC
TCCACCACCCTGTTGCTGTA

Definition of abbreviations: a-SMA, a-smooth muscle actin; Col, collagen; Fw, forward; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; Rev, reverse; TF, tissue factor.

with the findings in tetracycline-induced injury
in rabbits (26, 27), suggesting that analyses
over later intervals would be unlikely to yield
pleurodesis or worse restriction. Indeed, we
could not generate pleural injury in C57Bl/6j
mice using intrapleural tetracycline, talc, or
silver nitrate (data not shown), so we infer that
C57Bl/6j mice resist these forms of pleural
injury. The resistance to pleural injury is likely
why the combination of carbon black with
bleomycin is necessary to generate the model,
as we found that intrapleural administration
of either bleomycin or carbon black alone
did not induce pleural injury.

The finding that CBB induced more
robust, accelerated pleural restriction in PAI-
17/ mice is in contrast to previously
published work focused on accelerated
pulmonary fibrosis, in which PAI-1 deficiency
ameliorated bleomycin-induced lung injury in
mice (28, 29). There are two principle
differences between those reports and the
present study. First, bleomycin in combination
with carbon black was used to initiate pleural
injury, and, second, the profibrogenic stimulus
was administered intrapleurally. Consistent
with the findings we now report, Hertig and
colleagues (30) reported that PAI-1 deficiency
exacerbated fibrosis in a glomerular nephritis
mouse model. Our findings are also consistent
with those in cardiac injury, in which
incremental uPA or decremental PAI-1 fosters
cardiac fibrosis (31, 32). Our data indicate that
PAI-1 deficiency potentiates CBB-mediated
pleural injury by exacerbating visceral pleural
organization sufficient to worsen lung
restriction.

In addition to the significantly worse
physiological changes in CBB-injured PAI-
1-deficient mice, active PLN, TAT complexes,
and D-dimer levels were concurrently
increased in the pleural lavages of PAI-
1-deficient animals when compared with
similarly treated WT mice. The findings
indicate that local, protracted (over 21 d)
elaboration of increased PLN activity could
contribute to mesenchymal transition and
increased organization of the mesothelium in
PAI-1”"" mice. TAT and D-dimer ELISA
analyses were performed, because enzyme
activity levels (FXa and uPA, respectively) were
below detectable levels in our analyses. These
findings strongly suggest that cross-talk
between an augmented procoagulant response
and unrestricted uPA and PLN occurred in
CBB-injured PAI-1~"~ mice. Although D-
dimer concentrations were elevated in PAI-1
mice, these findings are likely due to the
significantly higher amounts of fibrin(ogen)
found in the CBB-injured PAI-1"8 mouse. Our
data show that the pleural lavage procoagulant
response is attributable in part to uPA/
PLN-induced TF in PMCs, an effect that
appears to be recapitulated by procoagulants
generated in pleural injury. These observations
suggest a novel mechanism of uPA and PLN-
mediated regulation of coagulation cascade
proteases and mesothelial procoagulant
responses that promotes increased pleural
organization and lung restriction.

We here report the novel finding that
coagulation cascade and fibrinolytic
proteases induce MesoMT in human and
mouse PMCS. In addition, subnanomolar

Tg

quantities of PLN and THB (600 and 700
PM, respectively) were found to induce
markers of MesoMT. Although the highest
THB concentration (13 nM) was not found to
induce collagen at the protein level, THB did
increase Col-1 mRNA, suggesting that col-1 is
extensively cleaved at the highest concentration
of THB used in this study. Supporting this
interpretation, it has previously been reported
that THB at high levels promotes collagen
degradation through an indirect mechanism
(33). Although it has been shown previously
that FXa and THB can induce TF expression,
we now show, for the first time, that
fibrinolytic proteases enhance TF expression.
Specifically, uPA and PLN enhance TF
expression and activity in PMCs. These
findings, and the increased TAT complexes in
pleural lavage of PAI-1~/~ mice, indicate that
increased uPA and PLN activity accompanies
PAI-1 deficiency, contributes to increased
coagulation cascade activity, and increases the
extent of pleural organization.

Finally, this study demonstrates that
coagulation cascade and fibrinolytic
proteases induce MesoMT in vitro, and
could contribute to CBB-induced pleural
fibrosis in vivo. Furthermore, these findings
strongly support the notion that cross-talk
exists between these pathways in vivo.
Treatment strategies in which PAI-1 is
a therapeutic target will need to preserve
enough PAI-1 activity to limit the possibility
of florid visceral pleural thickening. Current
therapies that employ fibrinolytics do not
completely deplete PAI-1, which is
continuously renewed in pleural injury
through elaboration by the mesothelium and
other resident cell populations and
extravasation resulting from increased
vascular permeability. Although PAI-1 can
limit the successful use of fibrinolytics in the
treatment of pleural loculation and fibrosis,
the presence of PAI-1 in the pleural
compartment appears to be required to limit
the development of CBB-induced visceral
pleural thickening and restrictive lung
dysfunction. l

Author disclosures are available with the text
of this article at www.atsjournals.org.
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