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Elevated concentrations of plasminogen activator inhibitor–1
(PAI-1) are associated with pleural injury, but its effects on pleural
organization remain unclear. Amethod of adenovirus-mediated de-
livery of genes of interest (expressed under a cytomegalovirus pro-
moter) to rabbit pleura was developed and used with lacZ and
human (h) PAI-1. Histology, b-galactosidase staining,Western blot-
ting, enzymatic and immunohistochemical analyses of pleural fluids
(PFs), lavages, and pleural mesothelial cells were used to evaluate
theefficiencyandeffectsof transduction.Transductionwas selective
and limited to the pleural mesothelial monolayer. The intrapleural
expressionofbothgeneswas transient,with theirpeakexpressionat
4 to 5 days. On Day 5, hPAI-1 (40–80 and 200–400 nM of active and
total hPAI-1 in lavages, respectively) caused no overt pleural injury,
effusions, or fibrosis. The adenovirus-mediated delivery of hPAI-1
with subsequent tetracycline-inducedpleural injury resulted in a sig-
nificant exacerbation of the pleural fibrosis observed on Day 5 (P ¼
0.029 and P ¼ 0.021 versus vehicle and adenoviral control samples,
respectively). Intrapleural fibrinolytic therapy (IPFT) with plasmino-
gen activators was effective in both animals overexpressing hPAI-1
and control animals with tetracycline injury alone. An increase in
intrapleural active PAI-1 (from 10–15 nM in control animals to 20–
40 nM in hPAI-1–overexpressing animals) resulted in the increased
formation of PAI-1/plasminogen activator complexes in vivo. The
decrease in intrapleural plasminogen-activating activity observed
at 10 to 40minutes after IPFT correlates linearly with the initial con-
centration of active PAI-1. Therefore, active PAI-1 in PFs affects the
outcome of IPFT, andmay be both a biomarker of pleural injury and
a molecular target for its treatment.
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The incidence of complicated pleural infection and empyema,
a serious infection of the pleural space often associated with
pneumonia, is increasing in the United States (1) and other
countries, in both adult and pediatric populations (2–5). The
exact cause of this increase is unknown, although the increased
prevalence of antibiotic-resistant bacteria, changes in empyema
management, and changes in causative bacterial agents have
been implicated (1, 3, 6). Pleural infections, empyema, or com-
plicated parapneumonic effusions develop in approximately
80,000 patients in the United States and the United Kingdom
annually (7). In the United Kingdom, a 20% mortality rate was

reported for patients with empyema, and 20% of patients re-
quire surgical intervention after developing a pleural infection
(7). When pleural effusions occur in association with high-grade
inflammation, they can organize with the development of locu-
lation, where an effusion becomes trapped behind partly fused
visceral and parietal pleura, with pleural thickening (8–10). Per-
sistent pleural loculation and fibrosis increase morbidity and
mortality and can lead to irreversible scarring of the pleura,
with permanent decrements in pulmonary function (10).

Intrapleural fibrinolytic therapy (IPFT) with urokinase and
tissue-type plasminogen activators (uPA and tPA, respectively)
has been used to treat pleural loculation since the 1940s (11),
and remains an alternative to surgical drainage (12). The use of
these agents is predicated on the intrapleural administration of
quantities of fibrinolysin that overwhelm endogenous inhibitors.
Although the efficacy of currently used fibrinolytics is a matter
of ongoing debate (13, 14), the successful use of IPFT has been
reported, particularly in pediatric settings (15–18).

Plasminogen activator inhibitor 1 (PAI-1) has been identified
as the major endogenous intrapleural inhibitor of tPA and uPA
(19). The concentration of PAI-1 is markedly increased in pleu-
ral loculation (20–22). Active PAI-1 spontaneously transitions
to its inactive latent form (23), which is predominant under
physiological conditions. Although high concentrations of PAI-1
antigen are likewise strongly correlated with the severity of hu-
man pleural injury (18, 20, 21, 24), the proportion of PAI-1 that
remains active in pleural injury remains unclear, and its contribu-
tion to the severity of pleural injury has not, to our knowledge,
been previously studied.

In this study, we used a rabbit model of tetracycline (TCN)–
induced pleural injury, which offers several important advantages.
This model recapitulates key aspects of the temporal progression
of pleural injury in humans (20, 25, 26), and the intrapleural ad-
ministration of fibrinolysins is well-tolerated. The pleural fluids
(PFs) of these animals contain elevated concentrations of active
PAI-1, which inhibits intrapleural plasminogen activation by uPA
or tPA (27, 28). Fibrinolytic activity is therefore suppressed
within the PFs of rabbits with TCN-induced pleural injury,
which occurs with the concurrent expression of robust tissue
factor–related procoagulant activity (28). These changes collec-
tively promote intrapleural fibrin deposition, which rapidly
organizes, with the infiltration of fibrinous intrapleural adhesion
by collagen fibrils within 2 to 3 days of an intrapleural admin-
istration of TCN (25, 26). A recent report demonstrated the
close similarity of rabbit fibrin structure to human fibrin, which
provides another advantage for the use of rabbit models of
fibrotic injury in preclinical testing (29).

In the present study, we induced the selective, transient over-
expression of human PAI-1 (hPAI-1) and lacZ in the pleural
mesothelium of rabbits, delivering the target gene using a re-
combinant adenovirus. By overexpressing hPAI-1, we sought
to further our understanding of the role of active PAI-1 in
pleural injury. We found that the overexpression of hPAI-1 in
the rabbit pleural mesothelium did not induce acute pleural
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inflammation or the formation of effusions or adhesions for up
to 5 days after transduction. However, the overexpression of
hPAI-1 significantly exacerbated subsequent TCN-induced pleural
injury in rabbits. Moreover, the level of active PAI-1 demonstrated
a linear correlation with decreased intrapleural plasminogen-
activating activity in hPAI-1–overexpressing animals with
TCN-induced injury that were treated with single-chain (sc)
uPA or sctPA.

MATERIALS AND METHODS

Proteins and Reagents

Proteins and reagents were obtained as described in the online
supplement.

Recombinant Adenoviruses

Three adenoviral constructs were used: (1) AdPAI-1, a construct with
a gene coding for hPAI-1 under a cytomegalovirus (CMV) promoter;
(2) AdlacZ, which expresses lacZ under a CMV promoter, producing
b-galactosidase; and (3) AdEV, an empty vector. AdPAI-1 was cloned
and expressed using the RAPAd CMV Adenoviral Expression System
(CellBiolabs, Inc., San Diego, CA), according to the manufacturer’s
protocol. AdlacZ and AdEV were purchased from CellBiolabs, Inc.
Adenoviruses were amplified in HEK293AD cells (CellBiolabs, Inc.)
and purified, and the functional titer was quantified using a ViraBind
Adenovirus Purification Kit and QuickTiter Adenovirus Titer
Immunoassay Kit, respectively (CellBiolabs, Inc.), according to the
manufacturer’s protocol.

Animal Model

In total, 3 3 1010 plaque-forming units of the adenoviral vectors were
administered intrapleurally, containing either a single vector (AdEV or
AdlacZ), or a pair of vectors at a 3:1 ratio (AdEV/AdlacZ or AdPAI-1/
AdlacZ). Details of the experimental protocol for the enhanced TCN
injury model are provided in the online supplement. This work was
performed under a protocol approved by the Institutional Animal Care
and Use Committee of the University of Texas Health Science Center
at Tyler.

Pleural Fluid

One-milliliter aliquots of PF were collected from the thoracic cavity
over a course of time by placing a 1.25-inch, 18-gauge indwelling cath-
eter into the rabbit’s chest at the time of intervention, or by using a
60-ml plastic syringe at the time of death, diluted 9:1 (volume/volume)
with 3.8% sodium citrate, as described in the online supplement.

Primary Mesothelial Cells

Primary rabbit pleural mesothelial cells (RPMCs) were collected from
uninjured rabbit pleural spaces postmortem, as previously described
(28, 30).

Staining for b-Galactosidase Activity

This protocol was modified from that reported by Decologne and col-
leagues (9), as described in the online supplement.

Western Blotting

These immunoanalyses were performed as previously described (31).

PAI-1 Antigen and Activity Assay

Concentrations of active PAI-1 in the samples were determined by ti-
trating the active inhibitor with solutions of uPA of a known concentra-
tion, as previously described (31). Total hPAI-1 antigen was assessed
via an Imubind Tissue PAI-1 ELISA kit (American Diagnostica, Inc.,
Stamford, CT), using the manufacturer’s protocol.

Interactions between PAI-1 and Plasminogen Activators, Both

Human and Rabbit

The association rate constants for reactions between human and rabbit
PAI-1 (rPAI-1) and uPA were measured using stopped flow fluorimetry
and were analyzed, and the stoichiometry of inhibition was calculated as
described in the online supplement.

Fibrinolytic Activity

PF D-dimers were measured using an Imuclone D-Dimer ELISA kit
(American Diagnostica, Inc.), following the manufacturer’s protocol.
Enzymographic analyses were performed as previously described (32).

Plasminogen Activation Assay

These analyses were performed as previously described (33).

Immunohistochemistry

Tissue staining and assessments were performed as previously described
(34).

Metrics of Pleural Injury

Gross loculation/adhesion scores were determined by direct assessments
of intrapleural adhesions or webs and fibrin aggregates during necropsy,
and were scored as reported previously (35–37), with minor modifica-
tions described in the online supplement.

Data Analysis and Statistics

Levels of statistical significance were determined using the Mann-
Whitney rank sum test, as described previously (31, 37, 38).

RESULTS

Transduction of Primary RPMCs with

Recombinant Adenoviruses

Adenoviruses with a gene of interest expressed under a CMV
promoter were used to transduce RPMCs, and included (1)
AdPAI-1, used to deliver the gene encoding for hPAI-1; (2)
AdlacZ, used to deliver the reporter gene lacZ, resulting in
the overexpression of active b-galactosidase; and (3) AdEV, an
empty vector. In preliminary experiments, we optimized the trans-
duction strategy, after which RPMCs were transduced with a 3:1
mixture of AdEV/AdlacZ or AdPAI-1/AdlacZ. Negative control
samples were treated with PBS (vehicle control). Cells from each
group (PBS, AdEV/AdlacZ, and AdPAI-1/AdlacZ) were fixed
and stained for b-galactosidase activity, as described in MATERIALS

AND METHODS. Cells successfully transduced with AdlacZ overex-
pressed b-galactosidase, turning a distinct blue color when treated
with a staining solution containing 5-bromo-4-chloro-3-indolyl-
b-D-galactopyranoside (X-gal) (data not shown). Because PAI-1
is a secreted protein, conditioned media as well as cellular lysates
from each transduction experiment were collected to test for the
presence of hPAI-1 by Western blotting (Figure E1 in the online
supplement). Cells treated with AdEV/AdlacZ or AdPAI-1/
AdlacZ expressed b-galactosidase (data not shown), but only
cells transduced with AdPAI-1, as expected, expressed hPAI-1
(Figure E1). In both cell lysates and conditioned media from
RPMCs treated with PBS or transduced with AdEV/AdlacZ
or AdPAI-1/AdlacZ, the concentration of rPAI-1 antigen was
below the limit of detection (data not shown).

Characterization of the Interactions of Human uPA and tPA

with rPAI-1

Before our interventional experiments in rabbits with adenoviral
transduction resulting in hPAI-1expression in the pleural space,
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the interactions between hPAI-1 and rabbit uPA and tPA were
evaluated. The second-order rate constants for the inhibition of
PAs with human and rabbit PAI-1 were determined using stop-
ped flow fluorimetry. SDS-PAGE was used to compare the stoi-
chiometry of inhibition (39) for the interactions between PAs
and PAI-1 from both species, as previously described (23, 40).
The rates of mechanism-based inhibition of both uPA (Figure
E2) and tPA (data not shown) by PAI-1 were diffusion-limited
(. 106 M21s21), and the values of the stoichiometry of inhibi-
tion were close to unity for any combination of rabbit and
human proteins. Thus, both endogenous rPAI-1 and hPAI-1
effectively inhibited endogenous rabbit uPA and tPA, and both
human fibrinolysins. Therefore, endogenous rabbit PAI-1 and
overexpressed hPAI-1 can inhibit the human fibrinolysins used
for IPFT in this study.

Adenoviral Transduction of the Rabbit Pleura Selectively

Targeted the Mesothelium

To determine the efficacy of transduction in vivo, we transduced
the rabbit pleural mesothelium. Rabbits received intrapleural
PBS (negative control, n ¼ 6), AdEV (viral control, n ¼ 8),
or AdlacZ (positive control, n ¼ 18, and were killed between
2 and 10 days after intrapleural injection. The lungs and thoracic
cavity were harvested and stained for b-galactosidase activity,
to determine the tissue specificity of gene expression and level
of expression after transduction with respect to time (Figure
1A). Although the rabbit mediastinum is occasionally commu-
nicating, gene transfer was typically limited to the right pleural
space. The highest level of b-galactosidase expression was pres-
ent 4–5 days after adenovirus injection, with a gradual decre-
ment over 10 days (Figure 1A). These results recapitulated the
time course observed for the adenoviral intrapleural delivery of

transforming growth factor–b (TGF-b) in rats, with peak ex-
pression on Days 4–5 (9). As expected, the intrapleural admin-
istration of PBS or AdEV alone did not result in the expression
of b-galactosidase (Figures 1B and 1C). Gene delivery was
efficient, as indicated by the widespread overexpression of
b-galactosidase on the visceral and parietal pleura, but was also
selective, because it was limited to the pleural mesothelial
monolayer (Figures 1D and 1E).

Mesothelial Overexpression of hPAI-1 Did Not Induce Pleural

Effusions, Organization, or Fibrosis

The transduction of the mesothelium with mixtures of AdPAI-1
and AdlacZ (n ¼ 4) or AdEV and AdlacZ (n ¼ 2) did not
induce overt pleural injury, inflammation, effusions, adhesion
formation, or fibrosis for up to 5 days after the intrapleural
administration of the constructs. (Figure E3). b-galactosidase
activity was present on both the visceral (Figure E4) and pari-
etal (data not shown) pleural surfaces of rabbits receiving
AdPAI-1/AdlacZ or AdEV/AdlacZ, providing proof of suc-
cessful adenoviral delivery. To determine if hPAI-1 had been
secreted into the pleural space by transduced RPMCs, the trans-
duced pleural space was lavaged with Hanks’ balanced salt so-
lution (HBSS; 10 ml) at the time of death, followed by tryptic
lavage to collect RPMCs. Western blot analysis was used to
visualize hPAI-1 expression in the pleural space and in col-
lected cells (Figure 2A). hPAI-1 antigen was detected in HBSS
lavages of AdPAI-1/AdlacZ transduced rabbits (Figure 2A, top,
lavage, hPAI-1). As expected, no hPAI-1 antigen was detected
in rabbits receiving PBS or AdEV/AdlacZ (Figure 2A). hPAI-1
was present in cell lysates of RPMCs harvested from rabbits
receiving intrapleural AdPAI-1/AdlacZ (Figure 2A, middle,
lysates, hPAI-1). No hPAI-1 was detected in RPMCs from

Figure 1. Successful adenoviral transduction with adenoviral construct AdlacZ results in expression of active b-galactosidase in the rabbit pleural

mesothelium, which is sustained for up to 10 days. The presence of active b-galactosidase is demonstrated by the distinct blue color of cells and

tissues treated with a stain containing 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal). (A) Lungs harvested and stained 2, 4, 5, 8, and 10
days after intrapleural transduction with the lacZ gene, delivered using the AdlacZ adenovirus, demonstrated the blue color associated with the

presence of active b-galactosidase. The peak of lacZ expression was observed on Days 4–5. (B and C) Lungs of control animals treated with PBS (B),

empty vector (EV) (C), or not treated (NL; in the left lungs) (B and C), lacked a blue color after staining. (D and E) Transduction, and therefore lacZ

expression, was selective to the mesothelial monolayer of the visceral (D) and parietal (E) pleura, as confirmed by staining for b-galactosidase
activity.

46 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 48 2013



rabbits injected with PBS or AdEV/AdlacZ (Figure 2A, middle,
lysates, hPAI-1). The concentrations of rPAI-1 antigen were
below the limit of detection of our assays in all three transduced
groups.

The activity of hPAI-1 in rabbit pleural lavages was visualized
by Western blotting (Figure 2B). An excess of exogenous hu-
man two-chain uPA (tcuPA) (100 nM) was added to the lavage,
and the reaction mixture was subjected to SDS-PAGE, fol-
lowed by Western blotting developed with anti-human PAI-1
monoclonal antibodies (Figure 2B). The inhibitory complex,
which comprises acylated uPA (PAI-1/uPA), reflects the frac-
tion of the active hPAI-1 in the lavage. The lower band (PAI-1),
which represents inactive latent hPAI-1, was used to estimate
the ratio of active/latent hPAI-1 in the lavages as 1:4–5 (Figure
2B). The concentration of active PAI-1 in the lavages was estimated
by titrating with a known amount of human tcuPA. PAI-1 activity
in the lavages of animals transduced with AdPAI-1 (40–80 nM) was
significantly higher than that of AdEV/AdlacZ-treated animals or

PBS control animals (around and less than 1 nM, respectively;
P ¼ 0.029 for both; Figure 2C). Based on the measurements of
active hPAI-1, the total hPAI-1 in the lavages of AdPAI-1/
AdlacZ-transduced rabbits was estimated as 200 to 400 nM.
Thus, in contrast to the results of transduction with TGF-b,
which caused pleural fibrosis in rats on Days 4 to 5 (9), the
high concentrations of PAI-1 found at the peak of transgene
expression in the rabbit pleural space did not induce inflam-
mation, effusions, or fibrosis. Next, the effects of the intrapleu-
ral overexpression of hPAI-1 on TCN-induced pleural injury
were studied.

The Development of TCN-Induced Pleural Injury

on Pleural Transduction

The efficiency of the adenoviral delivery system in an injured
pleural space was tested using AdlacZ. Rabbits received PBS
or AdEV/AdlacZ (3:1) intrapleurally, with a TCN injection
2 days afterward (n ¼ 5 and 8, respectively). The injection of
TCN into the pleural space induced pleural effusions and the
subsequent formation of adhesions during the next 3 days, as
previously described (25, 26). In rabbits injected with AdEV/
AdlacZ, b-galactosidase expression was visually detectable af-
ter staining, indicating successful transduction with lacZ (Figure
E5A). b-galactosidase expression was limited to the pleural me-
sothelium. In contrast to animals without TCN-induced injury
(Figure 1A), b-galactosidase expression in the visceral pleura,
as determined by X-gal staining, decreased rapidly with time
(Figure E5A). Pleural fibrosis progressed from discrete and eas-
ily quantifiable strands, present for up to 2 days, into sheets and
webs complex and too numerous to count at 3 days and beyond.
TCN-induced injury resulted in gaps in the mesothelial lining,
suggesting that RPMCs had detached from the pleural surface
(Figure E5B). Indeed, unlike cases of uninjured transduced
mesothelium (Figures 1D and 1E), RPMCs found within fibrin
strands after TCN injury stained positive for b-galactosidase
activity (Figure E5B), providing novel evidence supporting
the concept that mesothelial cells integrate within the forming
intrapleural adhesions. These results demonstrate that the
adenovirus-mediated transduction of the pleura leads to the
overexpression of the proteins of interest, and this overexpres-
sion is successfully maintained in TCN-induced pleural injury.

Overexpression of hPAI-1 Exacerbates TCN-Induced Injury

in Rabbits

To determine whether hPAI-1 overexpression affects the pro-
gression and severity of pleural injury, rabbits (n ¼ 7) were first
injected with AdPAI-1/AdlacZ (3:1) and then with TCN 3 days
later, as described in MATERIALS AND METHODS. This experi-
mental design allowed us to assess the effects of PAI-1 at the
peak of transgene expression (5 days), at a time point when we
could quantify TCN injury (2 days) in control animals injected
with AdEV/AdlacZ (3:1) or with PBS before TCN (Figures 3A
and 3B). The severity of pleural injury in animals that success-
fully overexpressed hPAI-1 (Figure 3C) was clearly apparent
versus control animals (Figures 3A and 3B). The extent of pleu-
ral injury was assessed by comparing gross loculation/adhesion
injury scores, using a scoring system we previously described
(38, 41), with minor modifications detailed in the online supple-
ment. The gross loculation scores of pleural injury in rabbits
injected with AdPAI-1/AdlacZ and overexpressing hPAI-1
were increased compared with animals intrapleurally injected
with PBS (P ¼ 0.029) or AdEV/AdlacZ (P ¼ 0.021; Figure 3D).
To verify intrapleural hPAI-1 expression, PFs (typically be-
tween 20 and 50 ml total volume) were analyzed for both

Figure 2. Human plasminogen activator inhibitor–1 (hPAI-1) in pleural
lavages and rabbit pleural mesothelial cells (RPMCs) harvested from

rabbits intrapleurally injected with AdPAI-1/AdlacZ. (A) hPAI-1 was

detected in pleural lavages (top; Lavage, hPAI-1) and lysates (middle;
lysates and hPAI-1) of RPMCs from rabbits injected with a 3:1 mixture

of AdPAI-1/AdlacZ, but was not present in lavages or RPMCs of control

(PBS or AdEV/AdlacZ) animals. b-actin was used as a loading control for

lysates (bottom). (B) A significant fraction (20–25%) of hPAI-1 in pleural
lavages was active. Pleural lavages from two animals (Lanes 1 and 2)

were supplemented with exogenous human tc urokinase-type plasmin-

ogen activator (tcuPA) and incubated for 5 minutes at 48C, and the

reaction mixtures were subjected to SDS-PAGE followed by Western
blot analysis of the hPAI-1 antigen. The upper band corresponds

to the inhibitory PAI-1/uPA complex, which forms because of the

mechanism-based inhibition of uPA by active PAI-1. The lower band
corresponds to uncomplexed, latent PAI-1. (C) High levels of PAI-1

activity were detected in the pleural lavages of animals transduced with

AdPAI-1/AdlacZ. Aliquots of pleural lavages were titrated with human

tcuPA, as described in MATERIALS AND METHODS. The concentration of active
PAI-1 in each sample was calculated, assuming a stoichiometry of inhi-

bition close to unity. A statistically significant difference (P . 0.05) be-

tween AdPAI-1/AdlacZ and the two control groups (P ¼ 0.029 for both)

is indicated by an asterisk.
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rPAI-1(Figure 3E, top) and hPAI-1(Figure 3E, bottom) by
Western blotting. As expected, the concentration of rPAI-1 anti-
gen was similar for all three groups, but only the PF of AdPAI-1/
AdlacZ rabbits contained significant amounts of hPAI-1 antigen.
However, low-level cross-reactivity was observed between rPAI-1
antigen and the monoclonal antibody we used to detect hPAI-1,
evident only when rPAI-1 was strongly overexpressed. Therefore,
although the overexpression of hPAI-1 by itself caused no overt
pleural inflammation, effusions, or fibrosis, it exacerbated TCN-
induced pleural injury.

The Effects of Mesothelial hPAI-1 Expression on Intrapleural

Fibrinolytic Therapy with scuPA or sctPA

TCN-induced pleural fibrosis in rabbits was successfully treated
with intrapleural fibrinolytic therapy, using effective doses of
sctPA (0.145 mg/kg) or scuPA (0.5 mg/kg) (35, 37, 38). To test
the effects of overexpressed hPAI-1 on IPFT, animals injected
with AdPAI-1/AdlacZ and then with TCN 3 days after trans-
duction (n ¼ 6) were subjected to IPFT (on Day 5 after trans-
duction) with effective doses of scuPA and sctPA, or with PBS
(vehicle control) (n ¼ 2 each). Five animals were used as con-
trols for IPFT without adenoviral transduction, and were trea-
ted with the same doses of scuPA (n ¼ 2) and sctPA (n ¼ 3).
PFs were collected before and after IPFT, using a 1.25-inch, 18-
gauge indwelling catheter placed into the rabbit’s chest at the
time of intervention. Aliquots of PF were withdrawn from ani-
mals immediately before the injection of fibrinolysin (time point
0), and then 10, 20, and 40 minutes after IPFT, as described in
MATERIALS AND METHODS, for further analysis. The overall
results of IPFT were assessed by visual examination of the rab-
bit pleural spaces after killing animals 24 hours after IPFT (Fig-
ure 4). Whereas advanced pleural fibrosis was found in control
animals receiving PBS in place of a fibrinolysin (gross injury
score, 50; Figure 4A), the pleural spaces of animals overexpress-
ing hPAI-1 (Figure 4B, C) and TCN-only control animals (data
not shown) had fewer pleural adhesions (gross injury score,

0–5). Therefore, despite the overexpression of hPAI-1, both
fibrinolysins were effective in the treatment of TCN-induced
injury. IPFT with an effective dose of either fibrinolysin cleared
most of the adhesions in all nine animals (gross loculation injury
scores were in the single-digit range), indicating that the se-
lected doses overcame the concentrations of active PAI-1 pres-
ent in the pleural space.

Aliquots of PF were analyzed by SDS-PAGE, followed by
enzymography (Figures 5A, 5B, 5D, and 5E) and Western blot-
ting (Figures 5C and 5F), to visualize the PAI-1 antigen. Free
uPA and tPA, as well as their inhibitory complexes with PAI-1,
were detected in PF samples via enzymography (Figures 5A and
5B for uPA; Figures 5D and 5E for tPA). Whereas both free
tPA and uPA were present in the pleural space, the concentra-
tion of PAI-1/enzyme complexes in PF (Figure 5, bands I and
III) increased with time from 10 to 40 minutes (Figures 5A, 5B,
5D, and 5E). However, the difference in active PAI-1 concen-
trations (formation of PAI-1/uPA complexes, Figures 5A and

Figure 4. Intrapleural fibrinolytic therapy of pleural fibrosis in rabbits
with overexpression of hPAI-1 and TCN-induced injury. Animals trans-

duced with AdPAI-1/AdlacZ overexpressed hPAI-1 in the pleural space,

and developed pleural effusions and adhesions 2 days after TCN was

administered intrapleurally (see Figure 3C). When these animals were
treated with single-chain uPA (scuPA) (0.5 mg per kg) (B) or tissue-type

plasminogen activator (tPA) (0.145 mg per kg) (C), most of the pleural

adhesions were effectively cleared 24 hours later. In contrast, control

animals treated with PBS (A) demonstrated a severe, complex organi-
zation and adhesion formation.

Figure 3. Overexpression of hPAI-1 markedly in-

creases the severity of tetracycline (TCN)–induced
pleural fibrosis. (A–C) The typical level of injury 2

days after intrapleural injection of TCN and 5 days

after intrapleural injection of PBS (A), AdEV/AdlacZ

(B), or AdPAI-1/AdlacZ (C). (D) The severity of pleu-
ral injury in animals injected with PBS (n¼ 5), empty

vector (n ¼ 8), or AdhPAI-1 (n ¼ 7) was evaluat-

ed as described briefly in MATERIALS AND METHODS

and detailed in the online supplement, and was
expressed as a gross loculation injury for each ani-

mal. Data are shown as a box plot in which the

25% and 75% quartiles are indicated by the box

and median values are shown as horizontal lines
within the box, as previously described (31, 37).

Individual scores for each animal are also shown

as open circles, which overlap if more than one
animal received an identical score. The fibrotic in-

jury observed was uniformly worse (i.e., the gross

loculation injury score was higher) in rabbits that

received AdPAI-1/AdlacZ compared with PBS (P ¼
0.029) and AdEV/AdlacZ (P ¼ 0.021). (C) This more

complex pleural injury was characterized by the

formation of fibrin webs and coalescent fibrinous

sheets. (E) Western blot analysis of rabbit plasmin-
ogen activator inhibitor–1 (rPAI-1) (top) and hPAI-1

(bottom) antigens in pleural fluids (PFs) of animals with TCN-induced pleural injury. Whereas the concentration of rPAI-1 in the PF of all animals with

TCN-induced injury was similar (top), the concentration of hPAI-1 (bottom) was markedly higher in the PF of rabbits transduced with AdPAI-1/lacZ.
Monoclonal anti-human PAI-1 antibodies exhibit low-level cross-reactivity with rPAI-1 at higher concentrations.
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5B; formation of PAI-1/tPA complexes, Figures 5D and 5E)
between hPAI-1 expressing (Figures 5B and 5E) and nonex-
pressing (Figures 5A and 5D) animals was visible, especially
at 10 and 20 minutes after IPFT. Western blot analysis of
hPAI-1 antigen (Figures 5C and 5F) showed high concentra-
tions of latent (indicated as V) and cleaved (indicated as VI)
forms of hPAI-1 accumulating in the PF of animals receiving
AdPAI-1/AdlacZ. Notably, the cleaved PAI-1 was only detec-
ted after IPFT. That could indicate either a degradation of the
PAI-1/enzyme complex, or else endogenous redirection of the
reaction to the substrate branch, similar to that described for
anti-PAI-1 monoclonal antibodies (23).

The concentrations of active rPAI-1 and hPAI-1 in PF sam-
ples withdrawn before IPFT from nine animals were estimated as
described previously (31). The adenoviral overexpression of
hPAI-1 resulted in a 1.5-fold increase of PAI-1 activity in the
PF of rabbits with TCN-induced injury. The concentrations of
hPAI-1 antigen in the samples were also determined using
ELISA, and the concentration of latent hPAI-1 in PF was cal-
culated assuming that most of the intrapleural hPAI-1 at time
point 0 was either in an active or latent form (Figures 5C and
5F). The observed distribution of hPAI-1 between active and
latent forms in TCN injury (Figure 5G) was similar to that in
animals subjected to adenoviral transduction without TCN

injury (Figure 2B). Based on the similarity of the biochemical
and biophysical properties of PAI-1 from humans and rabbits
(Figure E2), we infer that the concentration of latent rPAI-1 in
TCN-induced injury falls within the range of 25–50 nM.

The increase in PAI-1/PA complexes with time in both TCN-
only animals (Figures 5A and 5D) and hPAI-1–overexpressing
animals (Figures 5B and 5E) reflects the intrapleural neutrali-
zation of tPA and uPA, which could potentially affect intra-
pleural PA activity. To test the effects of intrapleural active
PAI-1 on the PA activity of fibrinolysins during IPFT, the ali-
quots withdrawn at 10, 20, and 40 minutes were tested for their
ability to activate human Glu-plasminogen, as previously de-
scribed (33). The PA activity in PF at 10, 20, and 40 minutes
was plotted versus the initial intrapleural concentration of ac-
tive PAI-1 (Figure 6). Whereas PA activity decreased with time
from 10 minutes (Figure 6, circles) to 40 minutes (Figure 6,
triangles) in all samples (Figure 6), an increase in intrapleural
PAI-1 activity was correlated with a decrease in intrapleural PA
activity during IPFT at every time point for both fibrinolysins
(Figure 6, solid lines). Therefore, intrapleural PA activity in
hPAI-1–overexpressing animals was lower than that in the con-
trol group, and an increase in the intrapleural concentration of
active PAI-1 resulted in a decrease of PA activity. These results
support the hypothesis that active PAI-1 is not only a marker of
pleural injury, but also a target for IPFT and a major determi-
nant of the activity of intrapleurally administered fibrinolysins.

The concentration of D-dimers in PF samples withdrawn
from animals treated with IPFT and controls was measured
as described previously (37), to estimate levels of fibrinolytic
activity (Figure E6). During IPFT, the concentration of D-dimers
increased 2- to 3-fold (Figure E6, circles), and the levels of D-dimers
in control (no IPFT) animal PF was unchanged (Figure E6,
triangles). The observed similarity in D-dimer concentrations

;

Figure 5. Analysis of pleural fluids after fibrinolytic therapy. Enzymo-

graphic (A, B, D, and E) and Western blot (C and F) analyses of PF from
animals with TCN-induced injury (A and D) and TCN-induced injury

enhanced with the mesothelial expression of hPAI-1 (B, E, C, and F). PFs

were sampled before (time point 0) as well as 10, 20, and 40 minutes

after intrapleural treatment with an effective therapeutic dose of scuPA
(A–C) or tPA (D–F). Arrows to the right indicate positions of uPA/PAI-1

inhibitory complexes (z 100 kD) (I), uPA (z 50 kD) (II), tPA/PAI-1

inhibitory complexes (z 110 kD) (III), tPA (z 63 kD) (IV), active and
latent hPAI-1 (z 50 kD) (V), and cleaved hPAI-1 (VI). Endogenous

plasminogen activators complexed with PAI-1 were detected before

treatment, at 0 minutes (A and B, and D and E, respectively). However,

these time point 0 enzymographic analyses required an incubation
period of 2–3 hours or 2–4 hours (2- to -4-fold or 1.7- to 5-fold, re-

spectively) longer for the bands representing these complexes to be-

come fully visible. (G) Active rPAI-1 in animals with TCN injury (n ¼ 5)

and active and latent hPAI-1 in animals transduced with AdPAI-1/
AdlacZ followed by TCN injury (n ¼ 4). Active PAI-1 (rabbit or total

rabbit plus human, respectively) in PF, withdrawn before intrapleural

fibrinolytic therapy (IPFT), was measured by titration with known

amounts of tcuPA, as briefly described in MATERIALS AND METHODS, and
as detailed in the online supplement. Concentrations of active rPAI-1

were similar between transduced and nontransduced animals (Figure

3E, top) and among animals with TCN-induced injury (G, rPAI-1 active).
Thus, the concentrations of active hPAI-1 (G, hPAI-1 active) were cal-

culated as [hPAI-1 active] ¼ [total PAI-1 active] 2 [average rPAI-1 ac-

tive]. The concentrations of latent hPAI-1 (G, hPAI-1 latent) were

calculated as [total hPAI-1] (measured by ELISA) minus [hPAI-1 active].
Data are presented as a box plot in which the 25% and 75% quartiles

are indicated in the box, and median values are shown as horizontal

lines within the box, as previously described (31, 37).
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(fibrinolytic activity) between animals overexpressing hPAI-1
(Figure 6E, solid circles) and TCN-only control animals (Figure
6E, open circles) is in accordance with the similar efficacy of
IPFT in both groups of animals (37).

DISCUSSION

To the best of our knowledge, this is the first report of
adenovirus-mediated gene delivery into the rabbit pleural space,
and of the contribution of hPAI-1 overexpression to the devel-
opment of pleural effusions and fibrosis. By delivering lacZ, we
verified that the transduction was selective to the mesothelial
monolayer of the rabbit visceral and parietal pleura, where
b-galactosidase activity was exclusively localized. Target gene
expression was transient, with lacZ expression peaking at 4 to
5 days after AdlacZ was administered intrapleurally, but was
sustained for up to 10 days, as determined by staining for
b-galactosidase activity. The injection of neither AdEV nor
AdlacZ caused overt pleural injury, effusions, adhesions, or
pleural fibrosis for up to 10 days.

By delivering AdPAI-1 intrapleurally, we found that the
broadly distributed but selective transduction of the visceral
and parietal mesothelial lining was achieved, similar to the trans-
duction found with lacZ. The robust mesothelial overexpression
of hPAI-1 was detected for up to 5 days, as documented by
significant increments of hPAI-1 activity as well as antigen in
pleural lavages. Moreover, significant amounts of hPAI-1 anti-
gen were found in lysates of RPMCs harvested from treated
animals. Despite the high levels of expression, hPAI-1 alone
was insufficient to induce overt pleural injury in rabbits. Be-
cause we have shown that hPAI-1 efficiently inhibits both rabbit
uPA and tPA, one could conclude that the development of acute
pleural injury does not depend solely on the presence of high
PAI-1 inhibitory activity. Recently, Decologne and colleagues
reported that the adenovirus-mediated transduction of the rat
pleura with TGF-b, and subsequent overexpression of it with a
peak on Day 4, induced pleural thickening and mesomesenchymal

transition (9). In a previous report, we showed that human PMCs
and RPMCs are a source of PAI-1 in an injured pleural space,
and that the mediators present within PFs, including TGF-b and
TNF-a, can induce PAI-1 expression in these cells (42, 43). Our
study demonstrates that PAI-1 overexpression, although known
to be induced by TGF-b, was not by itself a cause of overt
pleural injury, effusions, or fibrosis in the rabbit pleural space.

An increase of active rPAI-1 in the PF of animals with TCN-
induced pleural injury, together with the suppression of fibrino-
lytic activity, indicates that endogenous PAI-1 could contribute
to pleural fibrosis. To investigate the role of PAI-1 activity in the
development of pleural effusions and fibrosis, an enhanced rab-
bit model, with the adenovirus-mediated delivery of a gene of
interest to the pleural space followed by TCN-induced injury,
was developed. First we showed that the adenovirus-mediated
delivery of a control gene, lacZ, resulted in the robust transduc-
tion of the pleural mesothelium before and after TCN-induced
injury, and exerted no significant effect on the development of
pleural fibrosis. Evidence of successful gene retention was ob-
served by detecting b-galactosidase activity within the mesothe-
lial cells lining the surface of the TCN-injured lungs and chest
wall. In contrast to uninjured pleural spaces, a number of trans-
duced, b-galactosidase–expressing, mesothelial cells were found
intercalated within fibrinous adhesions. This novel observation
suggests that dehisced RPMCs could potentially promote adhe-
sion formation by expressing tissue factor and PAI-1 or collagen
(44, 45). The intrapleural overexpression of hPAI-1 intensified
the severity of TCN-induced pleural injury, primarily associated
with increased adhesion formation and density. The increment
and complexity of adhesions were visually obvious in hPAI-1-
transduced animals with superimposed TCN-induced pleural
injury. However, pleural inflammation was not increased, nor
was a clear increment in pleural thickening evident (Figure E7).
The increments of hPAI-1 activity in rabbit PF from animals
transduced with AdPAI-1 suggest that the enhanced inhibition
of endogenous intrapleural plasminogen activators contributed
to the worsening of pleural injury, and could potentially affect
the outcome of IPFT. Although a considerable proportion of
the intrapleural PAI-1 spontaneously reverted to an inactive,
latent form, our data show that a significant increment of active
PAI-1 was bioavailable in the rapidly harvested PFs.

Lastly, we compared the results of IPFT with single intrapleu-
ral doses of two fibrinolysins (scuPA and sctPA) (37) in rabbits
with TCN-induced pleural injury previously transduced or not
transduced with hPAI-1. At the doses used, both scuPA and
sctPA cleared most of the pleural adhesions, consistent with
our previous report of TCN-induced pleural injury without
hPAI-1 transduction (37). However, the ability of either fibri-
nolysin to generate PA activity within PFs was strongly corre-
lated with the level of intrapleural PAI-1 activity. Notably, such
a direct correlation predicts an intrapleural concentration of
active PAI-1 (. 50–70 nM) that would render the most com-
mon clinical dose of fibrinolysins ineffective. These results are
of keen interest because the robust expression of PAI-1 antigen
approximated at high concentrations (nM or mM) has been re-
ported in human empyema (18, 20, 21). Thus, the overexpres-
sion of active PAI-1 in human pleural injury could limit the
efficacy of IPFT, which may have contributed to the negative
results reported for intrapleural sctPA used alone in the recent
Second Multicentre Intrapleural Sepsis clinical trial (14).

In conclusion, we offer a newmodel of pleural transduction that
is selective for the rabbit mesothelium, and we show that the me-
sothelial expression of hPAI-1 does not induce overt pleural in-
flammation, effusion formation, or fibrosis in rabbits. We show
for the first time, to the best of our knowledge, that the expression
of hPAI-1 in the rabbit mesothelium induces more severe

Figure 6. Intrapleural plasminogen-activating (PA) activity during fibri-

nolytic therapy inversely correlates with the concentration of intrapleu-
ral active PAI-1. PFs of rabbits with TCN-induced pleural injury (n ¼ 5)

and TCN-induced injury enhanced by overexpressing hPAI-1 intra-

pleurally (n ¼ 4) were treated with an effective dose of scuPA (open

symbols) or sctPA (solid symbols) (0.5 and 0.145 mg/kg, respectively)
(37). PAI-1 activity was measured in PF collected before IPFT, as de-

scribed previously (33). PA activity was measured in PF collected 10

minutes (circles), 20 minutes (squares), and 40 minutes (triangles) after
IPFT, as described elsewhere (33). The average of four measurements

was plotted against the concentration of active PAI-1. Solid lines repre-

sent the best fit of a linear equation to the data for 10 minutes (circles;

r2 ¼ 0.77), 20 minutes (squares; r2 ¼ 0.71), and 40 minutes (triangles;
r2 ¼ 0.71) after IPFT.
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intrapleural organization during TCN-induced pleural injury,
which is primarily associated with gross evidence of increased
adhesion formation. Lastly, we provide new information that
in the setting of TCN-induced injury, high concentrations of ac-
tive hPAI-1 can limit the PA activity of exogenous fibrinolysins.
Based on our results, we speculate that the assessment of active
PAI-1 in the pleural space in humans with empyema could be
used to optimize the dosing of agents used for intrapleural fibri-
nolytic therapy.

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