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Das K, Tucker TA, Idell S. Fibrin turnover and pleural organization: bench to
bedside. Am J Physiol Lung Cell Mol Physiol 314: L757–L768, 2018. First
published January 18, 2018; doi:10.1152/ajplung.00501.2017.—Recent studies
have shed new light on the role of the fibrinolytic system in the pathogenesis of
pleural organization, including the mechanisms by which the system regulates
mesenchymal transition of mesothelial cells and how that process affects outcomes
of pleural injury. The key contribution of plasminogen activator inhibitor-1 to the
outcomes of pleural injury is now better understood as is its role in the regulation
of intrapleural fibrinolytic therapy. In addition, the mechanisms by which fibrinolysins are processed after intrapleural administration have now been elucidated,
informing new candidate diagnostics and therapeutics for pleural loculation and
failed drainage. The emergence of new potential interventional targets offers the
potential for the development of new and more effective therapeutic candidates.
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INTRODUCTION TO ABERRANT FIBRIN TURNOVER IN THE
PATHOGENESIS OF PLEURAL ORGANIZATION

Pleural injury proceeds through a phase of acute inflammation followed by organization, a process that involves the
deposition of intrapleural fibrin and its remodeling (26, 91).
Resident cells such as pleural mesothelial cells participate in
the process as do lung and pleural fibroblasts, which elaborate
a wide range of mediators that promote local inflammation and
its repair. Among the mediators, transforming growth factor-␤
(TGF-␤) is elaborated and plays a particularly important role in
pleural organization as described in the sections that follow.
Myeloid cells likewise participate in pleural organization, although the interplay between aberrant pathways of fibrin turnover and the evolution of the inflammatory component during
pleural organization remains to be better understood.
As is generally the case in tissue inflammation, injury within
the pleural compartment evolves with early formation of a
fibrinous transitional neomatrix and then resolves with restoration of normal architecture. Alternatively, the neomatrix
undergoes organization with eventual scarification or fibrosis
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(3, 4, 15, 26, 91). While the pleural space is a potential
compartment in normalcy, it may be occupied by pleural
effusions, which are generally exudative after inflammatory
insults including infections (55). The organization of inflammatory pleural fluids may occur with early formation of transitional extravascular fibrinous deposits that compose pleural
adhesions, loculations, which are structurally highly organized
fibrinous collections often associated with formation of a
pleural rind (26) (Fig. 1A). In the aggregate, these structural
derangements contribute to restrictive lung dysfunction and
clinical morbidity that may ensue after pleural injury. In the
setting of empyema or complicated parapneumonic pleural
effusions (CPE), loculations can occur early after infection,
which may impair pleural drainage and sequester the infectious
agents (Fig. 1, B and C). These areas of loculation can ultimately become a source of ongoing pleural sepsis. Bacteria can
contribute to the process of organization through formation of
biofilms, which are complex structures whose constituents
include both DNA and fibrin and which can be degraded by
fibrinolysins (38, 50, 98).
A wide range of disease processes may cause pleural injury
and organization and even fibrothoraces, including exposure to
particulates such as asbestos, collagen vascular diseases, or
retained hemothoraces. However, pleural organization associated with empyema or CPE is more commonly encountered in
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Fig. 1. Pleural organization from bench (A) to bedside (B and C). A: key events involved in the
pathogenesis of pleural organization with formation
of a fibrinous neomatrix, the increased presence of
myofibroblasts and fibrotic remodeling within the
pleural space. Arrows: facilitating interactions. Bars
denote inhibition. Col 1, collagen 1; MesoMT, mesomesenchymal transition; PAI-1, plasminogen activator inhibitor-1; GSK-3␤, glycogen synthase kinase-3␤; KIF5A, kinesin 1 family member; PGN,
plasminogen; PLN, plasmin generated by the cleavage of plasminogen buy plasminogen activators,
here indicated by urokinase (uPA) or or tissue plasminogen activator (tPA), which are commonly used
in clinical practice. B: pleural ultrasonography demonstrating loculation in a patient with pleural infection. Multiple adhesions have coalesced with septation of echogenic fluid into many locules that are
seen throughout the imaged field. White arrows
indicates the septations within the loculated pleural
fluid. The cursor at the bottom right illustrates the
plane of the imaged field. C; chest computed tomography imaging appearance of loculated pleural infection, which in this case illustrates extensive bilateral involvement. A representative coronal image
that shows the loculated pleural process in this
patient is shown here. The loculated pleural fluids
are indicated within the right and left hemithoraces
by black arrows.

clinical practice, affecting ~80,000 patients annually in the
United States and United Kingdom with a mortality rate of
~20% (9). Pleural organization assumes clinical importance if
excessive scarification ensues with symptomatic lung restriction or if loculation impairs pleural drainage in patients with
empyema or CPE. Almost 70 years ago, investigators first
noted the fibrinous nature of loculated pleural collections and
sought their resolution using relatively crude preparations of
streptokinase or streptodornase (88, 89). Since that time, intrapleural fibrinolytic therapy (IPFT) has been refined, using a
variety of agents including streptokinase, urokinase (uPA in
the 2-chain form), or tissue plasminogen activator (tPA). The
role of the fibrinolytic system in pleural remodeling has likewise undergone comprehensive investigation and is now better
understood, as recently reviewed (91). These lines of investigation have yielded new candidate interventions to prevent
fibrinous pleural organization and, thereby, improve patient
outcomes (Fig. 1A).
The early events associated with pleural inflammation are
associated with consistent local derangements of the fibrinolytic system, which set the stage for loculation and pleural
remodeling (Fig. 1A). With the onset of pleural injury, local
inflammation is rapidly accompanied by vascular extravasation

of plasma components including coagulation substrates and
procoagulants that initiate coagulation within pleural fluids and
within the pleural and subpleural tissues. The procoagulant
response occurs mainly via the activation of the extrinsic
coagulation pathway and overexpression of tissue factor (31,
91). Local coagulation exceeds inhibition by a tissue factor
pathway inhibitor, with resulting intrapleural fibrin deposition
(26, 31, 35). Intrapleural fibrin deposition is accompanied by
infiltration by mesenchymal and myeloid cells, which secrete
proteases including plasminogen activators that are capable of
remodeling the transitional neomatrix. In particular, pleural
mesothelial cells (PMCs) and lung myofibroblasts also express
increased amounts of plasminogen activator inhibitor-1
(PAI-1) in response to stimulation by local proinflammatory
mediators (36, 37). These include TGF-␤, which has been
strongly implicated in the pathogenesis of pleural organization,
proliferation of subpleural myofibroblasts, or PMCs undergoing mesomesenchymal transition (MesoMT) and pleural rind
formation (12). Loculation is promoted and then potentiated by
inhibition of local fibrinolysis, in large part by elaboration of
elevated levels of PAI-1 (26). Pleural transduction experiments
have provided clear evidence that excessive levels of PAI-1
increase pleural organization and can likewise block the activ-
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ity of intrapleural fibrinolysins (40). Thus, as in the acute
respiratory distress syndrome or interstitial lung diseases (32),
fibrinous organization characterizes the neomatrix after acute,
fibrosis-prone injury and is potentiated by concurrent initiation
and potentiation of coagulation and impairment of local fibrinolysis (26). In a related vein, a similar linkage between
inflammation and alterations of the brain fibrinolytic system
has been proposed to contribute to major depressive disorder,
which can occur as a complication of lung or pleural diseases
(25). This postulate requires additional investigation and confirmation.
The role of the mesothelium in the pathogenesis of pleural
organization and injury bears special mention. Like the lung
epithelium, it elaborates components of the fibrinolytic system
that in turn can regulate intrapleural organization via signal
transduction, cellular phenotypic change, or alterations in cellular viability (26, 79, 91). Urokinase and its receptor, uPAR,
as well as PAI-1 are all regulated by PMCs and a range of other
resident lung or pleural mesothelioma cells at the transcriptional and posttranscriptional levels. The posttranscriptional
interactions involve a range of mRNA binding proteins with
uPA, uPAR, or PAI-1 mRNA that influence the stability of
these molecules (78, 80). For example, the posttranscriptional
regulation of PAI-1 in human (H) PMCs involves destabilization of PAI-1 mRNA by the interaction of a PAI-1 mRNA
binding protein, identified as 6-phospho-D-gluconate-NADP
oxidoreductase, which interacts with an endogenous 33-nt
binding sequence of PAI-1 mRNA (80). Overexpression of
6-phospho-D-gluconate-NADP oxidoreductase in MeT-5A HPMCs and primary PMCs suppressed basal and TGF-␤–induced
PAI-1 expression, representing a new mode of the regulation of
this inhibitor. At present, further investigation is needed to
determine to what extent this pathway contributes to PAI-1
expression in vivo or whether the interaction is suppressed in
the context of organizing pleural injury.
INTRAPLEURAL FIBRINOLYTIC THERAPY FOR ORGANIZING
PLEURAL INFECTION: CURRENT RECOMMENDATIONS AND
INTEGRATION WITH OTHER THERAPEUTICS FOR CPE AND
EMPYEMA

The clinical implications of disordered fibrinolysis and organization have aggressively been pursued in the area of
pleural infection over the course of many years. Pleural infection is common and has been known to be a life-threatening
condition since the time of Hippocrates (c. 460 –377 BC) who
wrote extensively on the subject. He established the importance of evacuation of the infected fluid and stated: “if an
empyema does not rupture, death will follow.” This cornerstone of pleural infection management has stood the test of
time of nearly 25 centuries. Despite medical advances, reports
from around the world have shown rising incidences of pleural
infection (23, 56, 100). A significant resurgence of empyema
mortality, the highest since the introduction of antibiotics, has
also been reported (1).
The principles of treatment of pleural infection centers on
antibiotics and drainage of the effusion. The latter is a clinical
challenge and has been the focus of much research effort. It is
hypothesized that loculation is an effective body response to
contain the infected collection (54); nonetheless, its presence
often prohibits effective therapeutic fluid clearance. Bacteria,
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especially Streptococcus pneumoniae (71), can proliferate rapidly in human pleural fluid, and loculations impair penetration
of antibiotics to the contained fluid. Pleural ultrasonography
has allowed appreciation of the extent of fibrinous adhesions
and loculations (often noncommunicating (59)) that commonly
exist within an infected pleural effusion, Fig. 1. Some investigators have reported that presence of loculations predicted
adverse outcome in pleural infection (5, 6).
At least 20 –30% of patients fail antibiotics and chest tube
drainage (58). Traditionally, surgery (usually video-assisted
thoracoscopic surgery) was the only effective option to clear
the residual pleural collections. Unfortunately patients with
pleural infection are often elderly, have comorbidity, and are
unsuitable for surgery, which has established risks of morbidity
and mortality (16). Intrapleural instillation of fibrinolytic
agents to break pleural adhesions/loculations remains an attractive concept and has been a subject of many investigations.
Two randomized clinical trials (RCTs) showed no significant
benefits from streptokinase over placebo in adults (13, 58).
Another RCT did not show convincing benefits in patients
treated with single agent tPA but found that addition of
deoxyribonuclease (DNase) to tPA regime produced significant
synergy (73). This combination intrapleural regime has revolutionized management and has been increasingly adopted
around the world. In the Multicenter Intrapleural Sepsis Trial
(MIST)-2, tPA/DNase treatment significantly reduced pleural
opacity on chest radiographs and shortened hospital length of
stay compared with placebo. Less than 5% of tPA/DNasetreated patients required rescue surgery (73). Subsequent openlabel studies (57, 60, 68, 70) have confirmed its efficacy and
safety, including in patient cohorts that failed antibiotics and
chest tube drainage (68). The dosing regime and delivery
options have been discussed elsewhere (69). Side effects are
infrequent and generally mild. Pain occurs in ~20% of patients
(60, 68), especially during the first treatment dose. In 344
published cases from five series, significant pleural bleeding
(defined as requiring blood transfusion) was reported only in
11 (3.2%) cases; all were managed conservatively and none
was fatal. Systemic bleeding from intrapleural tPA/DNase
treatment is exceedingly rare, likely because of low systemic
absorption and the short half-life of tPA. The ongoing Alteplase Dose Assessment for Pleural infection Therapy
(ADAPT) project (70) is a dose de-escalation approach to
establish the lowest effective dose of intrapleural tPA or
tPA/DNase therapy and may help to further minimize the costs
and complications of treatment.
The mechanisms of action of tPA and DNase in pleural
injury are not fully understood but believed to include lysis of
adhesions (tPA) and reduction of viscosity of purulent fluids
(DNase). Other additional benefits have also been hypothesized, including the degradation of biofilms by DNase. Intrapleural tPA, as well as other fibrinolytics, induces significant
fluid formation and may offer a lavage effect to reduce infected
pleural material. This class effect of fibrinolytic-induced pleural fluid formation is mediated by monocyte chemotactic protein (MCP)-1 (52), which also plays a significant part in
effusion formation in other pleural pathologies (51, 83).
It should be noted that pleural infection in pediatric patients
have different bacteriology and clinical course, as well as a
much more favorable prognosis, when compared with adult
patients. Several RCTs (81, 82) in pediatric setting have found
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that single agent intrapleural fibrinolytic therapy provided
similar benefits when compared with video-assisted thoracoscopic surgery. Whether DNase offer additional benefits in
pediatric setting requires investigations.
Active multiprong research efforts are underway to improve
the management of pleural infection. The ideal approach is to
stop parapneumonic fluid formation in the first place. Targeting
specific candidates, such as MCP-1, or using a general approach to dampen pleural inflammatory responses is being
explored. In a large study (n ⫽ 3,602) of pneumonia patients,
those taking inhaled steroids were much less likely to develop
parapneumonic effusions (odds ratio: 0.42) (77). A recent RCT
of 60 children with parapneumonic effusion showed that highdose intravenous dexamethasone significantly improved recovery time (85). Systemic corticosteroid therapy has also been
shown to improve fluid resolution in tuberculous pleuritis (99).
Approaches preventing pleural adhesion formation are intriguing. For example, animal studies of anti-TGF-␤ therapy significantly reduced adhesions in empyema (49).
Antibiotics are a key aspect of care that has been neglected
in pleural infection research. New approaches such as measuring antibiotics penetration to pleural fluid (to allow
individualized dosing) and intrapleural antibiotics administration are needed. In the meantime, studies are underway to
try optimize tPA/DNase regime and patient selection and
compare the ability of different fibrinolytic agents to optimally
achieve relief of pleural organization and failed drainage of
loculated infectious pleural effusions. It is likely the findings of
such studies will contribute to better clinical care.
CURRENT INTERVENTIONAL APPROACHES FOR
ORGANIZING MALIGNANT PLEURAL EFFUSIONS

Malignant pleural effusion (MPE) is a common and increasing problem, with an estimated 150,000 new cases per year in
the United States (19). Recent data suggest that there were
126,825 hospital admissions in the United States for MPE in
2012 alone (86). The majority of cases of MPE are related to
metastatic disease from common primary cancers including
lung, breast, ovary, and colorectal (75), with the minority
(~10% depending on locale) caused by primary pleural mesothelioma (75). The median survival of MPE is poor, in the
order of only 3–12 mo (8, 75). There have been significant
improvements in phenotyping and assessment of MPE specifically concerning prognosis, with a now published validated
prognostic score in increasing clinical use (8).
The treatment intent in MPE is symptomatic (75). Large
pleural collections seen in cases of MPE are associated with
significant symptoms (11, 72), the most important of which is
dyspnea, and the available methods to measure dyspnea are
improving with the publication of validated and practical tools
to achieve this specific to pleural disease (61, 72). Treatment
options and evidence to support optimal outcomes in MPE are
rapidly expanding. Historically, repeated large volume thoracentesis or chemically or mechanically induced pleurodesis
(the adherence of the parietal to the visceral pleura to prevent
further fluid accumulation) was the only available treatment.
However, there is an increasing body of literature supporting
the use of indwelling pleural catheters (IPCs) as effective
symptomatic treatments in MPE (90, 95), accepting that the
only direct randomized trial comparison of sufficient power

showed no symptom advantage of IPC over standard talc
pleurodesis (11). There is now further interest in combining
novel ambulatory drainage strategies with talc pleurodesis
(74), and this is likely to become the major treatment paradigm
in the future.
FIBRIN ACCUMULATION, CLINICAL SEQUELAE, AND
DERANGED FIBRINOLYSIS IN MPE

All currently available options rely on effective drainage of
pleural fluid, permitting lung reexpansion and normalization of
respiratory mechanics. Thus situations in which either the lung
is unable to reexpand [referred to here as nonexpandable lung
(NEL) but previously referred to in the literature in a number
of ways, including trapped and entrapped lung] or where fluid
cannot be adequately drained may result in frustrated attempts
to ameliorate symptoms via available drainage methods. The
most common cause of failed drainage in malignant effusion is
the presence of septated, loculated pleural fluid, which is
resistant to drainage via a single intercostal tube. Interestingly,
the presence of septated effusion has now been validated as an
independent predictor of lack of response to pleural drainage
(72). This is an important signal that requires further investigation.
The entities of NEL and septated effusion are likely to have,
at least in some cases, similar biological origins, in that
fibrinous collections within the pleural space may create both
situations. NEL is seen in a significant number of cases of
MPE, with ~25% of cases in total associated with radiological
evidence of NEL in a large randomized trial (14). Although
several mechanisms may result in NEL, one common cause is
the formation of fibrinous strands over the visceral pleura,
which results in an inability to expand in the presence of
negative intrapleural pressure as fluid is drained.
The precise incidence of septated MPE is unknown. Data
from our own unit (Oxford, unpublished observations) suggest
that up to 15% of patients with MPE have clinically significant
septations/loculations. In IPC-treated patients with MPE, up to
14% develop symptomatic loculations (20, 90). A large study
from Taiwan reported 125/345 (36%) of patients with MPE
requiring drainage exhibited evidence of either NEL or septated effusion making drainage challenging (24).
The cause of septation within MPE is poorly understood but
likely involves a progression of events similar to those that
contribute to pleural organization in the context of infection as
described in the Introduction. While there may be low-grade
and undetected pleural infection as the driver to fibrin formation, depressed fibrinolytic activity has been demonstrated in a
wide range of pleural exudates including those with MPE (31),
and MPEs have been demonstrated to exhibit high levels of
prothrombin factors and D-dimer, conferring potentially increased survival and invasiveness of metastatic cells within the
pleura (21). While elevated D-dimer levels generally reflect
fibrinolytic activity, the elevated levels in this scenario may
reflect increased fibrin deposition/burden within the pleura
rather than augmented endogenous fibrinolysis. The inability
of local fibrinolysis to clear these deposits could be attributable
to relatively greater increments in local coagulation, relatively
impaired fibrinolysis, or both processes. The exact nature of the
derangements in local fibrinolysis could differ based on the
specific neoplasm and extent of pleural involvement.
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TREATMENT OF SEPTATED/LOCULATED MPE AND THE
ROLE OF INTRAPLEURAL FIBRINOLYTIC THERAPY

The difficulties associated with treatment of septated MPEs
have led to the investigation of intrapleural fibrinolytic therapy
in a number of studies. While a number of case series suggest
“good outcomes” from intrapleural treatment, including in
those with IPC-related septated effusions (87), such studies are
associated with the customary selection and reporting bias
associated with all case series. Furthermore, it is now established that intrapleural treatment with some forms of IPFT are
associated with increased pleural fluid production via an
MCP-1 dependent pathway (51). Thus surrogate outcomes of
fluid output in case series of intrapleural treatment are likely to
be universally flawed.
Before 2017, there were only two small randomized controlled trials in the literature addressing the use of intrapleural
fibrinolytics in MPE. The first randomized a total of 47 patients
with MPE (not necessarily septated) to receive either intrapleural streptokinase (250,000 IU, 3 doses) or usual drainage (no
placebo) before talc pleurodesis in those with expanded
lungs post drainage (64). A higher proportion of the streptokinase group achieved lung expansion sufficient to warrant pleurodesis (96 vs. 74%), and there was an increased
fluid output in the streptokinase group, but no significant
difference in pleurodesis success (64). The second study
randomized 40 patients with septated MPEs to 4 doses of
intrapleural streptokinase (250,000 IU) or to matched placebo (saline) in a double-blind design (76). This study demonstrated significantly increased fluid drainage and reduced the
need for oxygen therapy in the streptokinase group and improved radiological outcomes as measured by chest computed
tomography using streptokinase (85 vs. 35% with a significant
improvement in computed tomography pleural shadowing,
defined as more than 40% total improvement). There was a
nonsignificant improvement in pleurodesis success using streptokinase (recurrent fluid in 11 vs. 45%, P ⫽ 0.07) (76).
These studies led a number of the authors of this paper to
conduct the TIME3 study (62), a randomized placebo-controlled trial of urokinase in patients with nondraining MPE,
with clinically meaningful outcomes defined as pleurodesis
success at 1 mo and dyspnea improvement on the validated
100-mm visual analogue scale for breathlessness. TIME3 recruited a total of 71 patients in a double-blind, placebocontrolled multicenter design. The patients with nondraining
MPE, defined radiologically and with ultrasound, were randomly allocated to groups receiving either three doses of
100,000 IU of intrapleural (2 chain) urokinase given 12 hourly,
or matched placebo, followed by administration of intrapleural
talc. No significant difference was demonstrated between the
interventional and placebo groups in terms of the primary
outcome measures of breathlessness (difference in visual analogue scale breathlessness 3.8 mm, P ⫽ 0.36) or pleurodesis
(failure rate urokinase 37%, placebo 32%, P ⫽ 0.65) (62).
These outcomes could have been influenced by the contribution of tumor deposits on the visceral pleural surfaces, which
commonly occur and may impair lung expansion. Although
negative for the primary outcome measure, intrapleural urokinase was associated with fascinating improvement of effusion
size on chest radiograph (P ⬍ 0.001) as well as reduced
hospital stay of 1 day (P ⫽ 0.049) and improved survival
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(median survival 69 vs. 48 days, P ⫽ 0.026). No significant
excess adverse events were noted in the urokinase group. It
should be noted that the recruited trial population of hospitalized patients with MPE with nondraining effusions had a very
poor prognosis as noted above, and thus the trial outcomes
relating to pleurodesis success and dyspnea may not be applicable to all real-life clinical populations.
Where does the accumulated evidence leave us in respect of
how intrapleural fibrinolytics should be used in MPE? Three
randomized trials suggest that intrapleural fibrinolytic treatment results in improved lung expansion and/or radiological
outcomes (62, 64, 76), but curiously, these effects are not
associated with significant improvements in either breathlessness or success of pleurodesis. On this basis, there is no clear
rationale for the current use of intrapleural fibrinolytics in
MPE, where the treatment intent is palliative. It should be
reenforced that the small numbers of patients in the earlier
trials, and the poor prognosis in the TIME3 trial, make interpretation of the study results challenging for every day clinical
practice. The positive signals within the studies, with all trials
suggesting improved radiology and the TIME3 trial demonstrating potential improved survival and reduced hospital stay,
suggest biological activity in the pleural space and now require
further assessment. It may be that fibrinolysins accelerate
lymphatic clearance in addition to expediting pleural drainage,
but the underlying mechanisms remain to be elucidated
through additional investigation. We suggest that a follow up
clinical trial should be conducted in a different population
including outpatients with septated MPE. The significant number of patients now treated with IPCs associated with septated
effusion is a potentially important further area of research, with
only case series data currently published in this area (87).
Apart from these considerations, IPFT may be considered in
oncology patients with loculated, nondraining MPE/CPE who
do not have contraindications, such as bleeding diathesis,
severe renal failure, or intracranial metastases, and who are not
surgical candidates.
PROCESSING OF INTRAPLEURALLY ADMINISTERED
FIBRINOLYSINS AND OUTCOMES OF THERAPY

Endogenous PAI-1 in Pleural Fluids of Patients with
Empyema and CPE: Impact on the Activity and Efficacy of
IPFT
As introduced in the preceding sections, inhibition of endogenous fibrinolysis is a key feature of the pathogenesis of
pleural fluid organization with loculation in empyema and
CPE. PAI-1 is overexpressed in the pleural fluids of patients
with pleural effusions prone to loculation or within which
organization with deposition of fibrinous loculations has taken
place, as generally occurs in empyema or CPE (7, 31). That
this overexpression worsens pleural organization provides
strong proof of concept that PAI-1 plays a critical role in the
pathogenesis of pleural injury. The potential for PAI-1 to
contribute to outcomes of pleural injury therefore mandates
special mention.
PAI-1 limits the activity of a range of fibrinolysins (40),
which can unfavorably affect clinical outcomes in patients
receiving IPFT. Recently, we demonstrated that levels of both
PAI-1 antigen and activity in pleural fluids from MIST2 trial
subjects varied by approximately two orders of magnitude
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(45). In patients with higher levels of PAI-1 expression, the
tPA dosing used may have been insufficient to overcome
endogenous levels of PAI-1 and other inhibitors, including
antiplasmins. Consequently, overall trial outcomes could have
been impacted, since PAI-1 levels were not interrogated during
the interventional trials of which we are aware, including
MIST 2 (73). The same can be said of virtually all prior trials
in which tPA or uPA were used, as both are exquisitely
sensitive to inhibition by PAI-1 (27, 91).
An increase in the level of PAI-1, up to three orders of
magnitude in empyema fluids, blocks plasminogen activation
and its consumption. This results in accumulation of plasminogen. Notably, intrapleural levels of endogenous plasminogen
in empyema vary over a relatively wide range (17). Thus the
ability of pleural fluid to generate endogenous fibrinolytic
activity after exogenous fibrinolytic is administered likewise
varies among empyema patients up to 100-fold (17). This
profound level of variation could derive from a number of
factors. These include genetics and epigenetics, individual
variations in the degree of the inflammatory response to a
particular noxious insult, and the species and/or virulence of
infectious organisms within the pleural compartment. While it
is not yet possible to predict patient outcomes based on the
levels of PAI-1 in pleural fluids, a new test is in early stage to
address the possibility that ex vivo analyses of freshly collected
pleural fluids could be used to assess outcomes or guide IPFT
dosing, called the fibrinolytic potential assay (FPA) (17, 30).
The FPA is an assay to measure the net fibrinolytic activity
within a sample of pleural fluid that is supplemented with
plasminogen activator to generate fibrinolytic activity and
mimic IPFT ex vivo. The FPA is envisioned as a bedside
diagnostic, which could inform the probable outcome of IPFT
for a given patient. Its measurement could additionally provide
the healthcare team with guidance to adjust the dose of the
fibrinolysin in IPFT or the dosing frequency (30). While this
assay is in the early stages of development, comparable values
of the fibrinolytic potential are detectable in the empyema
fluids of patients and rabbits (30), providing an excellent model
animal for preclinical testing. Rabbit models of chemical (18,
40, 45– 47) pleural injury have been developed to elucidate the
mechanisms of intrapleural fibrinolysis during IPFT, validate
the FPA, and test whether PAI-1-targeting increases the efficacy of IPFT.
A rabbit model of tetracycline (TCN)-induced pleural injury
was initially used to find effective doses of single chain (sc)
tPA and scuPA, doses that were well-tolerated and that cleared
fibrinous, organizing intrapleural neomatrices resembling loculations (29, 34). This model was also used to determine
mechanisms of intrapleural processing of the fibrinolysins (40,
47) and determine the relative rates of intrapleural fibrinolysis
that derive from their local administration (17, 45). While the
FPA may be useful for estimating individualized success of
IPFT, the success of any form of IPFT hinges on its ability to
at least transiently activate plasminogen with resultant induction of fibrinolysis within pleural fluids. Detectable levels of
intrapleural plasminogen activator activity are necessary to
activate newly synthesized or endogenous pleural fluid plasminogen due to the relatively slow (4 – 6 h) rate of intrapleural
fibrinolysis that occurs with administration of IPFT (17, 30, 40,
45). If levels of PAI-1 activity exceed those of intrapleurally
administered plasminogen activators, intrapleural fibrinolysis

cannot occur. This fundamental concept impacts the IPFT
literature as it stands to date, as dosing of intrapleural fibrinolysins has traditionally been arbitrary rather than evidence
based, both in terms of actual dosing or by dosing intervals. In
the absence of clear evidence of the ability of these doses of
IPFT to reliable generate intrapleural fibrinolysis in the patients
that were reported, it is unclear that the patient cohorts actually
received sufficient amounts of the fibrinolysins that were
given. Whether dosing and dosing intervals can be better
informed by premarketing dose escalation testing or by the use
of new diagnostics in development such as the FPA remains to
be determined and represents a potentially important avenue
for future studies.
The concept that PAI-1 is critical to the outcome of pleural
injury now rests upon a solid foundation of recently developed
evidence. An increase in the levels of intrapleural PAI-1 results
in worsening both pleural fibrosis and outcomes of IPFT in a
rabbit model of TCN-induced pleural injury (18, 40). On the
other hand, neutralization of intrapleural PAI-1 via selective
targeting of the intramolecular mechanisms of PAI-1 processing, to activation but not latency or cleavage of the inhibitor
(43, 44, 48, 96), results in an increase in the efficacy of IPFT
and an up to eightfold decrease in the dose of fibrinolysin (17,
18). A decrease in the effective fibrinolysin dose observed
during PAI-1-targeted IPFT (17, 18) seems to reflect the
amount of a plasminogen activator that circumvents inhibition
by overexpressed endogenous PAI-1 that characterizes inflammatory pleural fluids. Thus targeting PAI-1 via mechanisms
that neutralized its activity was successful in decreasing of the
dose of fibrinolysin needed for successful IPFT (17, 18). The
efficacy of IPFT can therefore be enhanced by PAI-1-targeted
adjuncts, monoclonal antibodies that neutralize PAI-1, in preclinical testing. This approach could even further mitigate the
relatively low risk of intrapleural bleeding associated with
IPFT, although this possibility remains to be tested in the
clinical trial arena. In contrast, ligands that form stable complexes with PAI-1, thereby stabilizing its active conformation,
were either ineffective for IPFT (S195A-tcuPA) or worsened
outcomes (18).
It is now additionally clear that the durability of plasminogen activator activity within pleural fluids substantively impact
pleural injury outcomes. To be successful in a model of
chemically induced pleural injury in rabbits, IPFT should
support positive plasminogen activator activity for 4 – 6 h (18,
40, 46). While one major advantage of tPA is its high affinity
to fibrin, intrapleural single chain (sc) uPA processing includes
a unique mechanism for generation of durable, low-level intrapleural plasminogen activator activity via formation of relatively stable intrapleural “molecular cage” type complexes
with ␣-macroglobulin (40, 47).
Recent studies also provide a basis for comparison of the
efficacy of tPA vs. uPA, scuPA-based IPFT and processing
over the same periods of time, at the same stages of disease and
in the same models. The minimal effective dose (MED) of
sctPA was found to be almost 3.5 times lower than that of
scuPA (0.145 and 0.5 mg/kg, respectively) in a rabbit model
of TCN-induced pleural injury (28, 29, 40). Specific activities
of the fibrinolysins are similar, but it is important to remember
that scuPA is a proenzyme that exerts very low intrinsic
activity until it is activated by plasmin. Notably, the MEDs for
both fibrinolysins were higher (2 mg/kg) and comparable in a
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rabbit model of empyema (45), reflecting differences between
chemical and infectious pleural injury. The rabbit S. pneumoniae empyema model demonstrates areas of loculation,
underscoring the importance of using valid animal models that
recapitulate key physiological features of human disease. Nevertheless, the major mechanistic features of intrapleural fibrinolysis and the processing of fibrinolysins share considerable
commonality in rabbit models of chemically induced pleural
injury empyema. These models enable comparisons of the
processing of fibrinolysins in pleural fluids. For example, the
MED for scuPA in the rabbit Streptococcal empyema model
was four times higher when compared with that identified in
the tetracycline model of organizing pleural injury. For sctPA,
the dose was increased by 13.8 times in infectious vs. chemically induced pleural injury. Thus scuPA, which forms “molecular cage” type complexes, could be a better alternative for
treatment of empyema in humans. Testing of that postulate in
humans has been initiated in an ongoing phase I safety trial,
described in the next section.
Development of Single Chain Urokinase Plasminogen
Activator for Treatment of Patients with Loculated
Empyema/CPE
scuPA was first envisioned as a candidate for use in IPFT
when it was discovered that this proenzyme was very effective
and well tolerated in removing intrapleural fibrinous adhesions
in TCN-induced pleural injury in rabbits, a model that is
associated with prominent intrapleural fibrin deposition (34).
In initial studies to examine the processing of intrapleurally
administered this agent in these animals, it was determined that
scuPA was effective when delivered before adhesion formation
and cleared adhesions after their formation (28). Active urokinase was detectable within pleural fluids 24 h after scuPA
administration, which indicated that the efficacy was associated with durable intrapleural generation of plasminogen activator activity. Subsequently, it was found that administration
of intrapleural scuPA more effectively cleared intrapleural
fibrin deposits and adhesions in rabbits with TCN-induced
pleural injury than two chain urokinase, which was used in
clinically prorated dosing (29). There was a trend toward
superiority of the effectiveness of scuPA vs. clinically applied
dosing of tPA prorated to the weight of the rabbits, but both
tPA and scuPA effectively cleared fibrinous deposits in the
model and overcame inhibition by PAI-1. We also found that
scuPA generated durable plasminogen activator activity within
pleural fluids of rabbits with Pasteurella-induced empyema
(33). We subsequently found that scuPA was processed, in
part, to a PAI-1-resistant form of uPA complexed to a2macroglobulin, which was mainly responsible for the durable
bioactivity of scuPA within inflammatory pleural fluids (47),
and additional studies to more comprehensively understand the
intrapleural processing of scuPA were then conducted as described above. In extensive, preclinical studies conducted over
more than a decade, pleural bleeding was not encountered apart
from very rare events due to trauma from pleural cannulation.
Shortly after patent protection for the use of scuPA as a
treatment for loculated pleural injury was awarded, a University of Texas biotechnology initiative was obtained to initiate
commercialization of scuPA through the creation of a start-up
company called Lung Therapeutics through the National Heart,
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Lung, and Blood Institute (NHLBI) Science Moving towArds
Research Translation and Therapy (SMARTT) Program (Contract No. HHSN268201100014C). Additional funding was obtained to manufacture Good Manufacturing Practices-grade
scuPA in anticipation of clinical trial testing. Funding was also
supplied for Good Laboratory Practice toxicology studies and
regulatory support. In brief, Good Manufacturing Practices
manufacturing was accomplished and the bulk drug substance
obtained via the SMARTT Program, was subsequently lyophilized, and vialed for stability and release testing, which demonstrated that the material was acceptable for human administration. Good Laboratory Practice toxicology studies done
under the SMARTT contract by an NHLBI subcontractor
included studies done using either intravenous and intrapleural
administration of scuPA, which, in brief, did not uncover
bleeding events or evidence of systemic fibrinogenolysis. Subsequently and based on this trial enabling work, a phase 1a/1b
dose escalation-safety trial was initiated in patients with empyema/CPE with failed drainage (ANZCT Registry Trial ID:
ACTRN12616001442493). The trial is now recruiting and will
close within the coming year. The objective of this trial is to
determine patient safety including bleeding potential of intrapleurally administered scuPA. Efficacy signals including expedited drainage, clinical improvement, need for surgical referral, and duration of hospitalization are also being assessed.
These parameters can be used to help guide dosing for a follow
up phase 2 efficacy trial, which is anticipated to begin within
the next 12–18 mo using a new drug supply for which manufacturing efforts have commenced. The current phase 1a/1b
trial now being done represents the first dose-escalation trial
for any form of IPFT of which we are aware. As such, it
represents an initial step that may help overcome the empiricism now surrounding the dosing of currently available forms
of IPFT.
PLEURAL REMODELING, MESOMESENCHYMAL TRANSITION
OF PMCS, AND FIBROTIC REPAIR

Pleural injury, when severe, can result in scarring of the
pleural surface leading to pleural fibrosis. Numerous studies
have shown that the inflammatory environment of the injured
pleural space can cause the relatively quiescent pleural mesothelial cells to acquire an activated cellular phenotype. Specifically, through a process termed mesomesenchymal transition
(MesoMT), mesothelial cells become matrix producing myofibroblasts (Fig. 1A). While not found in normalcy, myofibroblasts are present in many types of fibrosis and are characterized by the increased expression of ␣-smooth muscle actin
(␣-SMA), collagen (Col)-1, and fibronectin. Cells undergoing
mesenchymal transition also lose their epithelial and tight
junction markers, including E-cadherin and zona-occludins
(63, 92), allowing them to become hyperproliferative and
motile. Tissue sections from patients with nonspecific pleuritis
show the increased presence of ␣-SMA-expressing myofibroblasts at or near the pleural surface, which likely contribute to
the thickening pleura (92). Collagen deposition is likewise
increased in this pleural rind. Although there are multiple,
potential sources of these myofibroblasts, the proximity to the
site of injury and the coexpression of mesothelial cells markers, like calretinin, suggest that activated mesothelial cells play
a major role in development of pleural fibrosis or, in advanced
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cases, fibrothorax. Interestingly, pleural mesothelial cells undergoing MesoMT can also migrate into the lung parenchyma
and thereby contribute to pulmonary fibrosis via a process that
can be abridged by carbon monoxide or heme oxygenase-1
(102). This important work suggests that MesoMT can affect
the progression of pulmonary as well as pleural repair and
fibrosis.
Fibrinolytic proteases have been reported to directly induce
markers of MesoMT in vitro (92). Similar to TGF-␤, uPA and
plasmin induce profibrotic changes in human pleural mesothelial cell morphology and increase the expression of ␣-SMA and
Col-1, markers of MesoMT. Neither mesothelial cell phenotype nor expression of MesoMT markers are affected by
treatment with tPA. The low-density lipoprotein receptorrelated protein 1 (LRP-1) binds and internalize members of the
fibrinolytic pathway, including uPA and uPAR (94). Inflammatory mediators present in pleural effusions, like TNF-␣ and
IL-1␤, reduce LRP-1 expression (94). Downregulation of
LRP-1 expression or activity stabilizes uPA and uPAR expression at the mesothelial cell surface, thus prolonging their
activity. Consequently, uPA-mediated collagen induction is
increased in LRP-1 downregulated cells (94).
The expression of components of the fibrinolytic system, in
particular uPA, plasmin, and PAI-1, can also importantly
influence the outcomes of pleural injury. In a carbon black/
bleomycin model of pleural fibrosis, D-dimers levels, markers
of plasmin-mediated fibrin dissolution, were increased in pleural fluids (92). PAI-1-deficient carbon black/bleomycin-injured
mice, which demonstrate increased uPA and plasmin activity
in pleural fluids, showed worse pleural injury. Myofibroblast
accumulation, pleural thickening, and collagen deposition were
all increased in PAI-1-deficient mice, likely reflecting locally
increased plasmin activity. Paradoxically, PAI-1 deficiency
also increased TF expression and thrombin anti-thrombin complexes, suggesting concurrently increased intrapleural coagulation in this model of pleural injury. These findings support
the concept that cross talk between fibrinolytic and coagulation
pathways exists in this form of pleural injury. Similar results
were found in an infectious disease model of pleural injury. S.
pneumoniae-mediated empyema in mice caused significant
pleural thickening and collagen deposition. The MesoMT
marker ␣-SMA was likewise increased in the pleural and
subpleural region. While S. pneumoniae mediated infection
increased fibrinolytic activity in the injured pleural space,
PAI-1 deficiency worsened disease severity (93). S. pneumoniae infection in PAI-1-deficient mice showed reduced
fibrin deposition and increased plasmin activity. Lethality was
also increased in PAI-1-deficient mice, further suggesting that
unrestricted endogenous fibrinolysis can be deleterious in the
setting of infectious pleural injury.
NEW CANDIDATE THERAPEUTIC TARGETS FOR PLEURAL
INJURY

Glycogen Synthase Kinase-3␤
Plasmin and uPA also induce phosphatidylinositol 3-kinase/
Akt and NF-B phosphorylation in HPMCs. These pathways
had previously been shown to be critical for the induction of
mesenchymal transition in other cell types (53, 67, 84). In
HPMCs, the phosphatidylinositol 3-kinase/Akt and NF-B
signaling pathways are linked. Blockade of either pathway

significantly attenuates the induction of MesoMT (66, 92). A
recent study showed that glycogen synthase kinase-3␤ (GSK3␤) is a critical determinant in the progression of pleural
fibrosis (2). In nonspecific human pleuritis, GSK-3␤ expression was increased in the pleura compared with normal lung
tissues. HPMCs treated with uPA or plasmin show increased
GSK-3␤ nuclear localization and tyrosine 216 phosphorylation, indicators of increased GSK-3␤ activity. GSK-3␤ knockdown attenuated induction of MesoMT. Furthermore, the novel
GSK-3␤ inhibitor 9ING41 blocked and reversed TGF-␤, plasmin,
and uPA-mediated MesoMT. GSK-3␤ inhibition with 9ING41
reduced tyrosine 216 phosphorylation and consequently inhibited
NF-B signaling in HPMCs (2). GSK-3␤ inhibition likewise
improved lung function and volume in S. pneumoniae-injured
mice. These mice also demonstrated less pleural thickening and
fewer ␣-SMA-expressing myofibroblasts, suggesting that MesoMT was attenuated in vivo. This study strongly supports the
therapeutic targeting of GSK-3␤ for the treatment of pleural
injury, which is an ongoing area of active investigation.
KIF5A
During MesoMT, PMCs increase the expression and secretion of extracellular matrix (ECM) proteins such as collagen 1
(Col-1) (2, 39, 93, 94), yet the mechanism underlying this
process has been poorly understood. A key gap in current
knowledge is how ECM proteins are transported from perinuclear domains to the surface membrane, where they are secreted. Quite recently, Kamata et al. (39) reported that KIF5A,
a kinesin 1 family member, transports Col-1-containing vesicles in HPMCs. This is a significant observation, as little is
known about the mechanism of transportation and secretion of
ECM proteins by PMCs. KIF5A was found to be responsible
for the transportation of Col-1-containing vesicles from the
perinuclear domain to the surface membrane in HPMCs
based on the following findings: first, among the KIFs,
KIF5A expression is notably upregulated during TGF-␤induced activation of Col-1 secretion during MesoMT. Second, Col-1 and KIF5A show notable colocalization on
microtubules in HPMCs. Third, KIF5A gene silencing attenuated TGF-␤-induced Col-1 localization at cell peripheries and reduced Col-1 secretion. Fourth, live cell imaging
revealed KIF5A- and Col-1-containing vesicles show continuous directional comovement toward cell peripheries of
HPMCs. These ex vivo results suggest that KIF5A is responsible for Col-1 transportation and facilitates Col-1 secretion from HPMCs. In mice with carbon black/bleomycininduced pleural fibrosis, KIF5A expression is markedly
increased in the thickened pleura along with increase expression of ␣-SMA. This coincided with marked increase in
surrounding deposition of Col-1. These in vivo results
suggest that upregulated KIF5A expression promotes collagen secretion in carbon black/bleomycin-induced pleural
fibrosis, representing yet another potential interventional
target for fibrosing pleural injury.
Reactive Oxygen and Nitrogen Radicals
As oxidant stress is strongly implicated in the pathogenesis
of acute parenchymal lung injury (41, 42, 97, 101), its role in
the pathogenesis of pleural injury and remodeling bears mention. Although the broad area is understudied to date, invasion
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Table 1. Aberrant fibrin turnover, fibrinolysis, and pleural organization: overviews of discovery, translational, and clinical
literature
Contribution

Dvorak (15)
Lee et al. (54)
Rahman et al. (73)
Komissarov et al. (45)
Tucker and Idell (91)

Seminal overview of foundational work describing the role of aberrant fibrin turnover in the pathogenesis of tissue organization
after injury and scarification in the context of tissue injury and neoplasia.
Recent review of basic and translational progress in the field of infectious pleural injury, including IPFT.
Key study that showed that a fibrinolysin alone (tissue plasminogen activator) was ineffective in improving clinical outcomes
of patients with pleural infection, while tPA in combination with DNase was effective and provides a good overview of the
use of combination IPFT. The key MIST1 trial (58) likewise showed that streptokinase alone was ineffective.
A translational study using larger animal models that contains an in depth overview of the processing of intrapleurally
administered fibrinolysins in the setting of empyema.
Provides an overview of the role of the fibrinolytic system in the pathogenesis of both lung and pleural disease and an
overview of clinical studies, some reporting the efficacy of fibrinolysins alone in IPFT, all as of 4 yr ago.

IPFT, intrapleural fibrinolytic therapy; MIST-1, Multicenter Intrapleural Sepsis Trial-1.

of the injured pleural space by neutrophils and inflammatory
cytokines is strongly implicated in the pathogenesis of pleural
remodeling (26, 34). These events are linked to excessive
oxidative load, but the extent of oxidative load in fibrosing
pleural injury and its impact in the mesothelial remodeling
remain unknown. A massive phagocytic response is likely to
cause oxidative burst with overwhelming production of superoxide anion (O2·⫺) and hydrogen peroxide (H2O2). H2O2 could
further undergo the Fenton reaction with the presence of iron
producing the most damaging hydroxyl radicals (·OH) in the
injured pleura. That is likely to damage the lipid bilayer of the
PMC resulting in PMC dysfunction and potentially increased
exudation of plasma within the pleural space. Furthermre,
PMCs have been shown to produce significant nitric oxide in
response to inflammatory cytokines such as TNF-␣ and IL-1␤
(65). Therefore, high levels of peroxynitrite (OONO⫺) are
likely to be produced in the pleura due to interaction of O2·⫺
and nitric oxide in response to an infection. OONO⫺ is very
reactive nitrogen radical that is expected to cause significant
oxidative damage to all cellular components. The existence of
cross talk between NADPH oxidase-mediated O2·⫺ release
triggering excessive O2·⫺ in the mitochondria is well documented (10). Therefore, high levels of reactive oxygen/nitrogen radicals are expected to be released in the pleura, which is
likely to induce accentuated oxidative stress condition due to
mitochondrial reactive oxygen species release. The heightened
release pleural oxidants could modulate various signaling cascades in the mesothelial cells resulting in the initiation or
exacerbation of fibrogenic signaling cascades. Consistent with
this hypothesis, high levels of ascorbic acid or dehydroascorbic
acid have been shown to reduce pleural permeability (22).
Thus better understanding pleural oxidative stress and its
impact on permeability and pleural organization or fibrosis
could expedite the identification of new ways to mitigate or
block these responses during pleural infection or other noxious
conditions.
SUMMARY

Over the past few years, the regulation of fibrin turnover has
been shown to encompass derangements including the overexpression of PAI-1 that impact the organization of extravascular
fluids and remodel the pleural space. It is now clear that these
derangements can often be addressed by the administration of
fibrinolytic therapy, with expedited pleural drainage and improved outcomes (Table1). Research gaps that remain to be

addressed include identification as to how sex, age, and genetic
variation influence the response to intrapleural fibrinolytic
therapy. Translational areas requiring additional investigation
include the development of diagnostics that reliably predict
outcomes or optimize dosing of currently available intrapleural
fibrinolytic therapy and predict its outcomes. The recognition
that individual patients exhibit variable responses to pleural
injury has led to the development of novel candidate diagnostics like the fibrinolytic potential and testing of PAI-1-resistant
interventions including scuPA. A clinical area that mandates
further investigation is the continuation of efforts to identify
optimally tolerated, clinical, and cost-effective pharmacologic
strategies to expedite pleural drainage in patients with empyema or CPE. New interventional avenues including the development of GSK-3␤ or PAI-1 inhibitors for pleural organization
may in future expand the therapeutic options for the benefit of
patents with loculation, failed pleural drainage, and lung restriction due to organizing pleural injury and fibrotic remodeling.
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