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Summary

Background—Mesothelial cells that line the thoracic cavity play an important role in maintaining
the local balance between procoagulant and fibrinolytic activity, a role akin to the endothelial cells
in blood vessels. The mechanism(s) responsible for increased tissue factor (TF) expression in
mesothelial cells in response to injury are at present unclear.

Objective—To investigate whether plasmin or thrombin, two major proteases that may be generated
on pleural surface upon injury, induce TF expression in human pleural mesothelial cells (HMC) and
elucidate the underlying mechanism(s).

Methods—Confluent monolayers of HMC and human umbilical vein endothelial cells (HUVEC)
were exposed to plasmin or thrombin for varying time periods and TF expression was analyzed by
measuring its activity in a factor Xa generation assay, TF antigen levels by immunoblot analysis and
TF mRNA by Northern blot analysis.

Results—Both plasmin and thrombin treatments increased cell surface TF activity in HMC by 3 to
4-fold. In contrast to thrombin, plasmin-induced TF activity is not dependent on the de novo synthesis
of TF. In HUVEC, plasmin had a minimal effect on unperturbed HUVEC whereas it markedly
increased TF activity of activated HUVEC. Plasmin treatment neither affected anionic phospholipid
levels at the cell surface nor released protein disulfide isomerase, an oxidoreductase protein that was
newly described to play a role in TF activation. Plasmin cleaved cell-associated TFPI.

Conclusion—Thrombin upregulates TF activity in HMC through the transcriptional activation of
TF whereas plasmin increases TF activity by inactivating the cell-associated TFPI by a limited
proteolysis.
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Introduction

Formation of exudative pleural effusions and intrapleural fibrin deposition are hallmarks of a
variety of inflammatory diseases affecting the lung pleura and malignant pleural mesothelioma
[1;2]. Intrapleural fibrin deposition that bridges the visceral and parietal pleural surfaces
characterizes fibrosing forms of pleuritis, such as those occur in association with complicated
forms of parapneumonic effusions. If unchecked by the fibrinolytic system, the fibrinous
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intrapleural neomatrix leads to loculation that in turn organizes with pleural fibrosis [3]. Lung
restriction and symptoms of persistent shortness of breath are common clinical sequellae.

The mesothelial lining of pleura plays a central role in maintaining the hemostatic balance in
pleura [4]. Human pleural mesothelial cells may autoregulate fibrin turnover locally by
expression of procoagulants and fibrinolysins. Fibrin formation is resulted by the coagulation
cascade activation initiated by tissue factor (TF), while the dissolution of fibrin is mediated by
tissue plasminogen activator (tPA) and urokinase plasminogen activator (UPA)-dependent
plasmin generation. Mesothelial cells express TF and the fibrinolysins, as well as plasminogen
activator inhibitor-1 [5;6].

TF expression is typically found at low or undetectable levels in vivo in the mesothelial lining
of the normal pleura. Cultured mesothelial cells were shown to express low but measurable
levels of tissue factor (TF) [7;8]. TF expression was shown to be upregulated, both in vivo and
in vitro, in response to inflammatory mediators or other pathophysiologically relevant stimuli
[5-9]. However, our current knowledge is very limited regarding how TF expression is
regulated in human pleural mesothelial cells (HMC). Tumor necrosis factor-alpha (TNFa) was
shown to increase TF mRNA expression levels in HMC [6]. Serum stimulation of quiescent
HMC was found to induce both TF mRNA and TF activity levels by about 3-fold [7].
Interestingly, treating quiescent HMC with plasma resulted in a small but significant decrease
in TF expression [7].

Pleural inflammation leads to increased microvascular permeability with formation of
exudative effusions that contain plasma constituents. Albumin is the principal protein present
in exudative pleural effusions, but coagulation and fibrinolytic proteins are also well
represented in pleural effusions [4;10-15]. Although active thrombin or plasmin was difficult
to detect in most of the pleural fluids [4], there was a strong indication that they were generated
in the pleural space. Coagulation factors necessary to generate thrombin, i.e., TF, FVII, FV,
FX and prothrombin, procoagulant activity that is capable of shortening the clotting time upon
recalcification of plasma deficient in factor VII, X, VIII, V or prothrombin, and high levels of
prothrombin F1.2 fragments suggest that thrombin is generated in vivo in pleural effusions
[4;12]. The lack of readily detectable thrombin activity in most pleural fluids was thought to
be due to the presence of high levels of antithrombin in pleural fluids [4]. Exudative pleural
fluids were also shown to contain high levels of plasminogen and plasminogen activators [4;
11;13-15]. The presence of plasmin-derived peptides, plasmin-inhibitor complexes and high
levels of fibrin degradation products including D-dimers provide evidence for the generation
of plasmin in vivo in pleural effusions [4;11;13;14].

In the present study, we have investigated the effect of thrombin and plasmin on TF expression
in HMC. We also compared the effect of these proteases on TF activity in human umbilical
vein endothelial cells (HUVEC). The data presented herein show that both thrombin and
plasmin enhanced TF activity at the cell surfaces of HMC and HUVEC through distinctly
different mechanisms.

Materials and methods

Cell culture

Human pleural mesothelial cells were harvested from pleural effusions of patients suffering
from congestive heart failure as described earlier [5]. These materials were obtained under the
auspices of an approved protocol from the Human Subjects Institutional Review Board of The
University of Texas Health Science Center. HMC were cultured at 37°C and 5 % COy in a
humidified incubator in DMEM containing high glucose and supplemented with 1% glutamine,
1% penicillin/streptomycin, and 10% heat-inactivated fetal bovine serum (FBS). Primary
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human umbilical vein endothelial cells (HUVEC) were purchased from Cambrex Bio Science
(Walkersville, MD) and cultured to confluency at 37°C and 5% CO, in EBM-2 basal medium
supplemented with growth supplements (Cambrex Bio Science) and 5% fetal bovine serum.

Human plasmin, thrombin, factor X, factor V, factor Xa and prothrombin were purchased from
either Enzyme Research Laboratories (South Bend, IN) or Haematologic Technologies, Inc.
(Essex Junction, VT). Recombinant human factor Vlla (FV1la) was from Novo Nordisk
(Gentofte, Denmark). Monospecific polyclonal antibodies against human TF [16] and TFPI
[17] were prepared as described earlier. TF monoclonal antibodies (10H10 and TF 85G9) were
kindly provided by Wolfram Ruf (Scripps Research Institute, La Jolla, CA). Polyclonal anti-
PDI antibody was obtained from David Essex (University of Texas Health Science Center at
San Antonio, San Antonio, TX), and monoclonal anti-PDI (RL90) was from Affinity
Bioreagents (Golden, CO). Protease activated receptor agonist peptides, PARL (TFLLRN) and
PAR2 (SLIGRL) were custom synthesized (Biosynthesis Incorporated, Midland, TX).
Recombinant tissue factor pathway inhibitor-2 (TFPI-2) kunitz-type domain 1 (KD1) was a
gift from W. Kisiel (University of New Mexico, New Mexico, USA). Active site-inhibited
plasmin was prepared by incubating plasmin with a 1000-fold molar excess of D-Phe-L-Phe-
L-Arg chloromethyl ketone (PPACK) (Calbiochem, San Diego, CA, USA) for 1 h at 37 °C
and then removing the free inhibitor by exhaustive dialysis at 4°C against 10 mM HEPES, 0.15
M NaCl, pH 7.5. Annexin V was kindly provided by Jonathan F. Tait (University of
Washington, Seattle, WA).

Confluent monolayers of HMC cultured in 24-well plates were washed with serum-free DMEM
and deprived of serum for overnight before they were subjected to treatments. The monolayers
were treated with control serum-free DMEM (SFM) or SFM containing plasmin (50 nM) or
thrombin (5 nM) for varying time periods. For HUVEC, unstimulated confluent monolayers
were washed with serum free F12K medium and the monolayers were treated with plasmin or
thrombin in serum free EBM-2 medium. Where HUVEC were stimulated to induce TF
expression before exposing them to plasmin, the cells were treated with thrombin (5 nM) or
TNFa (20 ng/ml) + IL1-B (20 ng/ml) for 5.5 h in serum-free EBM-2 medium following which
the cells were washed twice with serum-free F12K medium before plasmin (50 nM) was added
to the cells. Following the treatments, the cells were washed with buffer A (10 mM Hepes,
0.15 M NaCl, 4 mM KCl, 11 mM glucose, pH 7.5 buffer) before they were used for measuring
TF activity.

Measurement of TF-FVlla activity on cell surfaces

Confluent monolayers of HMC or HUVEC were incubated with FVIla (10 nM) in buffer B
(buffer A and 1 mg/ml bovine serum albumin) for 5 min at 37°C, followed by the addition
containing 5 mM CacCl, of substrate factor X (175 nM). An aliquot was removed at a specific
time point (usually at 10 min) for mesothelial cells and at 1 h for HUVEC into stopping buffer
(TBS containing 1 mg/ml BSA and 10 mM EDTA), and FXa in the sample was measured in
a chromogenic assay as described earlier [18].

Determination of prothrombin activation on cell surfaces

Monolayers of HMC or HUVEC were incubated with FVa (10 nM) in buffer B followed by
the addition of FXa (1 nM) for 5 min at 37°C. Then, prothrombin (1.4 uM) was added to the
cells and at the end of the 2-min activation period, an aliquot was removed into the stopping
buffer and the thrombin generated was measured in a chromogenic assay using Chromozym
TH as described earlier [19].
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Radiolabeling of proteins

FVIla, TF mAB and annexin V were labeled with 1251 using IODOGEN (Pierce Biotechnology,
Rockford, IL)-coated polypropylene tubes and Nal2%| (Perkin Elmer Life Sciences, Wellesley,
MA) according to the manufacturer’s technical bulletin and as described previously [20].
Briefly, 100 ug of protein was incubated with Nal2| (1 mCi) in a 10 ug of IODOGEN-coated
tube on ice for 20—30 min, and the reaction was stopped by the addition of 1% potassium iodide.
The sample was then dialyzed for 18-20 h in HEPES buffer (10 mM HEPES, 150 mM NaCl,
pH 7.4) at 4°C with 3 changes (2 liters each time) to remove the free iodide.

Radioligand binding studies

Monolayers of HMC or HUVEC, unperturbed or stimulated with plasmin £ other agonists,
were chilled on ice for 10 min before the radiolabeled ligand was added to the cells. The cells
were incubated with the radiolabeled ligand + unlabeled competitors at 4°C for 2 h. Then, the
supernatant was removed, and the cells were washed four times with ice-cold buffer B to
remove the unbound radiolabeled protein. The surface-bound radiolabeled ligand was eluted
by treating the cells with 0.1 M glycine (pH 2.3) for 3 min at the room temperature. The surface
eluted radioactivity was counted in a y-counter.

Northern blot analysis

Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. Total RNA (10 pg) was subjected to gel electrophoresis in 1.1%
agarose/6% formaldehyde gels and transferred onto the nitrocellulose membrane by a capillary
blot method. Northern blots analysis with 32P-labeled TF cDNA was performed as described
earlier [18].

Immunoblot analysis

Following specific treatments, the overlying media were removed and the cells were washed
with SFM before lysing them in 100 pl (24-well plate) of SDS-PAGE buffer. Cell lysates (10
to 20 ul) were subjected to non-reduced SDS-PAGE on 12% polyacrylamide gel, transferred
onto PVDF membrane by electroblotting and probed with specific antibodies using standard
procedures. Densitometric measurement of TF band in TF immunoblots were used to quantify
relative TF antigen levels in cell extracts.

Immunofluorescence confocal microscopy

Cells cultured on glass coverslips were incubated with control vehicle, plasmin or thrombin
for 30 min or 6 h at 37°C. Then the cells were fixed with 4% paraf ormaldehyde, permeabilized
with 0.05% Triton X-100 and processed for immunostaining for TF as described earlier [21].
Nuclei were stained with DAPI. The immunostained cells were viewed using a Axio Observer.
Z1 microscope at 63X magnification (oil) plan-apo chromate lens. Images were acquired of a
field of view at 1-um Z-axis increments using LSM 510 Meta confocal system (Zeiss,
Germany). The laser setting wavelengths were, 369 £10 nm excitation and 450 + 30 nm
emission for DAPI and 488 £10 nm excitation and 525 + 10 nm emission for Oregon-Green.
The images were processed using LSM software Zen 2007 (Zeiss).

Data collection and statistical analysis

All experiments were repeated 3 to 6 times. Data shown in the figures represent mean + SEM
or a representative experiment. Increase in TF activity and antigen levels overtime in plasmin
and thrombin treated cells were compared with vehicle-treated controls using a repeated
measures one-way ANOVA followed by Dunnet’s post-hoc test. Statistical significance of
differences in TF activity between the treatment and the control or between the two treatments
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was analyzed using paired t-test or nonparametric Mann-Whitney test. Unless otherwise stated,
P<0.05 was considered statistically significant difference for all data analyses.

Plasmin and thrombin enhance TF activity in HMC

Quiescent monolayers of HMC were exposed to plasmin (50 nM) and thrombin (5 nM) for
varying time periods (0.5 h — 24 h) at 37°C and the cell surface TF activity was measured as
described in the methods. As noted earlier [7;8], unstimulated HMC in cell culture expressed
low levels of TF constitutively. Both plasmin and thrombin treatments markedly increased the
cell surface TF activity of HMC (Fig. 1A). In thrombin-stimulated cells, TF activity increased
slowly, after a lag period of 2 h, in a time-dependent manner, reaching the maximum level at
8 h. By contrast, plasmin treatment increased TF activity markedly within 30 min.
Measurement of TF antigen levels by immunoblot analysis showed a time-dependent increase
in TF antigen levels in thrombin-treated HMC but not in plasmin-treated HMC (Fig. 1B).
Similarly, Northern blot analysis revealed increased TF mRNA levels in HMC treated with
thrombin but not with plasmin (Fig 1C). These data suggest that, as observed with endothelial
cells [22;23], thrombin upregulates TF activity in HMC by inducing de novo synthesis of TF.
However, plasmin-increased TF activity appeared to be independent of de novo synthesis of
TF. To confirm that the plasmin-induced increase in TF activity is independent of de novo
synthesis of TF, HMC were treated with the mRNA synthesis inhibitor, actinomycin-D (Act-
D) or protein synthesis inhibitor, cycloheximide (CHX) for 1 h prior to the addition of plasmin
or thrombin. Pretreatment of HMC with Act-D or CHX failed to inhibit plasmin-induced TF
activity whereas they completely attenuated thrombin-induced TF activity (Fig. 2).

We next sought to ensure that increased procoagulant activity we observed in HMC,
particularly in plasmin-treated cells, reflects increased TF activity on the cell surface.
Unstimulated, plasmin- and thrombin-stimulated cells were preincubated either with control
IgG or anti-TF IgG prior to the addition of FVIla and FX to the cells to measure TF activity.
Anti-TF antibody completely attenuated both the plasmin- and thrombin-induced increase in
TF activity as well as that of basal TF activity observed in unperturbed HMC. By contrast,
control IgG had no effect on TF activity. Itis unlikely that the increased TF activity we observed
in plasmin-treated cells comes from amplification of TF activity in the presence of FVIla or
direct activation of FX by cell-bound plasmin. That is because plasmin treatment of fibroblasts
which constitutively express TF failed to increase TF activity. Moreover, removal of the cell-
bound plasmin by washing plasmin-treated HMC with e-aminocaproic acid (EACA) prior to
measuring TF activity or blockade of annexin 11, a potential cell binding site for plasminogen/
plasmin [24], with specific antibodies prior to the addition of plasmin failed to diminish the
plasmin-mediated increase in cell surface TF activity by HMC (data not shown).

Recent studies from our laboratory showed that a number of proteases, including thrombin and
plasmin, mobilize intracellular TF pools to the cell surface via PAR-mediated cell signaling
but independent of de novo synthesis of TF [25]. However, the increase in cell surface TF
activity by this mechanism appears to be limited (~25 to 50% increase over non-stimulated
cells). Further, it is unclear whether such a mechanism exists in other cell types. Nonetheless,
it is important to determine whether such a mechanism explains a 3 to 4-fold increased TF
activity on HMC in response to plasmin treatment. To examine this possibility, we measured
cell surface TF antigen levels quantitatively in control HMC and HMC stimulated with plasmin
or thrombin. As shown in Fig. 3A, no significant differences were observed in the amount of
FVIla or TF mAb bound to unstimulated HMC and plasmin-stimulated HMC. In contrast,
thrombin treatment (6 h) increased the cell surface TF antigen levels by 2-fold or more. In
further studies, we employed immunofluorescence confocal microscopy to examine the cell
surface and intracellular distribution of TF. Control unstimulated HMC stained weakly with
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TF antibody. The staining was mostly limited to the cell surface with little intracellular staining.
No significant differences were observed in TF immunostaining between the unstimulated and
plasmin-stimulated cells. In contrast to plasmin, thrombin-treated cells (for 6 h) stained more
brightly with TF antibody and newly synthesized TF is evident in perinuclear staining of TF
(Fig. 3B).

Plasmin treatment enhances TF activity of stimulated HUVEC

Unlike HMC, unperturbed endothelial cells, both in vivo and in culture, express little TF on
their cell surfaces. Plasmin treatment (for 0.5 h and 6 h) had only a minimal effect in inducing
TF expression in native HUVEC. Thrombin, as expected, induced TF expression in HUVEC,
resulting in 3 to 5-fold increase in TF-FVIla coagulant activity. Exposure of thrombin-
stimulated HUVEC to plasmin for 30 min resulted in a further increase in TF activity (Fig.
4A). Compared to thrombin, cytokines were much more potent in inducing TF activity in
HUVEC. TNFa + IL1-B-stimulation increased TF activity in HUVEC by about 50-fold over
the unstimulated HUVEC, which was further increased by about 3-fold with plasmin treatment
(Fig. 4B).

Plasmin proteolytic activity is required for increased TF activity

To investigate whether plasmin’s proteolytic activity is required for increasing TF activity on
cell surfaces, thrombin-stimulated HUVEC were treated with either plasmin, plasmin
pretreated with TFPI-2 Kunitz-type domain 1 (KD1), which specifically inhibits plasmin’s
proteolytic activity [26] or active-site inhibited plasmin (PPACK-plasmin), and expression of
cell surface TF activity was measured. As shown in Fig. 4C, proteolytically inactive plasmin
failed to increase TF activity, suggesting that plasmin’s protease activity is a prerequisite for
the plasmin-mediated increase in TF activity. Similar data was obtained in experiments in
which HMC cells were used (Fig. 4D).

Since plasmin can affect various cellular processes through activation of PAR-mediated cell
signaling [27-29], the proteolysis of the extracellular matrix [30;31] or by activating/liberating
growth factors [32;33], we next examined all these possibilities in plasmin enhancement of
cell surface TF activity. Pretreatment of HMC or stimulated HUVEC with PAR1 or PAR2
neutralizing antibodies prior to the addition of plasmin failed to attenuate the plasmin-induced
increased TF activity. As expected, PAR1 antibodies inhibited thrombin-induced TF activity
in HUVEC (data not shown). Further activation of PAR1 or PAR2 by PAR1 or PAR2 specific
agonist peptides failed to mimic the plasmin-induced response in thrombin-stimulated HUVEC
(Fig. 4E) indicating that it is unlikely that activation of PAR1 or PAR2 by plasmin is responsible
for plasmin-mediated increased TF activity. To examine whether plasmin could proteolytically
release a soluble mediator from HMC or HUVEC into the conditioned medium that could
support the enhancing effect of plasmin, HUVEC or HMC were first treated with plasmin (50
nM) for 30 min and the conditioned medium collected. The proteolytic activity of plasmin in
the conditioned medium was inhibited by incubating the conditioned medium with TFPI12-KD1
(200 nM) for 30 min, after which the conditioned medium was added to thrombin-stimulated
HUVEC or quiescent HMC for 30 min. As shown in (Fig. 4C and 4D), the conditioned medium
failed to increase TF activity thus excluding the possibility that a plasmin-released soluble
mediator is being responsible for increased TF activity seen in plasmin-treated cells.

Another possibility for the increased TF activity by plasmin could be that plasmin directly
interacts with TF and enhances its activity by cleaving TF or activating it without any apparent
changes in the protein. No cleavage of cell-associated TF protein could be detected in HMC
or stimulated HUVEC treated with plasmin (50 nM) for 1 h (data not shown). Similar data was
obtained using soluble (sTF) or full-length relipidated TF as a source of TF (data not shown).
In additional studies, we examined the effect of plasmin on the procoagulant activity of sTF
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and relipidated TF to determine whether plasmin could enhance TF activity in a cell-free
system. Plasmin had no effect on the procoagulant activity of either soluble or relipidated TF.

Plasmin does not increase anionic phospholipid levels at cell surfaces

Since exposure of anionic phospholipids at the outer cell surface membrane can increase cell
surface TF activity, we next sought to determine if plasmin treatment increases anionic
phospholipids on the outer bilayer of the cell membrane. Plasmin and thrombin treatments of
HUVEC had no significant effect on prothrombinase activity supported by HUVEC. More
importantly, plasmin treatment of thrombin-stimulated cells failed to enhance the
prothrombinase activity (Fig. 5A). Binding studies using radiolabeled annexin V, a Ca?*
dependent anticoagulant protein that preferentially binds to anionic phospholipids, confirmed
the above findings (Fig. 5B). As a positive control, HUVEC were treated with calcium
ionophore to increase the exposure of anionic phospholipid to the outer leaflet. lonomycin-
treated cells exhibited significantly increased prothrombinase activity and annexin V binding
compared to unstimulated cells or cells stimulated with plasmin, thrombin or cytokines (Fig.
5A and Fig. 5B).

PDIl is not responsible for plasmin-mediated increase in TF activity

Recent studies suggest that TF activity on certain cell types could be regulated by protein
disulfide isomerase (PDI) [34;35], but evidence for this is not incontrovertible [36]. To test
whether exposure of HMC or HUVEC to plasmin leads to PDI secretion which could thereby
influence TF activity, cells were treated with control medium or the medium containing plasmin
(50 nM) or thrombin (5 nM) for varying time periods, and the conditioned media and cell
extracts were subjected to immunoblot analysis to detect PDI. Only traces of PDI (<1% of PDI
found in total cell lysates) are present in the conditioned media. No differences in PDI levels
were found between the conditioned media collected from cells treated with the control vehicle
or plasmin. Preincubation of HMC or stimulated HUVEC with PDI neutralizing antibodies
failed to diminish the plasmin-mediated increase in TF activity (data not shown).

Plasmin cleavage of TFPI

Earlier studies showed that plasmin can cleave and inactivate TFPI [37-39]. TFPI is the major
inhibitor of TF-mediated coagulation. Both HMC and HUVEC were shown to express TFPI
[40;41]. Thus, plasmin proteolysis of cell associated TFPI may lead to significant reduction in
TFPI anticoagulant activity, which could result in increased TF activity. Therefore we
examined the proteolytic effect of plasmin on rTFPI and the cell-associated TFPI. Plasmin
readily cleaved rTFPI in a time-dependent fashion and more than 90% of rTFPI was cleaved
into lower mol. wt. form in 30 min (Fig. 6A). Plasmin also cleaved HMC-associated TFPI,
however at a slower rate (Fig. 6B). Plasmin cleavage of cell associated TFPI was detectable at
15 min and almost all the cell-associated TFPI was cleaved by 2 h. To test whether plasmin
proteolysis of the cell-associated TFPI is responsible for the increased TF activity in plasmin-
treated cells, both unstimulated and plasmin-stimulated cells were treated with anti-TFPI
antibodies prior to measuring the cell surface TF activity. As shown in Fig. 6C, TFPI antibodies
enhanced TF activity of unstimulated HMC by three fold, i.e., to the same extent as obtained
with HMC treated with plasmin for 6 h. A 30 min plasmin treatment enhanced TF activity of
HMC by about 2-fold, which was further increased by about 50% if the cells were also treated
with anti-TFPI antibodies. There is no difference in TF activity in HMC treated with plasmin
for 6 h and unstimulated HMC treated with anti-TFPI antibodies. Anti-TFPI antibodies failed
to enhance TF activity further of HMC treated with plasmin for 6 h. In contrast, TF activity of
thrombin-stimulated cells (for 6 h) was increased by two-fold if the stimulated cells were treated
with anti-TFPI antibodies. These data suggest that increased TF activity observed in plasmin-
treated cells stems from inactivation of cell associated TFPI by plasmin by limited proteolysis.
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Discussion

The mesothelium expresses components of both procoagulant and fibrinolytic pathways [10;
42;43] and the local equilibrium between their activities is a critical for homeostatic control of
fibrin generation and turnover in the pleural space [4]. Most types of pleural injury disrupt this
equilibrium towards procoagulant side, leading to fibrin deposition in the pleural space. Pleural
fibrin deposition is a common complication of pleural inflammation and occurs in a wide
variety of pleural diseases [3]. Tissue factor is the principal initiator of the coagulation cascade
in vivo [44] and earlier studies have shown that HMC are capable of expressing TF [5;9].
Further, TF procoagulant activity has been found in pleural fluids from patients with exudative
pleuritis [4] and TF antigen was detected in HMC of pleura overlying inflamed lung [7]. These
observations strongly suggest that induction of TF by HMC may play a critical role in activating
the coagulation cascade in pleural space and initiating the deposition of fibrin characteristic of
complicated inflammatory effusions. At present our knowledge about potential mechanisms
by which TF is induced in HMC is limited. In the present study, we demonstrate that thrombin
and plasmin, two major proteases generated in coagulation and fibrinolysis and which occur
in pleural injury, induce TF expression in HMC. Interestingly, the mechanisms by which they
induce TF expression in HMC differ markedly.

Previous studies demonstrated that serum stimulation of quiescent HMC enhanced TF
expression by about 3-fold [7]. In contrast to serum, plasma did not induce TF expression in
quiescent HMC [7]. At present, the factor(s) in serum that are responsible for the induction of
TF expression in HMC are unknown. It is conceivable that the activation of coagulation and
fibrinolytic pathway proteins in serum are responsible for the induction of TF expression in
HMC. However, in the present study we observed both thrombin and plasmin are capable of
inducing TF expression not only in quiescent HMC but also in HMC cultured in serum. This
suggests that mechanisms by which thrombin and plasmin induce TF expression differ from
that of serum-induced TF expression.

An interesting finding from our study is that plasmin enhances TF activity in HMC without
increasing TF mRNA or antigen levels. Plasmin also enhanced cell surface TF activity on
endothelial cells but these cells had to be stimulated first with other agonists to induce TF
expression. It is pertinent to note here that culturing HMC in serum is sufficient for HMC to
constitutively express low but significant amount of TF on their cell surfaces whereas
unperturbed endothelial cells cultured in serum containing medium express little or no TF.
Overall our data suggest that plasmin enhances cell surface TF activity by modulating the
activity of preexisting TF on the cell surface.

A number of earlier studies indicated that only a small fraction of the TF found on the cell
surface is actually procoagulant whereas the vast majority is non-functional (cryptic) [45;46].
Perturbation of cells with various stimuli — for example calcium ionophores, oxidizing agents,
or those that induce apoptosis or cell lysis — was shown to transform cryptic TF to active,
procoagulant TF [46]. It is unclear how coagulant active TF differs from the cryptic form and
mechanisms involved in decryption of TF. Most evidence to date suggests that an increase in
the exposure of anionic phospholipids at the cell surface is responsible for this functional
transformation of TF [46-50]. Recent studies suggest that the cryptic form of TF contains
unpaired cysteine thiols at Cys 186 and Cys 209 and that activation of TF involves the formation
of the Cys186-Cys209 disulfide bond, a process mediated by PDI [34]. However, validity of
the later mechanism has yet to be convincingly established [36]. It is conceivable that plasmin-
enhanced cell surface TF activity in our studies could have stemmed from increased anionic
phospholipids on the cell surface in response to plasmin. However, we found no significant
increase in anionic phospholipids on the cell surface in cells treated with plasmin, compared
to the control or thrombin-treated cells. Our studies also indicate that it is unlikely that PDI-
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dependent mechanism is responsible for plasmin-induced increased TF activity as we reported
earlier in tumor cells and fibroblasts [36], PDI is exclusively localized within the cell in both
HMC and HUVEC (data not shown). Further, we did not find a significant release of PDI into
the conditioned medium in cells treated with plasmin. Finally, pretreatment of HMC or
HUVEC with PDI neutralizing antibodies failed to attenuate the plasmin-induced increase in
cell surface TF activity.

Others and we have shown earlier that plasmin could activate PAR1 on cell surfaces [27;29].
However, potential activation of PAR1 by plasmin is unlikely to explain the enhancement of
cell surface TF activity by plasmin. Thrombin is much more potent than plasmin in activating
PAR1 and thrombin does not mimic plasmin in increasing TF activity rapidly and at the post-
translational level. Further, in contrast to plasmin, PAR1 and PAR2 activation peptide agonists
failed to increase TF activity further in thrombin-stimulated HUVEC. Thus, it is unlikely that
activation of PAR1 or PAR?2 is responsible for the plasmin effect.

Earlier studies showed that pleural mesothelial cells express TFPI and that TFPI was present
in exudative pleural effusions from patients with pneumonia, emphysema or pleural carcinoma
[40]. It had been reported that plasmin cleaves and inactivates TFPI [37;38], the major inhibitor
of TF-mediated coagulation pathway. Since both HMC and HUVEC express TFPI and plasmin
can cleave and inactivate TFPI, it is possible that increased cell surface TF activity we observed
following the plasmin treatment in these cells could reflect plasmin cleavage of cell associated
TFPI. Although cell associated TFPI, compared to rTFPI, was somewhat resistant to plasmin,
plasmin did cleave TFPI associated with HMC in a time-dependent manner. Plasmin
proteolysis of TFPI inactivates TFPI and therefore releases TF from its regulatory control.

A limitation in extrapolating the present data to in vivo events is lack of data on concentrations
of plasmin that are generated in intrapleural or intravascular pathophysiologic conditions.
Despite high PAI-1 levels [4;11] and lack of readily detectable plasmin [4] in exudative pleural
effusions, it is evident that substantial amounts of plasmin are generated in pleural effusions
due to infections or malignancy as high levels of fibrin degradation products, plasmin-derived
peptides and plasmin-inhibitor complexes were found in pleural fluids [4;11;14]. In a rabbit
model, about 90% of the plasminogen-related protein in malignant pleural effusions was
associated with the heavy chain of plasmin within plasmin-a2-antiplasmin complexes [14].
Thus, it is possible that sufficient amounts of plasmin could be generated and cleave HMC-
associated TFPI in pleural inflammation, resulting in increased TF activity that promotes
pleural loculation. Plasmin-mediated cleavage of cell-associated TFPI may also have
implications in other disease settings. For example, plasmin cleavage of lung-associated TFPI
in sepsis may contribute to vascular and perivascular fibrin deposition noted in the advanced
stages of sepsis [51]. Recent studies showed that TFPI activity was decreased abruptly in septic
baboon lungs and the decrease is coincided with the release of tPA and the peak of plasmin
generation [52]. It is likely that plasmin-mediated cleavage of cell-associated TFPI is
responsible for the diminished TFPI activity abruptly in lungs in early phases of sepsis.
Degradation of TFPI by plasmin on endothelial cells and monocytes could also contribute to
thrombotic complications associated with thrombolytic therapy for acute myocardial infarction
[53]. Here it may be pertinent to note that activation of the fibrinolytic system by Altephase
(tPA) in acute myocardial infarction decreased surface-associated TFPI on circulating
monocytes [54]. Plasmin-dependent proteolysis of TFPI on cells expressing TF may be
responsible for thrombotic complications associated with thrombolytic therapy. In summary
our present data suggest that plasmin could activate TF activity by limited proteolysis of cell
associated TFPI. We speculate that this mechanism may contribute to fibrotic repair that may
follow acute pleural injury and thrombotic complications associated with sepsis or
thrombolytic therapy.
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Fig. 1.

Upregulation of TF coagulant activity on human mesothelial cells exposed to plasmin or
thrombin. Quiescent HMC monolayers were exposed to control vehicle (o), plasmin, 50 nM
(V) or thrombin, 5 nM (A) for varying time periods. At the end of the treatment period, plasmin
or thrombin was removed and the cells were washed twice in buffer A and the cell surface TF
activity (A) and TF antigen (B) were measured. Values are shown as mean £ SEM (n=3to 6
experiments). The right panel shown in Fig 1B was a representative TF immunoblot. The data
were analyzed by repeated measures one-way ANOVA followed by Dunnet’s post-hoc test.
In panel A, T denotes TF activity over time in plasmin- and thrombin-treated cells significantly
differs from that of control vehicle-treated cells (p < 0.01).  denotes TF activity overtime in
plasmin-treated cells significantly differs from that of thrombin-treated cells (p < 0.001). In
panel B, T denotes TF antigen over time in thrombin-treated cells significantly differs from
that of control vehicle- or plasmin-treated cells (p < 0.01). TF antigen over time in plasmin-
treated cells does not significantly differ from that of control vehicle- treated cells. * represents
the value significantly differs from the value noted at zero time (p < 0.05). (C) Effect of plasmin
and thrombin on HMC TF mRNA expression. Quiescent HMC were treated with serum free
medium alone for 4 h (C), plasmin (P), (50 nM) or thrombin (Thr), (5 nM) in serum free medium
for 1 hor 4 h. Total RNA was isolated from the cells, 10 ug of each RNA sample was used for
Northern blot analysis, and the blot was hybridized with a radiolabeled TF cDNA probe and

J Thromb Haemost. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOTHARI et al.

Page 14

exposed to X-ray film. Ethidium bromide staining of 18S ribosomal RNA of the same samples
was shown for RNA loading control.
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Fig. 2.

The plasmin-mediated increase in TF activity in human mesothelial cells is independent of de
novo protein synthesis. Confluent monolayers of HMC were preincubated with actinomycin-
D (Act-D), 5 ug/ml or cycloheximide (CHX), 10 pug/ml for 1 h before they were treated with
plasmin (P) (50 nM) or thrombin (Thr) (5 nM) for 6 h. At the end of the treatment, TF activity
on cell surfaces was measured. Values are shown as mean = SEM (n=3 to 4 experiments). *
denotes that TF activity was significantly higher compared to TF activity measured in control
unstimulated cells (p < 0.01). # denotes the values differs significantly (p < 0.01). ns, stands
for not statistically significant difference.
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Fig. 3.

Plasmin does not increase TF antigen levels on human mesothelial cell surfaces. (A) HMC
monolayers were stimulated with plasmin (P) (50 nM) or thrombin (Thr) (5 nM) for 0.5 h or
6 h. At the end of the treatment, the monolayers were chilled and were incubated with 129]-
FVIla (10 nM) in the absence or presence of anti-TF polyclonal antibodies (100 ug/ml)

or 125]-TF mAB, either TF9-10H10 or TF8-5G9 (10 nM), in the presence or absence of 10-
fold molar excess of corresponding unlabeled TF mAB at 4°C for 2 h. The specific binding
of 1251-FVIla or 12°]-TF mAB was determined by subtracting the amount of radioligand bound
to the cells in the presence of anti-TF 1gG or unlabeled TF mAB, respectively, from the total
radioligand associated with the cells. Data are represented as mean + SEM (n=3). * denotes
that the value is significantly higher compared to the value noted for control unstimulated cells
(p < 0.01). (B) HMC were treated with control vehicle, plasmin (50 nM) or thrombin (5 nM)
for 30 min or 6 h. The cells were then fixed, permeabilized and immunostained with anti-TF
antibodies followed by Oregon green-conjugated secondary antibodies. Nuclei were stained
with DAPI. The immunofluorescence was analyzed by confocal microscopy (Axio Observer
microscope, 60X lens with oil, Zeiss LSM 510 Meta confocal system).
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Fig. 4.

Plasmin enhances cell surface TF activity of activated endothelial cells and the requirement of
plasmin’s proteolytic activity for the increased TF activity. (A) Confluent monolayers of
HUVEC were treated with plasmin (P) or thrombin (Thr) for 0.5 h or 6 h, or first stimulated
with thrombin for 5.5 h and then treated with plasmin for 0.5 h. * denotes significantly differs
from the control and plasmin-treated cells (p < 0.001). # denotes significantly differs compared
to thrombin-treated (6 h) cells. (B) HUVEC monolayers were stimulated with TNFa (20 ng/
ml) + IL1-B (20 ng/ml) for 5.5 h and then exposed to plasmin for 0.5 h. * denotes significantly
differs from the control vehicle-treated cells (p < 0.0001). # denotes significantly differs
compared to TNFa + 1L1-p-treated cells. (C) HUVEC monolayers stimulated with thrombin
for 6 h and then treated for 30 min with either plasmin, plasmin preincubated with TFPI-2 KD1
(200 nM) (P-TFPI-2) for 30 min, plasmin inactivated with PPACK (P-PPACK) or the
conditioned medium (CM) obtained from the cells that were treated with plasmin for 30 min
(plasmin’s proteolytic activity in the CM was inhibited by TFPI-2, CM(P+TFPI-2)). * denotes
significantly differs from the control vehicle-treated cells (p < 0.002). # denotes significantly
differs from thrombin-, thrombin+P-TFPI-2-, thrombin+P-PPACK- or thrombin+CM(P-
TFPI-2)- treated cells (p < 0.005). (D) Same as (C) except unperturbed HMC was substituted
for thrombin-stimulated HUVEC. (E) Confluent monolayers of HUVEC were stimulated with
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plasmin, thrombin or PAR1/PAR2 agonist peptide for 6 h or first stimulated with thrombin for
5.5 h and then treated with plasmin, PAR1 or PAR2 agonist peptides (AP) for 30 min. At the
end of the treatment, surface TF activity assay was measured as described in methods. The
concentrations of reagent used were: thrombin, 5 nM; plasmin, 50 nM; PAR1-AP, 50 uM and
PAR2-AP, 50 uM. * denotes significantly differs from the control vehicle-treated cells (p <
0.05). # denotes significantly differs from all other values shown in the graph (p < 0.01). Data
shown in all panels represent mean £ SEM (n=3 to 6 experiments).
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Fig. 5.

Plasmin treatment does not lead to increased anionic phospholipids at the cell surface. HUVEC
monolayers were stimulated with plasmin or thrombin for 6 h or first stimulated with thrombin
or TNFa + IL1-B for 6 h and then treated with plasmin for 30 min. As a positive control,
HUVEC were treated with calcium ionomycin (10 pM) for 3 min. (A) Cell surface
prothrombinase activity was measured by adding FXa (1 nM), FVa (10 nM) and prothrombin
(1.4 uM) and measuring the rate of thrombin generation. (B) Stimulated cells were incubated
with 125]-Annexin V (20 nM) for 2 h at 4°C, and at the end of 2 h surface binding of radioligand
was determined. The concentration of plasmin, thrombin, TNFa and IL1-p used in this
experiment was same as denoted for other figures. * denotes significantly differs from the
control vehicle-treated cells (p < 0.05). Data are represented as mean £ SEM (n=3to 5
experiments).
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Fig. 6.

Proteolytic cleavage of TFPI by plasmin. Full length recombinant TFPI (A) or monolayers of
HMC (B) were incubated with 50 nM of plasmin at 37°C for varying time periods. For rTFPI,
at varying time intervals an aliquot was removed from the reaction mixture and added to SDS-
PAGE buffer. For HMC, at each time interval, a monolayer from a single well from 24-well
culture dish was washed with serum-free medium and the cells were solubilized in SDS-PAGE
buffer. The samples were subjected to a non-reducing SDS-PAGE and immunoblotted with
anti-TFPI polyclonal antibody. A non-specific band seen in the immunoblot acted as an internal
loading control. Concentration of rTFPI, 30 ng/ml. (C) Effect of anti-TFPI antibodies on HMC
TF activity. Monolayers of HMC were treated with control vehicle, plasmin (P) or thrombin
(Thr) for 30 min or 6 h and then with anti-TFPI (100 pg/ml) for 30 min. The cells were washed
twice to remove the unbound antibody before measuring the TF activity. * denotes significantly
differs from the control vehicle-treated cells (p < 0.02). # denotes significantly differs from
the value obtained from a matched treatment in which cells were not treated with TFPI
antibodies (p < 0.05).
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