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The low-density lipoprotein receptor–related protein 1 (LRP-1) binds
and can internalize a diverse group of ligands, including members of
the fibrinolytic pathway, urokinase plasminogen activator (uPA), and
its receptor, uPAR. In this study, we characterized the role of LRP-1 in
uPAR processing, collagen synthesis, proteolysis, and migration in
pleural mesothelial cells (PMCs). When PMCs were treated with the
proinflammatory cytokines TNF-a and IL-1b, LRP-1 significantly de-
creased at the mRNA and protein levels (70 and 90%, respectively;
P, 0.05). Consequently, uPA-mediated uPAR internalization was re-
duced by 80% in the presence of TNF-a or IL-1b (P, 0.05). In parallel
studies, LRP-1 neutralization with receptor-associated protein (RAP)
significantly reduced uPA-dependent uPAR internalization and in-
creased uPAR stability in PMCs. LRP-1–deficient cells demonstrated
increased uPAR t1/2 versus LRP-1–expressing PMCs. uPA enzymatic
activity was also increased in LRP-1–deficient and neutralized cells,
and RAP potentiated uPA-dependent migration in PMCs. Collagen
expression in PMCs was also induced by uPA, and the effect was po-
tentiated in RAP-treated cells. These studies indicate that TNF-a and
IL-1b regulate LRP-1 in PMCs and that LRP-1 thereby contributes to
a range of pathophysiologically relevant responses of these cells.
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The low-density lipoprotein receptor–related protein 1 (LRP-1) is
a 600-kD surface receptor composed of a 515-kD a-ligand bind-
ing domain that is noncovalently associated with an 85-kD
b-transmembrane domain (1, 2). LRP-1 is a member of the
low-density lipoprotein receptor (LDLR) family, which includes
the very low-density lipoprotein receptor and gp330/megalin.
Members of the LDLR family share structural homology. They
also play an important role in the internalization of diverse sur-
face receptors and ligands, including a-2 macroglobulin, Pseudo-
monas exotoxin, urokinase plasminogen activator (uPA),
plasminogen activator inhibitor (PAI)-1, and the uPA cognate
receptor (uPAR) (3–5). Members of the LDLR family bind
ligands with different affinities. The ability of LRP-1 in particular
to bind such a diverse group of ligands suggests that it could play
an important role in tissue remodeling, protein metabolism, and
proteolytic activity. The receptor-associated protein (RAP) is

a cytosolic chaperone for LRP-1; however, it also blocks the
binding of natural ligands for members of the LDLR family, thus
neutralizing their endocytotic function (6–8). We found that
LRP-1 is expressed by PMCs in normalcy and disease, leading
us to infer that it might influence a range of pathophysiologically
relevant responses of these cells.

LRP-1 regulates cell motility (9) that involves members of the
fibrinolytic pathway, specifically uPA and uPAR (9–11). LRP-1
has also been shown to regulate cellular fibrinolytic activity by
rapidly internalizing single-chain uPA and the uPA/PAI-1/uPAR
complex (12–14). Further, a motif on D3 of uPAR is believed to
be responsible for a direct interaction between uPAR and LRP-1,
which has been reported to facilitate uPAR internalization (13).
Although the effects of the LDLRs on uPA/PAI-1 clearance and
uPAR internalization have been examined in several systems (4,
7, 13, 14), we are unaware of any prior studies in which the
contribution of LRP-1 to PMC functionality, including collagen
expression, has been examined.

Proinflammatory cytokines such as TNF-a and TGF-b en-
hance uPAR expression in PMCs and malignant pleural meso-
thelioma (MPM) cells through increased transcription and
stabilization of uPAR mRNA (15–17). We recently demon-
strated that enhanced uPAR expression contributes to the in-
creased migration and invasiveness of MPM in vivo (18). In
a related vein, we report here that TNF-a and IL-1b enhance
uPAR expression at the cell surface of PMC by down-regulating
LRP-1. We find that LRP-1 directs internalization of uPAR and
thereby regulates collagen expression, proteolysis, and migration
of PMCs, responses germane to pleural remodeling after injury.

MATERIALS AND METHODS

Additional information is provided in online Supplement.

Cell Culture

Cell lines used in these studies include MeT5A human PMCs;
MPM cell lines REN, MS-1, and M9K; and primary human pleural
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CLINICAL RELEVANCE

Our observations link lipoprotein receptor–related protein
(LRP)-1 expression to human pleural mesothelial cell
proteolysis, migration, and collagen 1 expression. Further,
we discuss the novel findings that the inflammatory cyto-
kines TNF and IL-1 can modulate uPAR expression by
down-regulating LRP-1 and that uPA can stimulate colla-
gen 1 expression.
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mesothelial cells (HPMCs). Cells were grown at 378C in a humidified
5% CO2 environment as previously described (18). Rabbit pleural
mesothelial cells (RPMCs) were isolated from the visceral and parietal
pleura of the rabbit thoracic cavity as previously described (19). Dei-
dentified HPMCs were isolated from pleural fluids of patients with
congestive heart failure (CHF) under a protocol approved by The
University of Texas Health Science Center Institutional Review Board
and cultured as previously described (20). Characterization of the cells
used in this study is shown in Table 1.

Total Protein Extraction and Western Blotting

MeT5A, REN, MS-1, and M9K cells and HPMCs were serum starved
for 18 hours. The cells were then lysed using PBX-100 (PBS [pH 7.4],
a 1% Triton X-100 protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN) for 30 minutes on ice. The lysates were resolved on
SDS-PAGE and probed for LRP-1, uPAR, and b-actin.

Fibrin Enzymography

To detect cell-associated uPA activity, fibrin gel enzymography was per-
formed as previously described (21). Cells were then washed with gly-
cine buffer (pH 3.0) and incubated in the presence of PBS, ATN-617
(an antibody that blocks binding of uPA to uPAR [22]), or isotype-
matched IgG-treated cells. Cells were incubated in the presence or
absence of 10 or 20 nM uPA on ice for 20 minutes, and 50 mg of cleared
lysate was resolved on a 10% SDS-PAGE and assayed via enzymog-
raphy, as previously described (21).

Cell Migration

Migration analyses were performed as previously described (18, 23).
Briefly, the apical and basolateral surfaces of 6.5-mm, 8-mm pore Trans-
well filter inserts (Corning Inc., Corning, NY) were vitronectin coated
(23). MeT5A cells in suspension were treated with RAP (200 nM) for 15
minutes at RT. A total of 2 3 104 cells were then seeded in the apical
chamber of the filter inserts in serum-free media (SFM) in the presence
or absence of 10 nM uPA and/or 200 nM RAP. The basolateral cham-
bers contained RPMI media supplemented with 2.5% FBS in the pres-
ence or absence of 10 nM uPA. Cells were allowed to incubate for
6 hours at 378C and were fixed, stained, and counted (18).

Hydroxyproline Analysis

Hydroxyproline analyses were performed as previously described
(24, 25). Conditioned media were collected from serum-starved
RPMCs and HPMCs treated with PBS or TGF-b in the presence or
absence of uPA and/or RAP at 378C for 48 hours. The samples were
assayed for hydroxyproline content and standardized against a collagen
control.

Statistics

For studies evaluating the statistical significance of protein expression,
uPAR t1/2, and internalization, paired two-tail t tests were performed,
and a P , 0.05 was considered statistically significant.

RESULTS

LRP-1 and uPAR Are Expressed by PMCs

LRP-1 has been shown to regulate the expression of nu-
merous cell surface receptors, including uPAR, suggesting it
could regulate uPAR-mediated responses in PMCs. To deter-
mine whether LRP-1 was expressed by PMCs in health and dis-
ease, the pleural lining from normal human lung tissues or from
a patient with pleuritis were analyzed. A pathologist examined
the pleural surfaces on each slide at 403 for mesothelial cell
immunopositivity. LRP-1 and uPAR were detected in the
pleural mesothelium of the injured (pleuritis) and noninjured
lung (Figure 1A). Staining of the relatively flat visceral normal
mesothelium for LRP-1 and uPAR was detectable and was

readily apparent in the more reactive cuboidal mesothelial
cells found in injured pleural tissue. MeT5A cells, MPM cells,
and HPMCs were next assayed for uPAR and LRP-1 at the
cell surface via FACS analysis. HPMCs from patients with
CHF were used to mitigate the potential for in situ activation
by proinflammatory mediators. Figure 1B shows that MeT5A
cells, MPM cells, and HPMCs express uPAR and LRP-1 at the
cell surface. REN MPM cells, which had no detectable surface
LRP-1 expression, exhibited the highest level of uPAR expres-
sion. Western blotting confirmed that LRP-1 and uPAR anti-
gen were present in the HPMCs, MeT5A cells, and MPM cells,
with the exception of REN (Figure 1C). Cell lysates were also
tested for expression of very low density lipoprotein receptor
which has also been reported to internalize uPAR (11) and
megalin, but neither was detected in these cells (data not
shown). These data confirm that LRP-1 and uPAR are
expressed by HPMCs as well as MeT5A and MPM cell lines
(Table 1).

Proinflammatory Cytokines Decrease LRP-1 mRNA

and Protein in PMCs

Proinflammatory cytokines such as IL-1b and TNF-a have long
been associated with inflammation associated with diverse lung
and pleural diseases and can induce uPAR (26, 27). Because
TNF-a and other inflammatory cytokines induce LRP-1 mRNA
and protein expression in other cell types (23, 28, 29), we
inferred that LRP-1 could contribute to the regulation of uPAR
by PMCs. To determine if inflammatory cytokines affect LRP-1
expression in PMCs, serum-starved MeT5A cells and HPMCs
were incubated in the presence and absence of TNF-a, TGF-b,
or IL-1b for 12 to 18 hours. The cells were then lysed and
assayed for LRP-1, uPAR, and PAI-1 protein. Figure shows that
MeT5A cells and HPMCs incubated with TNF-a, TGF-b, and
IL-1b increased PAI-1 and uPAR protein expression by West-
ern blotting. TNF-a and IL-1b enhanced uPAR expression to
the greatest extent. Conversely, LRP-1 protein expression was
reduced by TNF-a and IL-1b in MeT5A cells and HPMCs.
TNF-a also down-regulated cell surface expression of LRP-1
via FACS analysis (data not shown). LRP-1 mRNA levels were
also significantly reduced by TNF-a and IL-1b in MeT5A cells
and HPMCs (Figure 2B). LPS had no effect on uPAR or LRP-1
expression in PMCs (data not shown). Thus, TNF-a and IL-1b
decrease LRP-1 in PMCs.

TNF-a and IL-1b Decrease uPA-Mediated

uPAR Internalization

Because TNF-a and IL-1b were found to down-regulate LRP-1
mRNA and protein levels in MeT5A cells and HPMCs, we
sought to determine the role of these cytokines on uPA-
mediated uPAR internalization. Serum-starved MeT5A cells
were treated with TNF-a or IL-1b in SFM for 12 hours before
assaying uPAR internalization in MeT5A cells. TNF-a– and IL-
1b–treated PMCs internalized less uPAR than PBS-treated

TABLE 1. CHARACTERIZATION OF PLEURAL MESOTHELIAL CELLS

Cell Line MeT5A REN HPMC RPMC

uPAR 1 11 1 1

LRP-1 1 2 11 11

Primary cell 2 2 1 1

Definition of abbreviations: HPMC ¼ human pleural mesothelial cell; LRP-1 ¼
lipoprotein receptor–related protein 1; RPMC ¼ rabbit pleural mesothelial cell;

uPAR ¼ urokinase plasminogen activator receptor.

Tucker, Williams, Koenig, et al.: LRP-1 Regulates Collagen 1 Expression, Proteolysis, and Migration 197



controls at all points (Figure 2C). These results suggest that
TNF-a and IL-1b can influence cell surface stability of uPAR
in human PMCs through down-regulation of LRP-1.

LRP-1 Neutralization Retards

uPA-Mediated Internalization

Because TNF-a and IL-1b reduced uPA-mediated uPAR inter-
nalization, we sought to confirm the role of LRP-1 on uPAR
processing in PMCs. In these analyses, we used RAP, which
has been reported to neutralize cell surface LDLRs (4, 7, 30).
Immunofluorescence confocal microscopy showed that uPAR
and LRP were diffusely distributed in primary HPMCs (Figure

3A). The addition of uPA down-regulated uPAR and LRP-1
expression and shifted their localization from the cell surface to
a perinuclear distribution pattern. When cells were treated with
RAP before uPA treatment, uPAR clusters were retained at
the cell surface, whereas LRP-1 assumed a primarily perinuclear
distribution. Figure 3B shows that RAP pretreatment down-
regulated LRP-1 expression while stabilizing uPAR expression
at the cell surface in the presence of uPA in MeT5A cells, which
are more readily available and recapitulate the induction of uPAR
in primary PMCs by TNF-a. TNF-a down-regulated LRP-1
expression while up-regulating uPAR in MeT5A cells (Figure
3C). These findings are best appreciated in the merged images.
Further, TNF-a treatment prevented uPA-dependent down-

Figure 1. Analysis of urokinase plasminogen ac-

tivator receptor (uPAR) and lipoprotein recep-
tor–related protein (LRP) expression in human

lung tissues, in pleural mesothelial cells (PMCs),

and malignant pleural mesothelioma (MPM)
cells. (A) Tissue sections were prepared from

the lungs of patient without lung disease and

a patients with pleuritis. The sections were

probed for the expression of uPAR and LRP-1
by the pleural mesothelial cell lining using im-

munohistochemical analysis. The sectioned

pleural mesothelium in its entirety was analyzed

for uPAR and LRP-1 expression. The arrows indi-
cate Fast-red staining of uPAR and LRP-1 in the

pleural mesothelium. NL indicates the findings

in representative normal lung visceral pleura,

which shows underlying compressed lung pa-
renchyma. The parietal pleural surface from

the patient with pleuritis best illustrated reactiv-

ity for each antigen and is shown accordingly.
Original magnification, 340. (B) Serum-starved

MeT5A cells, human pleural mesothelial cells

(HPMCs) and REN, MS-1, and M9K MPM cells

were probed with mouse monoclonal antibod-
ies against uPAR and LRP-1 and analyzed via

FACS analysis. The data are presented as a rep-

resentative histogram of three independent

experiments. (C) Serum-starved MeT5A, REN,
MS-1, M9K, and HPMC cell lysates were probed

for LRP-1 light chain expression (85 kD) and

uPAR or b-actin loading controls via Western
blot analysis.
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regulation of uPAR in MeT5A cells. In uPAR internalization
assays (Figure 3D), RAP treatment significantly decreased inter-
nalization of surface-labeled uPAR in the presence of uPA in
MeT5A cells. uPA internalized approximately 20 to 25% of
surface-labeled uPAR within 15 minutes. The addition of RAP
abrogated most uPA-mediated internalization in MeT5A cells. In
parallel internalization studies, LRP-1–deficient REN cells dem-
onstrated little detectable uPAR internalization in the presence of
uPA (data not shown). To further dissect the role of LRP-1 in
uPA-dependent processing of uPAR in PMCs, LRP-1 siRNA
analyses were performed. MeT5A cells transfected with LRP-1
siRNA were found to express approximately 70% less LRP-1

than the control siRNA-treated cells (Figure 3E), which expressed
slightly lower LRP-1 than naive cells (not shown). LRP-1 siRNA-
treated cells exhibited approximately 50% less uPA-mediated
uPAR internalization when compared with control siRNA-
treated cells (Figure 3F). These studies confirm that LRP-1 reg-
ulates the processing of uPAR at the PMC surface.

LRP-1 Neutralization Increases uPAR Half-life in PMCs

To determine the role of LRP-1 on surface-labeled uPAR stabil-
ity in PMCs, surface biotinylation analyses were performed
(Figure 4A). Cells were first biotinylated at the cell surface
and then incubated in the presence or absence of uPA for 0,

Figure 2. TNF-a and Il-1b decrease LRP-1 ex-

pression in PMCs. (A) Serum-starved MeT5A

and primary HPMCs were treated with TNF-a,
TGF-b, and IL-1b for 12 hours at 378C in serum-

free RPMI. The cells were then lysed and probed

for LRP-1, uPAR, PAI-1, and b-actin. Images are

representative of three independent experi-
ments. *P , 0.01. (B) Serum-starved MeT5A

and HPMCs were treated with TNF-a, TGF-b,

and IL-1b as described in Methods. RNA was
isolated from the cells, transcribed into cDNA,

and probed for LRP-1 cDNA. b-actin cDNA was

used as a loading control. (C) Serum-starved

MeT5A cells were treated with PBS, TNF-a, or
IL-1b for 12 hours. The cells were then biotiny-

lated and incubated in the presence or absence

of uPA for 0, 0.25, 0.50, 1, and 2 hours. The

cells were subjected to glutathione (GSH)
washes, lysed, and probed for uPAR internaliza-

tion. Images are representative of three inde-

pendent experiments.
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Figure 3. Immunofluorescence labeling of uPAR and LRP-1
in uPA-treated PMCs. (A) Serum-starved HPMCs were trea-

ted in the presence or absence of 200 nM RAP for 15

minutes at 378C. The cells were then incubated in the pres-

ence or absence of 20 nM uPA for 30 minutes at 378C. The
cells were fixed, permeabilized, and immunofluorescence

labeled for uPAR and LRP-1 expression. (B) Serum-starved

MeT5A cells were treated with 20 nM uPA in the presence
or absence of RAP for 30 minutes at 378C. The cells were

then fixed, permeabilized, and labeled by immunofluores-

cence for uPAR and LRP-1 expression. Solid arrows indicate

the presence of uPAR at the cell surface in uPA/RAP-treated
cells. (C) Serum-starved MeT5A cells were treated with

TNF-a for 15 to 18 hours in serum-free medium (SFM).

The cells were then incubated in the presence or absence

of 20 nM uPA for 30 minutes at 378C. The cells were fixed,
permeabilized, and labeled by immunofluorescence for

uPAR and LRP-1 expression. Solid arrows indicate the pres-

ence of uPAR at the cell surface in uPA/TNF-a–treated cells.
(D) Serum-starved MeT5A cells were treated with uPA in

the presence and absence of 200 nM RAP. After incubation

for 0.25, 0.50, 1, and 2 hours, the cells were subjected to

GSH washes, lysed, and probed for uPAR internalization.
Serum-starved MeT5A cells were surface biotinylated and

incubated in the presence and absence of 20 nM uPA for 0,

0.25, 0.5, 1, and 2 hours. At the completion of the incu-

bation periods, the cells were treated with GSH to remove
remaining cell surface biotin. The designated 0 time point

represents the total amount of uPAR on the cell surface at

the time of biotinylation and is assigned a value of 100%.

The graphs illustrate the percentage of the initial 100% of
uPAR that was internalized. Internalized protected biotiny-

lated protein was then isolated from lysates, and Western

blot was performed to detect uPAR. (E) MeT5A cells were
transfected with control or LRP-1 siRNA. Cells were then

cultured in complete RPMI media for 24 hours and placed

in SFM for 15 to 18 hours. Cells were then probed for LRP-1

expression by Western blot. b-actin was used as a loading
control. The data represent the average of three indepen-

dent experiments. *P , 0.05. (F) MeT5A cells were trans-

fected with control or LRP-1 siRNA. Cells were then

cultured in complete RPMI media for 24 hours and placed
in SFM for 15 to 18 hours. Cells were surface biotinylated

and incubated in the presence and absence of 20 nM uPA

for 0, 0.5, 1, and 2 hours. At the completion of the incu-
bation periods, the cells were treated with GSH to remove

remaining cell surface biotin. The 0 time point indicates the

total amount of uPAR on the cell surface at the time of

biotinylation and is assigned a value of 100%. The bar
graphs represent the percent of the total 100% of uPAR

that was internalized into the cells from the cell surface in

response to uPA treatment. *P , 0.05. The images are

representative of at least three independent experiments.
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3, 6, 12, and 24 hours to determine uPAR half-life (t1/2). The
uPAR t1/2 in MeT5A cells was approximately 5 hours in the
absence of uPA and was significantly reduced to 2.5 hours in
the presence of uPA (P , 0.05). The uPAR t1/2 of MS-1
and M9K cells was approximately 4.3 hours in the absence of
uPA and was reduced to 2.3 hours in the presence of uPA (data
not shown). However, the uPAR t1/2 in REN cells was relatively
unchanged by the presence or absence of uPA (z 5 h). An
interesting finding in the REN line was that the D2-D3 moiety
of uPAR became the dominant detectable species in the pres-
ence of uPA over time (Figure 4A). To evaluate the role of uPA
fibrinolytic activity on uPAR stability, preformed uPA/PAI-1
complexes were used. These complexes decreased uPAR t1/2
to a similar extent as uPA alone (data not shown). RAP ex-
tended the uPAR t1/2 from 2.5 to 6 hours in the presence of uPA
in MeT5A cells (Figure 4B). Predictably, RAP had no effect on
uPA-mediated uPAR internalization or t1/2 in the LRP-1–
deficient REN cells. These data support the concept that en-
hanced uPAR expression in REN cells occurs in part due
to increased uPAR t1/2 as a consequence of the absence of LRP-1.
The findings further indicate that LRP-1 regulates the uPAR
t1/2 in PMCs. HPMCs could not be tested in these analyses
because these cells were not viable after biotinylation at 48C.

LRP-1 Regulates Cell-Associated Fibrinolytic Activity

in PMCs

To evaluate the ability of LRP-1 to control PMC-mediated
proteolysis, cellular uPA activity was monitored via fibrin gel
enzymography.We first sought to confirm that the primary inter-
action of uPA at the PMC cell surface involves uPAR. Figure 5A
demonstrates that uPA activity is retained by PMCs treated
with uPA and that the interaction is uPAR dependent because
ATN-617, an anti-uPAR antibody, blocks detection of cell-
associated uPA.

To assess cell-associated uPA activity over time, serum-
starved MeT5A and REN cells were incubated in the presence
and absence of uPA for 0, 3, 6, and 12 hours. Residual uPA
activity was monitored in the lysates of these treated cells by fi-
brin gel enzymography (Figure 5B). MeT5A and REN cells
were chosen for these analyses because they were devoid of
endogenous uPA activity in this assay, consistent with our

previous report (18). After treatment with exogenous uPA,
cell-associated uPA activity was detectable in MeT5A lysates
at 3 hours but quickly decreased by 6 hours (Figure 5B).
REN cells retained activity of exogenous uPA, and uPA activity
was maintained in the LRP-1–deficient REN line compared
with MeT5A cells. These data indicate that LRP-1 can regulate
the expression of uPA activity in PMCs.

In an alternative approach to assess the ability of LRP-1 to reg-
ulate PMC-associated fibrinolytic activity, the enzymographic ac-
tivity of uPAwas examined in the presence and absence ofRAP in
MeT5A cells. Figure 5C demonstrates that uPA binds the
MeT5A cell surface and that cellular expression rapidly declines
over 3 hours. However, when pretreated with RAP, cellular uPA
activity significantly was increased at 3 hours (P , 0.05). Further,
uPA/PAI-1 complexes accumulated in RAP-treated cells. The
same responses were observed in HPMCs (Figure 5D).

LRP-1 Regulates PMC Migration

We next examined the consequences of LRP-1–mediated changes
in cellular migration. PMCs migrate across vitronectin-coated
filter inserts toward a FBS gradient (Figure 6A). Because
uPA enhances migration of PMCs, uPA was included as a che-
motactic agent in these assays. The addition of uPA was found,
as expected, to potentiate MeT5A cell migration. Although
RAP pretreatment had no effect on FBS-mediated migration,
it enhanced uPA-mediated migration. The same responses were
observed in parallel experiments in which HPMCs were tested
(Figure 6B), indicating that LRP-1 regulates PMC migration in
a uPA-dependent manner.

uPA Increases Collagen 1 Expression in Primary PMCs

We assessed the role of LRP-1 in the control of collagen synthe-
sis by PMC. TGF-b has been shown to induce collagen 1 in
PMCs (24) and induced collagen expression in HPMCs and
RPMCs (Figure 7). In RPMCs, uPA also enhanced collagen 1
expression, whereas tPA and scuPA showed no effect (Figure
7A). This represents a newly recognized uPA-mediated re-
sponse in these cells. In HPMCs, an additive effect was demon-
strated when uPA and TGF-b were used in combination.
Although RAP had no effect on TGF-b–mediated collagen 1

Figure 4. uPAR t1/2 measurements in PMC and LRP-1–

deficient MPM cells. (A) Serum-starved MeT5A and REN

cells were surface biotinylated and treated with 20 nM uPA
for 0, 3, 6, 12, and 24 hours in SFM. Biotinylated proteins

were then isolated from lysates, resolved on SDS-PAGE,

and probed for uPAR. The images are representative of

at least three independent experiments. (B) Serum-starved
MeT5A and REN cells were treated with uPA in the pres-

ence and absence of 200 nM RAP. The t1/2 of biotinylated

uPAR protein was calculated via densitometric analysis,
and the calculated t1/2 for the control and uPA treated

samples were statistically analyzed. The data presented

represent the average of three independent experiments.

*P , 0.05.
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expression, it potentiated uPA-mediated induction of collagen 1
expression in HPMCs (Figure 7B). uPA itself had little effect on
LRP-1 expression in HPMCs (data not shown). Hydroxyproline
analyses were also performed to assess total collagen expression
by HPMCs. These analyses confirmed that uPA enhanced col-
lagen expression by HPMCs and that RAP potentiated the ef-
fect (Figure 7C). The effect of uPA with or without RAP
treatment was also assessed in RPMCs. uPA significantly in-
creased collagen 1 expression and cellular hydroxyproline in
RPMCS, with a trend toward potentiation with the addition
of RAP (data not shown). Because TGF-b potently induces
collagen expression by PMCs, we next sought to determine
whether induction of collagen in these cells by uPA involved
cross-talk with this growth factor. To address this possibility, we
next assessed the ability of uPA or RAP to induce total and
active TGF-b expression in HPMCs. HPMCs were treated with

uPA in the presence and absence of RAP, and the conditioned
media was assayed for total and active TGF-b by sandwich
ELISA (BioLegend, San Diego CA). uPA did not induce active
TGF-b in the HPMCs (Figure 7D). RAP alone or in combina-
tion with uPA did not induce significant increments in active
TGF-b in the HPMCs, although there was a trend toward in-
creased levels. In addition uPA did not affect the amount of
active TGF-b present in TGF-b–treated (5 ng/ml) HPMCs
(data not shown). Although total TGF-b in HPMCs demon-
strated similar trends, increased levels that reached statistical
significance were found in uPA-, RAP-, and uPA/RAP-
treated cells (data not shown). These data show that uPA can
induce the expression of collagen 1 in primary cultured PMCs,
that the effect does not involve a detectable induction of active
TGF-b, and that this newly recognized effect is subject to reg-
ulation by LRP-1.

Figure 5. Enzymographic analyses of uPA activity in PMCs.
(A) Serum-starved MeT5A cells were acid washed and in-

cubated with ATN-617 or mIgG for 15 minutes on ice,

followed by incubation with uPA on ice. Cells were washed,
lysed, and analyzed for the presence of cell-associated uPA

activity by fibrin gel enzymography. (B) Serum-starved,

acid-washed MeT5A and REN cells were incubated in the

presence of uPA for 0, 3, 6, and 12 hours. The cells were
washed and lysed, and 50 mg of protein from isolated

lysates were analyzed for the presence of cell-associated

uPA activity by fibrin gel enzymography. LRP-1 neutraliza-

tion increases the duration of uPA activity in PMCs. Images
were taken after a 4-hour incubation at 378C. (C) Serum-

starved, acid-washed MeT5A cells were pulse labeled with

uPA in the presence or absence of RAP for 20 minutes on
ice. The cells were then incubated at 378C for 0 and 3

hours. Cells were lysed and analyzed for protected prote-

olysis using fibrin gel enzymography. Images were taken

after a 12-hour incubation at 378C. *P , 0.05. (D) Serum-
starved, acid-washed HPMCs cells were pulse labeled with

uPA in the presence or absence of RAP for 20 minutes on

ice. The cells were incubated at 378C for 0 and 3 hours,

lysed, and analyzed for protected proteolysis using fibrin
gel enzymography. Images were taken after a 12-hour

incubation at 378C. These experiments were performed

twice.
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DISCUSSION

The literature strongly supports the participation of LRP-1 in
numerous cellular processes, including the regulation of cellular
fibrinolytic activity and migration (3, 13, 31, 32). In this study, we
investigated the contribution of LRP-1 to a range of responses
of PMCs germane to pleural inflammation and remodeling. We
found that uPAR and LRP-1 are expressed by the human pleu-
ral mesothelium in normalcy and after injury. We also found
that LRP-1 is expressed by PMCs and determined, for the first
time, that LRP-1 is suppressed in these cells by TNF-a and
IL-1b. Lastly, we discovered that LRP-1 is the only member
of the LDL superfamily represented in HPMCs, in which it
regulates collagen expression induced by uPA, uPAR stability
at the cell surface, PMC proteolysis, and cellular migration.

We and others showed that TGF-b and TNF-a increase ex-
pression of uPAR through transcriptional and posttranscrip-
tional mechanisms (15, 26, 16, 33). Because these cytokines
have also been reported to regulate LRP-1 expression in
other cell types (28, 29, 34), we sought to determine the role
of TNF-a, TGF-b, and IL-1b on LRP-1 expression in PMCs. As
expected, TNF-a, TGF-b, and IL-1b increased uPAR expres-
sion in MeT5A cells and HPMCs. However, TNF-a and IL-1b
increased uPAR expression to a greater extent while reducing
LRP-1. Further, TNF-a and IL-1b reduced uPA-mediated
uPAR internalization by 80%. These changes were not ob-
served in peritoneal mononuclear cells in a previous study
(35), perhaps relating to topologic heterogeneity between PMCs
and peritoneal mononuclear cells or to the enhanced ability of

relatively unstimulated PMCs from patients with CHF to re-
spond to proinflammatory mediators. Because we cannot har-
vest normal HPMCs from subjects without pleural disease,
HPMCs from patients with hydrostatic, relatively noninflamma-
tory pleural effusions represent a relatively quiescent source of
human cells. The findings recapitulate the responses of LRP-1
to TNF-a and IL-1b in MeT5A cells and, in the aggregate,
represent a newly recognized mechanism by which the selected
proinflammatory mediators can regulate uPAR and its func-
tional repertoire in HPMCs.

The role of LRP-1 in uPAR processing in PMCs was con-
firmed by neutralizing cell surface LRP-1 in MeT5A cells and
HPMCs with RAP in immunofluorescence localizations. uPA
drives LRP-1 and uPAR to a primarily perinuclear distribution
in these cells. RAP promotes uPAR clustering at the cell surface,
suggesting that LRP-1 contributes to uPAR localization in
PMCs. uPAR clustering was once believed to primarily
localize cellular proteolytic activity (16, 36, 37). However, re-
cent studies have shown that uPAR clustering at the cell surface
occurs at the leading edge of migrating cells and influences
cellular signaling (36, 38). Our immunofluorescence results are
supported by parallel studies showing that uPA-mediated
uPAR internalization decreased by 80% (from 25% to , 5%;
P , 0.05) in the presence of RAP. Down-regulation of LRP-1
with siRNA reduced uPA-dependent uPAR internalization by
approximately 50% but did not reach the inhibition seen with
RAP. This effect may have been due to the relatively incom-
plete down-regulation of LRP-1 by siRNA (70%). Further,
RAP treatment extended the t1/2 of uPAR in PMCs from 2.5
to 6 hours in the presence of uPA. The findings indicate that
complexes of uPAR with exogenous uPA and PAI-1 expressed
by the PMC are internalized via interaction with LRP-1. We
attempted to stably express the complete LRP-1 construct in the
deficient REN cells (data not shown) to test how gain of LRP
functionality affects uPAR processing; however, this approach
was problematic given the size of the cDNA (. 15 kb) and our
inability to confirm cell surface localization of the construct.

Flow cytometry studies indicated that LRP-1 expression
correlated with uPAR surface expression in PMCs. Previous
studies have shown that LRP-1 function directly affects expres-
sion of uPA, PAI-1, and uPAR (39). In this study, LRP-1–
expressing MeT5A PMCs and LRP-1–deficient REN were
used in internalization assays. uPA enhances uPAR internal-
ization in MeT5A but not in REN cells. Because these cells
express PAI-1, we postulate that endogenously produced
PAI-1 forms an inhibitory complex with exogenously added
uPA. This newly formed complex binds uPAR and drives in-
ternalization of uPAR through interaction with LRP-1 in
MeT5A cells. To determine the role of uPA fibrinolytic activ-
ity in uPAR catabolism and internalization, preformed uPA/
PAI-1 complexes were also used in t1/2 and internalization
assays. uPA activity was not required to reduce uPAR t1/2 or
to drive uPAR internalization in MeT5A cells (data not
shown). However, uPA activity was required to cleave uPAR
in the REN line (data not shown). In REN internalization
assays, a small but quantifiable amount of uPAR was detected
in the glutathione treatment control. This is most likely due to
the inability to efficiently remove all biotin from the REN cell
surface as a consequence of robust uPAR expression. It is
conceivable that basal internalization of biotinylated surface
uPAR could contribute to this result.

Because uPAR internalization was found to depend on the
expression and function of LRP-1, uPAR half-life studies were
performed in LRP-1–expressing and LRP-1–deficient cells. In
surface biotinylation assays, we found that uPA treatment re-
duced uPAR t1/2 in MeT5A, MS-1, and M9K cells by almost

Figure 6. LRP-1 regulates uPA-dependent migration in PMCs. (A) Se-

rum-starved MeT5A cells were incubated in the presence or absence of
RAP for 15 minutes at room temperature. Cells were placed on vitro-

nectin-coated filter inserts in the presence or absence of uPA and

allowed to migrate at 378C for 6 hours. Cells were then fixed, stained,

and counted. This experiment was repeated twice (n ¼ 3 determina-
tions per group in each experiment). Data from a representative exper-

iment are illustrated. (B) Serum-starved HPMCs cells were incubated in

the presence or absence of RAP for 15 minutes at room temperature.

Cells were then placed on vitronectin-coated filter inserts in the pres-
ence or absence of uPA and allowed to migrate at 378C for 6 hours.

Cells were fixed, stained, and counted (n ¼ 3 determinations per group

in each experiment). Data from a representative experiment are illus-

trated. *P , 0.05 when compared with PBS controls. $P , 0.05 when
compared with uPA.
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50%, which is consistent with previously published observations
in other cell types (11). The basal uPAR t1/2, in the absence of
supplemental uPA, in MS-1 and M9K was found to be around
4.5 hours (data not shown), similar to that found in the REN
and MeT5A cells (5 h). Only REN cells exhibited the cleaved
form of uPAR (D2D3) in the presence of uPA throughout the
24-hour time course. The lack of LRP-1 in REN cells may
explain the increment of D2D3-uPAR in the presence of
uPA. The D2D3 domain of uPAR is believed to play a role
in enhanced cell migration and mesenchymal transition
(40–42). The increased uPAR t1/2 and the abundance of
D2D3-uPAR found in the REN cells may contribute to their

greater aggressiveness and invasiveness in vivo, as we previously
reported (18). This aspect of uPAR processing is being evalu-
ated in ongoing independent analyses.

Although LRP-1 neutralization blocked uPAR internaliza-
tion and extended uPAR t1/2 in PMCs, uPAR was steadily ca-
tabolized throughout the time course in the presence or absence
of uPA. Further, LRP-1 neutralization did not foster accumu-
lation of cleaved D2D3-uPAR in MeT5A cells, as found
in REN cells. These data suggest that LRP-1 mediates uPA-
dependent uPAR down-regulation and internalization but that
selective cleavage of uPAR by uPA in REN cells may involve
alternative form of receptor–protease interaction.

Figure 7. uPA increases colla-

gen 1 expression in primary

PMCs. (A) Primary RPMCs
were treated with tPA (tissue

type plasminogen activator;

20 nM), scuPA (single chain

or proenzyme uPA; 20 nM),
and uPA (two chain uPA;

20 nM) in the presence and

absence of TGF-b (5 ng/ml).

Conditioned media and lysates
were collected, resolved on

SDS-PAGE, and probed for col-

lagen 1 and ERK. The images
are representative of three in-

dependent experiments. (B)

HPMCs were treated with uPA

and/or TGF-b in the presence
or absence of RAP (200 nM) for

48 hours in SFM. Conditioned

media and cell lysates were

collected, resolved by SDS-
PAGE, and subjected to West-

ern blotting for Collagen 1 and

LRP-1. b-actin was used in

loading controls. The images
are representative of three in-

dependent experiments. (C)

HPMCs were treated with uPA
and/or TGF-b in the presence

or absence of RAP for 48 hours

in SFM. Conditioned media

were collected and assayed
for hydroxyproline content.

This experiment was repeated

twice (n ¼ 3 determinations

per group in each experi-
ment). *P , 0.05. A represen-

tative experiment is shown.

(D) HPMCs were treated with
uPA in the presence or absence

of RAP for 48 hours in SFM.

Conditioned media were col-

lected and assayed for active
TGF-b via ELISA.
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Due to the stabilized expression of uPAR in LRP-deficient
REN cells, we hypothesized that RAP treatment would extend
the activity of exogenous uPA over a 12-hour time course.
MeT5A and REN cells were selected for these analyses because
they do not express levels of endogenous uPA that could con-
found the findings using fibrin enzymography (18). Because
uPA has been previously reported to bind cells through recep-
tors other than uPAR (43, 44), we first confirmed that uPA-
associated with the PMC surface through interactions with
uPAR. Because uPA activity was not detected in ATN-617–
treated MeT5A cells, we infer that most, but likely not all, of
the binding of uPA was to uPAR at the cell surface. In uPA-
treated REN cells, the durability of uPA activity is most likely
attributable to the lack of LRP-1 and overexpression of uPAR.
This conclusion is buttressed by the ability of RAP to sustain
uPA activity associated with MeT5A cells, most likely through
the stabilization of uPAR at the cell surface. Comparable
responses were observed in HPMCs. These data show that
LRP-1 regulates cell-associated uPA activity in MeT5A cells
and in primary HPMCs.

Previous studies have shown that uPA can also potentiate mi-
gration in a uPA/uPAR-dependent manner (23, 45). Our studies
demonstrate that the addition of uPA as a chemo-attractant poten-
tiates PMC migration across a vitronectin-coated filter insert. Fur-
ther, LRP-1 neutralization with RAP potentiates the promigratory
effect of uPA. Although the FBS used in these assays may contain
bovine uPA, the species-specific nature of the uPA and uPAR
interaction makes a confounding effect unlikely (46). These studies
show that neutralization of LRP-1 potentiates uPA-mediated mi-
gration in MeT5A cells and HPMCs.

We also report the novel observation that uPA and LRP-1 can
regulate PMCcollagen 1 expression. Because theMeT5A line does
not produce collagen 1 in response to TGF-b1, primary PMCs
were used in these analyses. TGF-b has been reported to stimu-
late collagen 1 expression in murine and rat PMCs in vitro and in
vivo (24, 47–49). We confirmed that TGF-b induced collagen 1 in
RPMCs and HPMCs. We also found that uPA stimulates collagen
1 expression in both these primary cell types. Further, the combi-
nation of uPA and TGF-b enhanced collagen 1 expression. Al-
though RAP did not enhance the TGF-b effect, the combination
of RAP with uPA increased collagen 1 expression. Hydroxypro-
line analysis confirmed that total collagen expression was also
increased by uPA in RPMCs and HPMCs and that these effects
were potentiated by RAP. The data show that LRP-1 can influ-
ence uPA-mediated collagen 1 expression.

Because previous studies have shown that plasmin can convert
latent TGF-b to its active form (50, 51), we assayed the potential
of uPA or RAP to activate latent TGF-b. uPA did not increase
the levels of active TGF-b in HPMCs, indicating that uPA-
mediated induction of collagen by HPMCs under the conditions
we used may involve alternative intermediaries. RAP alone or
with uPA did not change active TGF-b levels in HPMCs, al-
though there was a trend toward increased levels. However, total
levels of TGF-b were increased by these conditions as well as by
uPA alone. We therefore posit that blockade of LRP-1 by RAP
may hinder the internalization and degradation of TGF-b in
PMCs and facilitate its accumulation, as reported previously in
other cell systems (52). On the other hand, our data clearly show
that RAP alone did not induce collagen in HPMCs, strongly
suggesting that levels of induction of activated TGF-b were likely
insufficient to recapitulate the effects of the exogenous TGF-b
we used. Alternatively, it is possible that the processing of acti-
vated TGF-b may be accelerated in the presence of RAP, con-
sistent with its induction of total TGF-b in HPMCs. Although the
data do not exclude a potential contribution of TGF-b in uPA-
mediated induction of HPMC collagen, its processing by PMCs

stimulated by uPA with or without RAP may be complex. Full
elucidation of the mechanism by which uPA induces collagen
expression by HPMCs requires comprehensive studies that ex-
tend this work. Although the precise mechanism is unknown, we
posit that uPA may cleave uPAR and thereby initiate mesenchy-
mal transition, as reported by other groups (42) and will pursue
this possibility in an extension of this work.

In summary, the ability of inflammatory cytokines to alter ex-
pression of LRP-1 in HPMCs is a novel observation, as is the in-
duction of collagen 1 in primary HPMCs by uPA and potentiation
of the effect by RAP. Our results show that TNF-a and IL-1b
down-regulate LRP-1 expression at the mRNA and protein levels.
Exposure of PMCs to these agents or uPA can thereby influence
a broad functional repertoire subject to regulation via LRP-1,
including cellular proteolysis, migration, and collagen expression.

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