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Intra-alveolar fibrin deposition is a common response to localized
and diffuse lung infection and acute lung injury (ALI). We hypothe-
sized that the alveolar epithelium modulates intra-alveolar fibrin
deposition through activation of protein C. Our obejctives were to
determine whether components of the protein C activation path-
way are present in the alveolar compartment in ALI and whether
alveolar epithelium is a potential source. In patients with ALI, pulmo-
nary edema fluid levels of endothelial protein C receptor (EPCR)
were higher than plasma, suggesting a source in the lung. To deter-
mine whether alveolar epithelial cells are a potential source, protein
C activation by A549, small airway epithelial, and primary human
alveolar epithelial type II cells was measured. All three cell types
express thrombomodulin (TM) and EPCR, and activate protein C
on the cell surface. Activation of protein C was inhibited by cytomix
(TNF-�, IL-1�, and IFN-�). Release of EPCR and TM into the condi-
tioned medium was inhibited by the metalloproteinase inhibitors
tumor necrosis factor protease inhibitor (TAPI) and GM6001, indi-
cating that the shedding of EPCR and TM from the alveolar epithe-
lium is mediated by a metalloproteinase. These findings provide
new evidence that the alveolar epithelium can modulate the protein
C pathway and thus could be an important determinant of alveolar
fibrin deposition. Local fibrin deposition may be a fundamental
mechanism for the lung to localize and confine injury, thus limiting
the risk of dissemination of injury or infection to the systemic
circulation.
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The alveolar epithelium plays a fundamental role in the pulmo-
nary response to acute lung injury (1). The critical functions
of the alveolar epithelium include active ion transport for the
removal of alveolar edema fluid (2); secretion of surfactant to
maintain alveolar stability, promote gas exchange, and assist
in host defense (3); and barrier properties that protect against
alveolar flooding and prevent the translocation of cytokines and
bacteria into the circulation. However, the role of the alveolar
epithelium in regulating intra-alveolar coagulation has not been
adequately appreciated. In patients with acute lung injury, intra-
alveolar activation of the coagulation cascade with the deposition
of fibrin along the injured alveolar surface (hyaline membranes)
has been well described (4–6). However, the mechanisms that
modulate intra-alveolar fibrin deposition are not well under-
stood. Therefore, this study explores the possible contribution
of the alveolar epithelium to modulation of intra-alveolar coagu-
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CLINICAL RELEVANCE

The finding that thrombomodulin and endothelial protein C
receptor can be released from lung epithelium by cytokine-
induced metalloproteolytic cleavage adds to our under-
standing of fibrin deposition in the airspaces and may lead
to new treatments for acute lung injury.

lation using both in vitro studies and clinical samples from pa-
tients with acute lung injury. Identifying the cellular and molecu-
lar mechanisms that regulate intra-alveolar fibrin deposition in
acute lung injury and the role of the alveolar epithelium in this
process may lead to a better understanding of the pathogenesis
of hyaline membrane formation.

The protein C pathway is a central endogenous regulator of
blood coagulation. Protein C is a vitamin K–dependent plasma
glycoprotein that circulates as a biologically inactive zymogen
(7). The zymogen is converted into activated protein C (APC)
by the thrombomodulin (TM)–thrombin complex on the cell
surface (8). Activation of protein C is further enhanced when
protein C is bound to the endothelial protein C receptor (EPCR)
(9). APC suppresses thrombin formation by proteolytically inac-
tivating coagulation factors Va and VIIIa. TM and EPCR were
originally described in endothelial cells (10, 11), but subsequently
were also detected in several other cell types (12–14), including
epithelial cells. The alveolar epithelium has a large surface area,
and thus is uniquely situated to actively modulate the intra-
alveolar environment. We previously reported that A549 cells
and primary isolates of human alveolar type II cells release
soluble TM into the medium (15). Others have shown that airway
epithelial cells in culture can express protein C, EPCR, and TM,
and that protein C was activated by these cells in the presence
of thrombin. These protein C pathway components were down-
regulated by proinflammatory cytokines (16). The findings in
these studies suggest that the alveolar epithelium could play a
role in modulating intra-alveolar coagulation and inflammation
through the protein C pathway similar to the well-described role
of the endothelium in modulating intravascular coagulation.

We have previously reported that soluble TM levels are much
higher in the alveolar compartment than in simultaneous plasma
samples in patients with acute lung injury (ALI)/acute respira-
tory distress syndrome (ARDS), suggesting a local source in the
lung (15). To test whether soluble EPCR is also high in the
alveolar compartment, we measured levels of EPCR in simulta-
neous pulmonary edema fluid and plasma samples from patients
with ALI/ARDS and found higher levels in the edema fluid,
suggesting an intra-alveolar source. We then tested whether alve-
olar epithelial cells in culture can express TM and EPCR, and
therefore activate protein C. A549 cells, human small airway
epithelial cells, and primary isolates of human alveolar epithelial
cells were able to activate protein C and express TM and EPCR.
Finally, we hypothesized that stimulation of alveolar epithelial
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cells with proinflammatory cytokines would lead to a shift from
an anticoagulant to a procoagulant phenotype in alveolar epithe-
lial cells as measured by a reduction in the ability of these cells
to activate protein C coupled with shedding of TM and EPCR
from the cell surface. Exposure to cytomix (TNF-�, IL-1�, and
IFN-�) led to delayed shedding of TM and EPCR, effects that
were inhibited by metalloproteinase inhibitors. These findings
indicate that protein C is activated on the alveolar epithelium
and that the loss of the ability to activate protein C in response
to inflammatory stimuli is a result of protease-mediated shedding
of TM and EPCR from the alveolar epithelium, a process that
may be of major value for innate immunity in the prevention
of lung infections. Portions of this work have been previously
reported in abstract form (17, 18).

MATERIALS AND METHODS

Patients

Patients were selected from the University of California Moffitt-Long
and San Francisco General Hospital intensive care unit patients who
had pulmonary edema fluid and plasma obtained between 1981 and
1998. Inclusion criteria included ALI/ARDS (19) or hydrostatic pulmo-
nary edema (15) and aspiration of pulmonary edema fluid within 1 h
of endotracheal intubation. Eligibility for inclusion in the study was
based solely on availability of an adequate stored volume of plasma
and edema fluid for measurement of EPCR levels. To minimize selec-
tion bias, clinical data were not made available to the investigator who
chose the samples for measurement of the EPCR levels, other than the
etiology of acute pulmonary edema. Patient characteristics are shown
in Table 1. The Committee for Human Research at University of Cali-
fornia, San Francisco approved this study. To collect edema fluid, a
tracheal suction catheter was advanced through the endotracheal tube
into a wedged position, and gentle suction was applied. A simultaneous
plasma sample was obtained. Plasma samples were also obtained from
10 healthy volunteers. Edema fluid and plasma were centrifuged (3,000
� g, 10 min) and stored at �70�C.

Isolation of Human Alveolar Epithelial Cells

Alveolar epithelial type II cells were isolated as previously described
(15, 20, 21). Cell viability was assessed by trypan blue exclusion. Purity
was � 90% (15, 20, 21). Freshly isolated type II cells were suspended
in cell preservation fluid and maintained in liquid nitrogen.

Cell Culture and Treatment

Human alveolar epithelial-like cells (A549 cells; ATCC, Manassas, VA)
were grown in MEM (Cellgro, Herndon, VA) with 10% FBS (Cellgro)
and penicillin-streptomycin (Sigma, St. Louis, MO). Primary type II
cells were grown in DMEM (Cellgro) with 10% FBS. Small airway
epithelial cells (SAEC; Cambrex, Walkersville, MD) were grown in
small airway cell basal medium (SABM; Cambrex) with growth supple-

TABLE 1. CLINICAL CHARACTERISTICS OF 18 PATIENTS WITH
HYDROSTATIC PULMONARY EDEMA AND 33 PATIENTS
WITH ACUTE LUNG INJURY AND THE ACUTE
RESPIRATORY DISTRESS SYNDROME

Hydrostatic Edema Acute Lung Injury
Patient Characteristic (n 	 18) (n 	 33)

Age, yr 59 
 18 40 
 13*
Male 61% 55%
White 44% 71%
Tobacco smoker 15% 25%
Lung Injury Score 2.5 
 0.7 2.9 
 0.6
SAPSII 43 
 16 46 
 15
Days of unassisted ventilation 19 
 10 9 
 11*
Hospital mortality 18% 49%*

Definition of abbreviation: SAPSII, Simplified Acute Physiology Score II.
Data are shown as mean 
 SD or % of patients.
* P � 0.05 versus hydrostatic edema group.

ments (SAGM bulletKit). Human vein umbilical endothelial cells (HU-
VECs; ATCC) were grown in F-12K (ATCC) with 10% FBS, 30 �g/
ml endothelial cell growth supplement, and 90 �g/ml heparin (Sigma).
For preparation of conditioned medium (CM) and cell lysates, cells were
plated in 24-well plates at 5 � 104cells/well for A549 cells/HUVECs/
SAECs and 1 � 106 living cells/well (collagen I–coated plate; BD Biosci-
ence, San Jose, CA) for type II cells. All experiments were performed
on Day 5 at confluence. The medium was replaced with serum-free
medium containing cytomix (TNF-�, IL-1�, and IFN-�; R&D Systems,
Minneapolis, MN) with or without tumor necrosis factor protease
inhibitor (TAPI)-0 (Peptides International, Louisville, KY), GM6001
(Calbiochem, San Diego, CA) or tissue inhibitor of metalloproteinase
(TIMP)-1, 2, 3 (R&D Systems). After treatment, CM was collected.
Cell monolayers were solubilized in lysis buffer (1% Triton X-100,
0.25 M sucrose, 20 mM HEPES, pH 7.5, 5 mM benzamidine-HCl, 0.02%
NaN3, 2mM EDTA, 1mM phenylmethanesulfonyl fluoride, and 1 �g/ml
leupeptin) for 1 h (4�C) then centrifuged at 10,000 rpm for 3 min. CM
and cell lysates were stored at �20�C. Cell viability was measured by
CellTiter AQueous Cell Proliferation kit (Promega, Madison, WI) and
did not change significantly during the culture and treatment period
(data not shown).

Protein C Activation

A549, HUVEC, SAECs or human type II cells were grown to conflu-
ence in 96-well microplates. Cells were washed with serum free medium
then incubated with 0.1 U/ml �-thrombin and 12 ug/ml protein C for
2h at 37�C. The reaction was stopped with 40ul of hirudin (50 U/ml)
(13). Supernatants were transferred to a new microplate and APC
was assayed against an APC standard curve after incubation with the
chromogenic substrate S2238.

Enzyme Immunoassay

TM and soluble EPCR antigen were measured in triplicate by ELISA
(American Diagnostica, Stamford, CT, and Diagnostica Stago, Parsippany,
NJ).

Total RNA Isolation and Real-Time PCR

After appropriate stimulus, cells from three identical wells were trypsin-
ized and pooled. mRNA was extracted using a kit (Qiagen) and stored
at �70�C. Real-time PCR was done in the Bio-Rad IQ cycle real-time
PCR machine (Bio-Rad, Hercules, CA) using primers in Table 2. Before
the PCR reaction, cDNA was prepared using Superscript RT (In-
vitrogen, Carlsbad, CA). All quantitative PCR reactions were run with
a no template control for each primer set and a no cDNA control from
each experimental condition. TM, EPCR, and �-actin primers were
obtained from IDT (Coralville, IA) (22). Semiquantitation was estab-
lished using the 

Ct method. Briefly, the Ct (confidence threshold) for
each well was calculated by the Bio-Rad iCycler. For each experimental
condition the Ct for �-actin was subtracted from the Ct for TM or
EPCR to generate the 
Ct. The difference between the 
Ct of the
control experiment and the 
Ct of treated cells was calculated to give
the 

Ct. Fold increase in mRNA was calculated by 2

Ct as a quantita-
tive estimate.

Statistical Analysis

All findings are representative of at least two separate experiments
that gave qualitatively and quantitatively similar results. Data are ex-
pressed as median (interquartile range) or mean 
 SD as appropriate.

TABLE 2. PRIMERS USED FOR RT-PCR

Gene Oligonucleotide Sequences Base Pair

EPCR 5�-AACCGCACTCGGTATGAACT-3� 279
5�-TGGCTTCACAGTGAGCTGAA-3�

TM 5�-AGGGGCTGGCACTGGTACTCGCAGT-3� 218
5�-CATGTGCGAAGACCGGCTCCGGCTG-3�

�-actin 5�-GCGGGAAATCGTGCGTGACAT-3� 272
5�-TGGCGTACAGGTCTTTGCGGATG-3�

Definition of abbreviations: EPCR, endothelial protein C receptor; TM, thrombo-
modulin.
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Normally distributed data were analyzed using Student’s t test or
ANOVA with post hoc Tukey’s test. Nonparametric data were analyzed
using Mann Whitney U test or Spearman’s correlation coefficient as
appropriate. A P value of � 0.05 was considered significant.

RESULTS

Levels of Soluble EPCR in Edema Fluid and Plasma from Human
Subjects with ALI/ARDS

Levels of sEPCR in the undiluted pulmonary edema fluid were
2-fold higher in patients with ALI/ARDS than in a control group
of patients with hydrostatic pulmonary edema (median 94.2 ng/ml
[interquartile range {IQR}, 43.5–148.7] versus median 48.5
[IQR, 22.2–94.8], P 	 0.028) (Figure 1A). When simultaneous
edema fluid and plasma samples were compared, levels in the
pulmonary edema fluid were higher than the plasma in patients
with ALI/ARDS (edema fluid to plasma ratio of 1.46 
 1.28 in
ALI/ARDS versus 0.59 
 0.37 in hydrostatic edema, P 	 0.007),
suggesting an intra-alveolar source in the ALI/ARDS group.
Among the patients with ALI/ARDS, levels of both lung edema
fluid and plasma EPCR were associated with severity of illness as
measured by the Simplified Acute Physiology Score II (SAPSII)
score. For patients with SAPSII � 45 (n 	 18), plasma and
edema fluid EPCR levels were 118 (IQR, 66–175) ng/ml and
135 ng/ml (IQR, 43–261), respectively (Figures 1B and 1C). By
comparison, for patients with SAPSII � 45 (n 	 15), plasma
and edema fluid levels were 61 ng/ml (IQR, 36–108) (P 	 0.013)

Figure 1. Levels of EPCR and thrombomodulin in the pulmonary edema
fluid and plasma from patients with ALI/ARDS. (A ) Boxplot summary
of levels of soluble EPCR in the pulmonary edema fluid from 18 patients
with hydrostatic pulmonary edema compared to 33 patients with ALI/
ARDS. *P 	 0.028 by Mann Whitney U test. (B ) Boxplot summary of
levels of soluble EPCR in the plasma from two groups of patients with
ALI/ARDS, those with Simplified Acute Physiology Score II (SAPSII) of
� 45 (n 	 18) and those with SAPSII � 45 (n 	 15) (‡P 	 0.058 by
Mann Whitney U test). (C ) Boxplot summary of levels of soluble EPCR
in the pulmonary edema fluid from two groups of patients with ALI/
ARDS, those with SAPSII of � 45 (n 	 18) and those with SAPSII � 45
(n 	 15) (**P 	 0.013 by Mann Whitney U test). For all boxplots,
horizontal line represents median, box encompasses 25th to 75th per-
centile, and error bars encompass 10th to 90th percentile. (D ) Correla-
tion between levels of soluble EPCR and soluble thrombomodulin in
the pulmonary edema fluid in 33 patients with ALI/ARDS. Spearman
rank correlation coefficient r 	 0.73, P � 0.001.

and 72 ng/ml (IQR, 42–108) (P 	 0.058), respectively (Figures
1B and 1C). We also compared levels of soluble thrombomodulin
and soluble EPCR in the pulmonary edema fluid from patients
with ALI/ARDS. Some of the thrombomodulin levels have been
previously published (15). There was a strong correlation be-
tween soluble thrombomodulin and EPCR levels (r 	 0.73,
P � 0.001) (Figure 1D), suggesting that they may be released
into the alveolar compartment in the acutely injured lung by a
common mechanism.

Thrombomodulin and EPCR in Alveolar Epithelial Cells: Effect
of Proinflammatory Cytokines

TM and EPCR proteins were detected in the cell lysates and
conditioned medium from unstimulated A549 cells (Figures 2A
and 2B), human small airway epithelial cells (Figure 2C), and
primary isolates of human alveolar epithelial type II cells (Figure
2D). A549 cells were then exposed to 20 ng/ml cytomix (TNF-�,
IL-1�, IFN-�) for 3–24 h or to varying doses from 1–50 ng/ml
for 18 h. Exposure to cytomix led to a time- and dose-dependent
release of thrombomodulin and EPCR into the conditioned me-
dium by A549 cells (Figures 2A and 2B). After 24 h exposure
to 20 ng/ml cytomix, TM protein levels had risen approximately
4-fold compared with 0 h. However, when the sum of cell lysate
and conditioned medium levels was considered, there was no
difference in total TM protein levels per well with or without
cytomix exposure (data not shown), suggesting that the change
in levels in the conditioned medium did not reflect new protein
synthesis. Similarly, after 24 h exposure to 20 ng/ml cytomix,
EPCR protein levels had risen approximately 3-fold compared
with 0 h. When cell lysates and conditioned medium levels of
EPCR for each well were combined, there was no difference
among total EPCR antigen levels per well with or without cy-
tomix exposure (data not shown), again suggesting that the
change in levels in the conditioned medium did not reflect new
protein synthesis. A similar time- and dose-dependent release
of TM and EPCR into the conditioned medium was observed
in human SAECs and primary human alveolar epithelial cells
(Figures 2C and 2D).

Activation of Protein C by Alveolar Epithelial Cells

To determine whether the TM and EPCR that were detected in
alveolar epithelial cells were functionally active, we determined
whether alveolar epithelial cells could activate protein C in the
presence of thrombin. A549 cells (Figures 3A and 3B), human
SAECs (Figure 3C) and primary human type II cells (Figure 3D)
all generated APC in the presence of thrombin and protein C.
To compare to a cell type known to activate protein C, human
umbilical vein endothelial cells were used in the same system.
There was no significant difference between the quantity of
activated protein C generated by similar numbers of A549 cells
and HUVECs (data not shown). Generation of APC by A549
cells declined significantly with increasing length of exposure to
cytomix (Figure 3A). The fall in protein C activation was also
dose dependent (Figure 3B). There was also a significant dose-
dependent decrease in protein C activation in human SAECs
and primary human type II epithelial cells after exposure to
cytomix (Figures 3C and 3D).

Expression of TM and EPCR by Alveolar Epithelial Cells

Both the alveolar epithelial cell line (A549) (Figure 4) and pri-
mary isolates of human type II cells (not shown) expressed TM
and EPCR mRNA. Real-time PCR demonstrated no significant
changes in levels of TM or EPCR mRNA expression after cy-
tomix treatment for up to 24 h in A549 cells.
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Figure 2. Exposure to proinflammatory
cytokines stimulated the release of soluble
TM and EPCR from human distal lung epi-
thelial cells. (A ) Confluent monolayers of
A549 cells were exposed to 20ng/ml cy-
tomix (TNF-�, IL-1�, and IFN-�) for sev-
eral time points (0–24 h). Levels of soluble
TM (open bars) and EPCR (shaded bars)
in the conditioned medium are shown.
*P � 0.05 versus TM at 0 h, #P � 0.05
versus EPCR at 0 h. (B ) Confluent mono-
layers of A549 cells were exposed to vary-
ing concentrations (0–50 ng/ml) of cy-
tomix for 18 h. Levels of soluble TM (open
bars) and EPCR (shaded bars) in the condi-
tioned medium are shown. *P � 0.001
versus TM level with 0 ng/ml cytomix,
#P � 0.001 vs. EPCR level with 0 ng/ml
cytomix. (C ) Human small airway epithe-
lial cells were exposed to 20 ng/ml

cytomix for varying times (0–24 h) and levels of soluble TM (open bars) and EPCR (shaded bars) in the conditioned medium are shown. *P � 0.01
versus TM at 0 h, #P � 0.05 versus EPCR at 0 h. (D ) Primary human alveolar epithelial cells were exposed to varying concentrations of cytomix
for 6 h, and levels of soluble TM (open bars) and EPCR (shaded bars) in the conditioned medium are shown. *P � 0.05 versus TM at 0 ng/ml
cytomix, #P � 0.01 versus EPCR at 0 ng/ml cytomix. For all panels, data are shown as means 
 SD.

Mechanism of TM and EPCR Antigen Release in Response to
Proinflammatory Cytokines

Previous studies in endothelial cells suggest that EPCR shedding
is a metalloproteolytic process and that TM shedding is modu-
lated by neutrophils and their release products (22, 23). To
investigate the mechanism of TM and EPCR shedding from
alveolar epithelial cells in response to cytomix, we tested the
influence of metalloproteinase inhibitors on this process. TAPI
and GM6001 are hydroxamic-based inhibitors of metalloprotei-
nases. In A549 cells, both TAPI and GM6001 significantly inhib-
ited the shedding of TM and EPCR that was induced by cytomix
(Figure 5A). Since cell surface TM and EPCR are essential to
PC activation, we hypothesized that the inhibition of TM and

Figure 3. Exposure to proinflamma-
tory cytokines impaired the activation
of protein C by human distal lung epi-
thelial cells. Activation of protein C in
the presence of thrombin was mea-
sured using a chromogenic substrate.
(A and B ) Activation of protein C by
A549 cells was decreased by exposure
to cytomix (TNF-�, IL-1�, and IFN-�)
in a time- and dose-dependent man-
ner. (C ) Activation of protein C by hu-
man small airway epithelial cells was
decreased by exposure to cytomix for
18 h in a dose-dependent manner. (D )
Activation of protein C by primary hu-
man alveolar epithelial cells was de-
creased after exposure to cytomix for
6 h. Data are means 
 SD; *P � 0.05
compared with time 0 or 0 ng/ml
cytomix by ANOVA with post hoc
Tukey’s test.

EPCR shedding might restore the activation of protein C on
the epithelial cell surface. To test this hypothesis, we measured
activation of protein C in the presence of TAPI and GM6001
after cytomix exposure. Activation of protein C was partially
restored by TAPI and GM 6001 (Figure 5B). To further define
the possible metalloproteinase that mediates EPCR shedding,
we measured EPCR shedding after cytomix stimulation for 18 h
in the presence or absence of the metalloproteinase inhibitors
TIMP-1, -2, or -3 (5 �g/ml). The modest and nonspecific inhibi-
tory pattern for shedding of both TM and EPCR observed with
the TIMPs (Figure 5C) along with the prolonged time course
of cytomix-mediated release was not consistent with rapid up-
regulation of a sheddase such as ADAM-17, but rather suggests
that a matrix metalloproteinase may be involved.
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Figure 4. TM and EPCR mRNA expression in A549 cells in response to
cytomix treatment. TM (open bars) and EPCR (shaded bars) mRNA was
measured by real-time PCR, and fold-change in mRNA was calculated
using the 2

Ct method with normalization to �-actin. Exposure to 20 ng
cytomix for increasing lengths of time produced modest but nonsignifi-
cant increases in TM and EPCR mRNA. Data are shown as mean 
 SD.
P 	 NS by ANOVA with post hoc Tukey’s test.

DISCUSSION

The cellular and molecular mechanisms that govern intra-alveolar
fibrin deposition in ALI/ARDS are unknown. The major findings
of our study can be summarized as follows. First, undiluted
pulmonary edema fluid from patients with ALI/ARDS contains
soluble EPCR in levels higher than plasma, suggesting a local
source in the lung. Second, alveolar epithelial cells express active
TM and EPCR, and can activate protein C on the cell surface.
Third, TM and EPCR shedding is induced and protein C activa-
tion is inhibited by exposure to cytomix, a mixture of proin-
flammatory cytokines. Finally, the shedding of TM and EPCR
does not appear to be mediated by increased protein synthesis,
but is likely mediated by a matrix metalloproteinase. These find-
ings provide new evidence that the alveolar epithelium can mod-
ulate intra-alveolar coagulation through the protein C pathway,
and this pathway is likely to be an important determinant of
alveolar fibrin deposition.

The endothelial cell surface has previously been thought to
be the primary site of protein C activation in vivo (23). Inflam-
matory stress such as occurs in sepsis leads to a reduction in
endothelial activation of protein C and low circulating levels of
activated protein C, factors that may contribute to microvascular
thrombosis and organ failure in sepsis (24, 25). In cultured endo-
thelial cells the cell surface activity of both TM and EPCR can
be down-regulated by inflammatory cytokines such as IL-1� and
TNF-�, thus decreasing the protein C activation potential (26).
This down-regulation of TM and EPCR activity appears to be
mediated predominantly by cleavage of these proteins from the
cell surface (27, 28). The findings of the current study indicate
that alveolar epithelial cells are remarkably similar to endothelial
cells in their capacity to activate protein C. Protein C activation
occurs on the alveolar epithelial cell surface of A549 cells, human
small airway epithelial cells, and primary isolates of human alve-
olar epithelial type II cells, and the degree of protein C activation
is down-regulated by proinflammatory cytokines.

This study provides new information about the mechanisms
of shedding of TM and EPCR from the cell surface, an area
that is incompletely understood, even in endothelial cells. Prior
studies in cultured endothelial cells indicate that EPCR release
is a metalloproteolytic process, sensitive to both coagulation
factors and inflammatory mediators, but the specific metallopro-
teinase has not been identified (21). Thrombin or the protease-
activated receptors (PAR)1 agonist peptide can enhance EPCR

Figure 5. Effect of metalloproteinase inhibitors on release of EPCR and
TM and activation of protein C in A549 cells stimulated by cytomix.
(A ) Confluent monolayers of A549 cells were exposed to 20 ng/ml
cytomix for 18 h with or without the metalloproteinase inhibitors TAPI
(50 �g/ml) or GM6001 (10 �M). Conditioned medium was collected
for assay of TM (open bars) and EPCR (shaded bars) by ELISA. Data are
means 
 SD; *P � .05 versus TM under all other conditions except
cytomix � GM6001; #P � 0.05 versus EPCR under all other conditions.
(B ) Confluent monolayers of A549 cells were exposed to 20 ng/ml
cytomix for 18h. Activation of protein C in the presence of thrombin
was measured using a chromogenic substrate. The decrease in protein
C activation induced by cytomix exposure was partially restored by
TAPI and GM6001. Data are means 
 SD; *P � 0.05 versus all other
conditions except cytomix � GM6001. (C ) Confluent monolayers of
A549 cells were exposed to 20 ng/ml cytomix for 18 h with or without
TIMP-1, -2, or -3 (5 �g/ml). Conditioned medium was collected for
assay of TM (open bars) and EPCR (shaded bars) by ELISA. Release of
TM was significantly inhibited by TIMP-2 and -3 but not TIMP-1. Release
of EPCR was not inhibited by the TIMPs. Data are means 
 SD; *P �

0.05 compared with TM level with cytomix alone.
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shedding from human umbilical vein endothelial cells via activa-
tion of a metalloproteinase, but again the identity of the metallo-
proteinase is not clear (29). By contrast, shedding of TM is thought
to be modulated by neutrophil elastase (30). We identified the
mechanisms by which TM and EPCR are shed from alveolar
epithelial cells into the conditioned medium independent of neu-
trophils. Cytomix-induced shedding of TM and EPCR peaked
at 12–24 h, suggesting that a rapid induction of a sheddase is
not involved. The shedding of both TM and EPCR was blocked
by the hydroxamic-based metalloproteinase inhibitors TAPI and
GM6001; both inhibitors also partially restored the activation
of protein C. This finding suggests that shedding of TM and
EPCR was mediated by a metalloproteinase. To further identify
the metalloproteinase responsible for TM and EPCR shedding,
we studied the effect of TIMP-1, -2, and -3 on EPCR shedding.
The nonspecific inhibition pattern for EPCR was not suggestive
of a specific metalloproteinase. Inhibition of TM shedding by
TIMP 2 and TIMP 3 but not TIMP 1 suggests that MT1-MMP,
MT2-MMP, MT3-MMP, MT5-MMP, or MMP-19 is the relevant
protease (31).

What are the potential consequences of down-regulation of
protein C activation in the setting of acute inflammation in the
lung? Recent evidence suggests that APC not only inhibits coag-
ulation but also has anti-inflammatory properties that include
suppression of production of cytokines such as TNF-�, IL-1, and
IL-6, and inhibition of leukocyte attachment to the endothelium
(32, 33). APC can inhibit plasminogen activator inhibitor-1,
thereby promoting fibrinolysis (34). APC can also modulate sev-
eral genes in the endothelial apoptosis pathway to block p53-
mediated apoptosis (35). Thus, in addition to being procoagulant,
decreases in intra-alveolar APC may be proinflammatory, anti-
fibrinolytic, and pro-apoptotic, contributing to the activation of
both coagulation and inflammation in the airspaces. Although
intra-alveolar levels of APC have not been measured in patients
with acute lung injury, APC levels were decreased in the intra-
alveolar space of patients with interstitial lung diseases, a finding
that was associated with increased intra-alveolar activation of
the coagulation system and with enhanced deposition of collagen
in the lung (36, 37). If a similar deficiency in APC occurs in
human acute lung injury, as is suggested by our initial data, then
intravenous recombinant APC (rhAPC) might be used to correct
this deficiency. In a recent study, administration of rhAPC to
healthy humans challenged with endobronchial LPS instillation
produced sustained elevations in BAL levels of activated protein
C (38). However, it is also possible that a decreased capacity to
activate intra-alveolar protein C could be beneficial, serving to
localize and wall off injury and inflammation.

There are some potential limitations of this study. First, many
of the studies were done in A549 cells, a cell line that is ultrastruc-
turally similar to the alveolar epithelial type II cell. Although
A549 cells are widely used to model the alveolar epithelium,
they are derived from a human adenocarcinoma and thus could
respond differently than primary type II cells. For this reason
we repeated the key experiments in both primary human small
airway epithelial cells and primary isolates of human alveolar
epithelial type II cells to confirm the findings (Figures 2 and 3).
A second possible limitation is that the findings may be pertinent
only to cultured alveolar epithelial cells. Although this is a possi-
bility, the finding of high levels of both TM and EPCR in the
alveolar space in samples of human pulmonary edema fluid con-
firms that the intra-alveolar release of these proteins occurs in
vivo in ALI/ARDS. The higher levels of TM compared to EPCR
in the human pulmonary edema fluid samples may reflect release
of TM by additional mechanisms that are not modeled in alveolar
epithelial cell culture, such as the previously described shedding
of TM by neutrophil elastase (30). A third limitation is that

although the findings indicate that both TM and EPCR shedding
in response to cytomix is mediated by metalloproteinases, we
have not identified the specific metalloproteinases induced by
exposure to cytomix. Nevertheless, the information regarding the
role of metalloproteolytic cleavage of TM and EPCR from alveolar
epithelial cells is new and of likely biological significance.

In conclusion, alveolar epithelial cells express the major com-
ponents of the protein C pathway, including both TM and EPCR,
and can activate protein C on the cell surface. Exposure of
alveolar epithelial cells to proinflammatory cytokines decreased
alveolar epithelial activation of protein C through delayed shed-
ding of TM and EPCR from lung epithelial cells. We conclude
that the alveolar epithelium plays an important role in the modu-
lation of intra-alveolar coagulation and inflammation through
regulation of the protein C pathway. Down-regulation of activa-
tion of protein C by the alveolar epithelial protein C activation
may contribute to the pathogenesis of ALI/ARDS and could be
a therapeutic target in this disease. Alternatively, the down-
regulation of APC may be a well-conserved biological process
that allows the host to confine and localize lung injury from
infection, such as bacterial pneumonia, with the purpose of pre-
venting systemic dissemination. This interpretation would add
further evidence for a pivotal role of the alveolar epithelium in
the response to acute lung injury (39–41).
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